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Hydrogen is considered the cleanest fuel as it does not create any pollution during
combustion. However, hydrogen is not readily available in nature as a primary energy source, but
a secondary energy generated from the primary energy sources via various conversion processes.
Supercritical water gasification (SCWG) process in contrast to the conventional gasification
process does not require biomass drying, and rather it uses the moisture and external water in the
reaction. In this study an effort was made to introduce a novel dual-metal dual-support catalyst for
the first time for supercritical water gasification (SCWG) of biomass. Besides, in this study, kinetic
study of the process described through mechanistic models using elementary steps is proposed to
determine the rate determining step (RDS). Simulation of the SCWG of model biomass (glucose
and mixture of phenol and furfural) was performed using AspenPlus® in order to justify the
experimental scheme.
Ten catalysts were prepared and tested using 5wt% glucose to screen the best catalyst in
terms of hydrogen yield. Pressure was kept constant 25 MPa since, according to the literature and
the simulation study performed in this study, pressure does not have any significant effect on
product yield. It was found that novel 10%Ni-0.08%Ru/Al2O 3 -ZrO2 catalyst showed highest
hydrogen yield and carbon gasification efficiency for not only model biomass but also for real
biomass biocrudes. Stability test also suggests that this novel catalyst can run for a longer period
of time without any loss in performance in terms of hydrogen yield. However, the SEM-EDX and

TGA study showed evidence of the formation of char on the spent catalyst. Two different
approaches were used to liquefy raw biomass. It was also observed that biocrude preparation
method also affects the product yield and performance of the catalyst.
This study also used mechanistic models with elementary steps to describe the kinetics of
the SCWG of biomass for the first time. It was observed that an Eley-Rideal based adsorbed
carbohydrate dissociation that required two active sites of a catalyst was the slowest step and thusly
termed as the rate determining step. It was also found that comparing the carbon gasification
efficiency, the supercritical water gasification process reaches equilibrium even at a lower
temperature and at a higher feed concentration in the presence of catalyst while the real biomass
biocrudes were used.
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Chapter 1
INTRODUCTION
1.1

INTRODUCTION:
Hydrogen is unique in that it combines with nearly all elements. This feature makes

hydrogen one of the most used chemicals in a wide range of commercial applications [1]. With the
highest heat capacity, it is also considered as a next generation clean fuel as combustion of
hydrogen does not create any pollution. Thusly hydrogen becomes more fascinating and the most
desirable element to the researchers. However, hydrogen is not readily available in nature as a
primary energy source; rather it must be generated from the primary energy sources via various
conversion processes.
Social advancement largely depends on energy; in fact, energy propels society. Standard
of living is correlated with per capita energy consumption. Sources of energy are categorized into
two kinds: non–renewable and renewable. Non–renewable, carbon–emitting fossil fuels (coal, oil,
and natural gas) account for approximately 81 percent of world primary energy consumption.
Traditional biomass (agricultural residue, forest residue, wood chips, municipal solid waste or
urban waste, algae, water hyacinth, livestock manures and litters) comprises the next largest share
(10.2 percent [2]) while nuclear, hydropower, and other renewable resources (including
geothermal, wind, and solar power) account for 5.8, 2.3, and 0.8 percent of the total respectively.
Again, fossil fuels — primarily coal and natural gas — dominate the resource mix, accounting for
two-thirds of global electricity production. Nuclear and hydropower contribute 13.4 and 16.2
percent respectively of the total, while non-hydro renewables account for 3.3 percent of global
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production. Most projections indicate that fossil fuels will continue to dominate the world’s energy
mix for decades to come, with overall demand for these fuels and resulting carbon emissions rising
accordingly [2].
Because of the depletion and rise in price of fossil fuels worldwide and the ever increasing
energy demand and environmental pollution, numerous attempts have been made to find other
renewable and environmental benign energy sources and to advance related technologies.
Currently, there are two options for alternative energy: nuclear and renewables. Among the various
alternative energy sources, biomass has shown better feasibility as a renewable source of energy
for the future. The thermochemical conversion of biomass is one of the processes used to obtain
fuel from carbonaceous materials. Various advantages make biomass a prospective source of
renewable energy that can be sustainably produced. There are several good reasons to use biomass
in place of conventional, non-renewable fuels– (oil, gas, and coal). Biomass is a local product.
Also, biomass fuel prices are generally lower and more stable, and this energy is environmentally
friendly or benign. Biomass is also the oldest form of energy used by human beings. There has
been an increasing interest in thermochemical conversion of biomass to convert the energy into
more easily handled fuels, namely gases, liquids, and charcoal [3-5].
The use of biomass also offers some other advantages such as the high reactivity of the fuel
and the resulting char, and a low concentration of sulphur. Methane release into the atmosphere
can also be controlled by using biomass and reduce the trash volume. Although having
disadvantages, such as a high amount of tar, moisture content, low bulk density, ash agglomeration,
and low calorific value, biomass continues to attract the attention of researchers due to their above
mentioned advantages over conventional fuels. These undesirable characteristics also impose
significant limitations on biomass utilization, such as biomass cofiring, which is considered to be
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a key strategy to increase biomass utilization in the vast existing coal-based power stations. For
example, the uptake of biomass for co-firing in coal-fired power stations is limited [6] and the
average cost of power generation is also higher [7].
Among the different technologies proposed for biomass conversion into energy,
gasification is one of the most promising [8, 9], as it provides a gaseous product which can be
directly burnt in engines or turbines to produce electrical power. In conventional gasification
technologies, oxygen is supplied below the stoichiometric amount which results in a gaseous
mixture whose main compounds are H 2, CO, CH4 and CO2. Biomass processing through steam
(steam reforming reaction) produces higher amounts of H 2 and CH4 , although the process requires
large quantities of energy [8].
There are other options available, for instance the usage of an air–CO2 mixture as a
gasifying agent [10]. However the development of conventional gasification technologies is
restricted by a number of major disadvantages. First of all, the quality of the product gas is usually
low due to impurities like char and tar. Therefore, expensive purification operations are needed to
achieve the required quality standard [11]. In addition, in conventional gasification, dried biomass
is used which requires that a large portion of energy is needed to dry. This drying process leads to
a negative net energy production. For example, raw sewage as a feed stock for the conventional
gasification process results in a net energy production – 1700 kJ/kg wet basis [12]. Comparing the
low energy density on dry ash free basis, the lower heating value of rice husk is 14987 kJ/kg and
of natural gas is 38047 kJ/kg [13], which shows a remarkable difference in numbers.
Supercritical water gasification (SCWG) has the exclusive ability to overcome the
obstacles in conventional gasification. Owing to the unique properties of water at supercritical
state (i.e. temperature and pressure higher than 647 K and 22.064 MPa, respectively), extremely
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fast kinetics can be achieved, thusly avoiding the formation of tar and char and significantly
improving the product gas quality. Chuntanapum and Matsumura [14] performed steam
gasification of 5–HMF (a precursor of tar) and highlighted that char particles form under
subcritical conditions but not in the supercritical state. Moreover, wet and low–quality biomass
can be effectively converted into gas [15], which paved the way of using large amounts of residual
and waste materials.
In hot compressed water (P>20 MPa), the heat effects associated with water evaporation
are only marginal compared to ambient conditions (ΔH vap becomes zero at Pc). Therefore, by
practicing countercurrent heat exchange between the feed stream and the reactor effluent, high
thermal efficiencies can be reached despite of the low dry matter content of the feedstock. Apart
from this essential energetic benefit, the unique properties of hot compressed water are believed
to promote ionic reaction pathways over radical routes, leading to less char formation [16, 17].
Furthermore, it is found that organic molecules are very reactive in pressurised water at
temperatures above 250 ºC. This provides a major impetus for the use of hot compressed water as
reaction medium for waste disposal processes.
So far SCWG has not been investigated extensively using lignocellulosic biomass in a
continuous reactor system. Most of the studies have focused on experimental activities, mainly
analyzing the product gas composition for different feedstock with model biomass by using small
laboratory devices with some catalysts [18-21]. There is a need to point out that supercritical water
gasification (SCWG) of biomass is still in the early stages of industrial application. In order to
achieve a confident and reliable technology, lots of work is required, particularly with respect to
hydrodynamic behavior of the gasification reactor is affected at supercritical conditions and the
consequences for gasification and crystallization, end use of the gases, and a relatively independent
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process with regard to the nature of biomass. The kinetics of SCWG of biomass is reported in
some literatures [22-26] however the elementary steps from feed to product were not reported.
This study will propose a reaction scheme with elementary steps from feed to the final product and
plausible rate determining step. This result will be used to compare with those obtained by
experiment and simulation. The simulation will be performed by using Aspenplus® and will be
compared to the experimental results. This study will also focus on biomass pretreatment by
hydrothermal liquefaction. The experiments will be performed in the presence of nickel (Ni) based
catalysts prepared by precipitation method. The parameters to be investigated are temperature,
feed concentration, weight hourly space velocity (WHSV), residence time and type of catalysts.
1.2

RESEARCH OBJECTIVES
The overall objective of this study is to produce hydrogen from wet biomass through

catalytic supercritical water gasification process which can be subdivided into following three
specific objectives. The aim was to maximize the feed conversion and hydrogen selectivity for the
best performing Ni or Ni-Ru catalyst on various supports (Al2O3 or ZrO2 or combination of Al2O3
and ZrO2 ). The performance of the screened catalyst was tested for different process variables such
as, reaction temperature, weight of catalyst and flow rate ratio (WHSV), feed concentration and
types of catalyst. The stability of the catalyst was tested by time-on-stream runs. Characterization
studies by different techniques was carried out for the fresh and spent catalysts to correlate their
activities with different physical and chemical properties.
The three major objectives of this study can be outlined as follows:
1.

Feed stock preparation and characterisation.
Two sub-objectives are as follows:
a. Perform liquefaction of lignocellulosic biomass using the Parr® reactor.
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b. Characterize the product produced through biomass liquefaction process.
2.

Gasification of lignocellulosic biomass in supercritical condition.
The following activities were performed to achieve the objective:
a. Develop a continuous flow supercritical water gasification reactor.
b. Prepare and characterize of catalysts.
c. Investigate pre-treated biomass in SCWG reactor in the presence of catalysts.

3.

Develop a kinetic model and perform simulation of the SCWG process using
AspenPlus®.
In order to reach the target, the sub-objectives are as follows:
a. Propose reaction mechanisms.
b. Develop rate equation using Langmuir–Helshinwood–Hougen–Watson (LHHW) and
Eley-Rideal approach and estimation of the kinetic parameters.
c. Develop power law rate model and estimation of kinetic parameters.
d. Simulate the process using the parameters.
e. Compare the results with the experimental outcomes.

1.3

RATIONAL OF THE STUDY
The total global emissions of CO 2 are increasing and so are the Canadian CO 2 emissions

which are increased by about 19%. Canada committed to reduce its GHG emission to 17% below
2005 levels by 2020 when Canada signed the Copenhagen Accord in December 2009 [27]. To
meet this Accord and Canada’s GHG reduction target under Kyoto protocol, it is very imperative
to increase the use of biofuels. It is a well-known fact that fuels derived from biomass are
essentially “carbon neutral” in a sense that CO 2 released by combustion is reabsorbed by biomass
crops. A study showed that around 45% of wood residues and about 25 Mtoe /yr agricultural
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residues in Canada remain unused [28]. Besides dedicated energy crops such as corn or short
rotation forestry plantations can provide feedstock for bioenergy production, however agricultural
residues are typically less inexpensive because production costs are included in the cost of
producing the main crop or livestock product.
The transportation sector is the largest contributor for the Canadian CO2 emissions.
Electricity generation and agriculture sector are also significantly contributing towards the
greenhouse gas emission trend in Canada contributing a significant amount of greenhouse gas
emission (16.8% and 6.8% respectively) [27]. The residues from the farms, which are not being
used, usually sit on the soil and decompose over time. From this decomposition, methane and
nitrous oxide are released as a decomposed product. In Ontario 3.12 million tonne/year of
sustainable harvestable crop residue are produced which equals about 20% of the crop residues
left on above the ground annually. Also the recoverable livestock manure production of Ontario is
about 1.68 million tonne per year. These crop residues and livestock manures are considered as
low grade biomass as they are having higher moisture contents [29].
As Canada is looking towards better tomorrow with cleaner environment, the followings
are the proposed steps for reducing the GHG emissions [30]:


Canada is implementing strict regulations to reduce GHGs from coal fired electricity
plants. As per the proposal, coal fired power plants with conventional technology will be
closed which needs alternative for electricity generation.



Canada is also implementing stricter rules for cars and light duty vehicles manufacturers
to manufacture greener vehicles with better fuel economy.



And finally, Canada is implementing a rule to have 5% renewables in gasoline.
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With these emission and biomass production statistics and regulation concerns, it is
possible to produce the renewable energy from these huge biomass residues not only for Ontario
but also for Canada. This will definitely help Canada to reach its target according to the
Copenhagen Accord and Kyoto protocol. To achieve this goal, renewable hydrogen production
from biomass residues by SCWG is an efficient method since the major products of SCWG are H2
and CO2 . This hydrogen can be used for fuel cell, hydrogen fuelled vehicles and also for many
industrial applications. The CO2 produced as a by-product of the process, can be used for many
industrial application. Even if it is not captured, the live biomasses (plants, trees) will consume it
to produce their food by photosynthesis. Also in supercritical gasification process, there is no need
to have the drying process like the conventional gasification process which eliminates the need of
extra energy for drying. Also the liquid by-product from the supercritical gasification process is
mainly water with some portion of phenol, which also has a commercial value.
1.4

CONTRIBUTION OF THE STUDY
This study has two unique contributions in SCWG process which are as follows:


Theory: This study investigated, for the first time in the SCWG process, reaction kinetics
involved with multiple reactions in the SCWG process. The rate determining step of CM
and CH dry oil, and glucose were identified successfully.



Experimental: This study introduces a novel dual-metal on dual support catalyst for the
first time in the SCWG process.

1.5

ORGANIZATION OF THE STUDY
The contents of each individual chapters can be briefly written as follows:

Chapter 2: Even though there are some literature reviews available, there was a need to compile
almost all available literatures in order to compare and identify research gaps. This chapter discuss
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the effects of reactor types and operating conditions on SCWG of real wet biomass. The key
operating conditions for SCWG include temperature, pressure, residence time, initial
concentration, types of catalysts and feedstock. In addition, challenges of SCWG of real biomass
are summarized.
Chapter 3: In this chapter, simulation of glucose and a mixture of phenol and furfural are
performed using Aspen Plus® software. Besides, kinetic modeling using two mechanistic reaction
schemes of the SCWG of glucose is performed. Based on the kinetic study, a rate determining step
is proposed.
Chapter 4: This chapter introduces a novel concept of dual-metal dual-support catalyst for the first
time in case of SCWG process. Besides a kinetic study is performed using real biomass (liquefied
cattle manure) in the presence of the novel catalyst in order to determine the rate determining step.
Chapter 5: In this chapter, the novel catalyst obtained in Chapter 4 is tested against liquefied corn
husk and the results are compared with those of the liquefied cattle manure. A statistical analysis
is also performed. Besides, kinetic study is performed in order to obtain the rate determining step
for liquefied corn husk gasification in SCW.
Chapter 6: This chapter lists the preeminent conclusions from the study and some future
recommendations to improve the product yield and better understanding of the process. Besides,
in this chapter, some limitations are also enlisted.
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Chapter 2
EFFECTS OF REACTOR WALL PROPERTIES,
OPERATING CONDITIONS AND CHALLENGES
FOR SCWG OF REAL WET BIOMASS
2.1

Introduction
Due to ever increasing energy demand, increasing trend of fossil fuel price and need to

reduce the dependency on fossil fuels, researchers are in search for renewable but environmentally
benign energy sources. Biomass is one of the options that have been studied by the researchers for
its various advantages, e.g., its renewability and wide availability. However, biomass has
disadvantages like low bulk density, high alkali contents particularly for some agricultural
feedstock, and a high moisture content. Although indigenous alkali metal contents of biomass have
positive effect on hydrogen production by gasification leading to less char/coke production [1, 2],
it is well known that the presence of alkali metals creates agglomerates which significantly reduces
the performance of conventional fluidized bed gasifiers. A high moisture content of biomass makes
conventional thermochemical processes less energy efficient, while in supercritical water
gasification (SCWG) process, high moisture content is an advantage as the process employs water,
at its critical point (374 C and 22.1 MPa), as a reactive medium.
Hydrogen production plays a very important role in the creation of hydrogen economy.
Hydrogen production is mainly from steam reforming methane, but producing hydrogen from
renewable and inexpensive sources is certainly more environmentally friendly and promising. A
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large number of different processes have been studied for hydrogen production from biomass. The
methods of hydrogen production from biomass can be divided to two main groups:
thermochemical processes (pyrolysis, gasiﬁcation and reforming) and biochemical processes
(biophotolysis, gas fermentation). Biomass consists of three main chemical components: cellulose,
hemicellulose, and lignin. Among these components, lignin cannot be easily converted to gaseous
product via biochemical conversion, whereas it can be converted completely in thermochemical
conversion [3]. Thus, thermochemical gasiﬁcation processes for hydrogen production are more
advantageous as they are feedstock insensitive [4].
While typical biomass such as rice husk has a low energy content of ~15 MJ/kg (dry-andash-free or daf), conventional biomass gasification process requiring biomass drying, where a
major portion of heat is used for drying, leads to a negative net energy production [5, 6]. Therefore,
it is not economically viable to convert wet lignocellulosic biomass by traditional techniques like
pyrolysis, combustion, and gasification due to high cost and energy requirements for water
evaporation. Wet biomass can be converted into fuel gas rich in either hydrogen or methane by
hydrothermal gasifying in hot compressed water. In a hydrothermal process at pressure higher than
20 MPa, compared to ambient condition, the heat of evaporation of water is very marginal, so high
thermal efficiencies can be obtained although the feedstock has low dry matter content. In addition,
ionic reactions are promoted in hot compressed water through radical routes which leads to lesser
char formation [7, 8]. This provides a major impetus for the use of hot compressed water as a
reaction medium for energy recovery from organic wastes. Hot compressed water at above water’s
critical points (374C and 22.1 MPa) proved to be more reactive for biomass gasification. SCWG
of wet biomass produces hydrogen-rich gas products of a high efficiency and lower char and tar
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formation. Table 2.1 presents some detailed comparison between various thermochemical
processes [9 – 11].
Table 2.1: Comparison of various thermochemical technologies for biomass conversion [9
– 11]
Technology

Major

biomass Energy

feedstocks

or Advantages

Disadvantages

fuel
produced

Direct

Wood,

heat

Combustion

forestry residues, steam

biomass

agricultural

process to obtain heat. 2.

waste,
and

electricity

1. The simplest form of 1. High investment and
conversion operating costs.
High

particulate

2. Low emission of emission.
municipal

solid waste.

NOx and SOx, [29]

3.

High

CO

3. High efficiency in intermediate
terms of heat (>90%)

and

aromatic

products generation.
4.

Agglomeration,

sintering

because

of

higher alkali content in
some biomass such as
crop

residue,

corrosion
transfer

in

and
heat

surfaces

because of a relatively
higher Cl content.
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Conventional Wood,

Low

or 1. Possible for small 1. Requiring

steam/air

forestry residues, medium-Btu scale power generation. technical

gasification

agricultural

producer gas 2.

waste,
and

Relatively

special
and

high managerial skills for

conversion efficiencies plant operation.
municipal

3. Modest investment 2.

solid waste.

costs

Sensitive

to

the

quality of fuel.
3. Ash agglomeration.
3. Severe tar and char
formation.
4. Depending on types
of biomass (turndown
ratio).

Supercritical

Wood,

water

forestry residues, Methane

biomass

gasification

agricultural

content > 70%)

leading to high reactor

(SCWG)

waste,

2. High H2 gas yield.

costs;

municipal

Hydrogen,

solid

1. Suitable for wet 1.

High

(moisture pressure

reaction

(>22

MPa)

3. Unique properties of 2. Continuous feeding

waste,

supercritical

water of real biomass to a

sewage sludge,

(non-polarity,

high SCWG reactor being

and

diffusivity, absence of very challenging;

biomass.

model

mass

transfer,

etc.) 3.

SCW

favoring gasification of corrosive
biomass,
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posing

is

highly

in

nature,

challenge

in

4. Higher yield of gas materials for reactor
products due to high manufacture.
reaction rates
Pyrolysis

Wood,

Pyrolysis oil 1. Relatively mature 1. Markets are yet to be

forestry residues, (bio-oil),

technology with large developed for the bio-

agricultural

scale

Biochar

waste,
and

production oil

demonstrated
municipal

bio-char

products.

2. Produces valuable 2.

solid waste

and

Less

capable

to

products (bio-oil and handle wet biomass, as
bio-char)

wet biomass requires a
costly drying process.

Carbonization Wood,

Biochar

(Torrefaction) forestry residues,

1. Improved physical 1. Low enhancement in
characteristics

of volumetric density.

agricultural

biomass

waste,

2. A higher energy improvement in energy

and

municipal

solid waste

content

2.

than

No

significant

the density.

original biomass (per 3. Unable to reduce
unit volume)

alkali content from ash.

3. Reduced moisture
content
4.

Making

friable
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biomass

Hydrothermal Wood,

Liquid

liquefaction

forestry residues, (biocrude),

(HTL)

and
waste.

oil 1. Suitable for wet 1. Not yet demonstrated
biomass

(moisture in a commercial scale

agricultural biochar, and content > 70%)
some gases

2.Lower overall yield

2.Feedstock insensitive of oil (biocrude)
3. Biocrude has higher 3. Continuous feeding
heating

values

than of real biomass in a

pyrolysis oils

reactor

being

4. Yielding an energy challenging
efficiency of 85-90%
5. Biocrude can recover
more than 70% of the
feedstock

carbon

content

Solvolysis of hemicellulose and lignin macromolecules starts at temperatures above 190 °C
when biomass is heated in liquid water [12 – 16]. All of the hemicellulose and much of the lignin
can dissolve in hot-compressed water at 220 °C after only 2 min. The remaining lignocellulosic
solids undergo solvolysis and pyrolysis at higher temperatures [17], accompanied by a phenomenal
mixture of hydrothermolysis reactions such as isomerization, dehydration, fragmentation, and
condensation of intermediate products, etc. Besides the hydrothermolysis reactions, steam
reforming (Eq. 2.1), water-gas shift reactions (WGS) (Eq. 2.2), and methanation reactions (Eq.
2.3) also play an important role in SCWG, responsible for the generation of hydrogen-rich syngas
[18 – 21].
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Steam reforming:
𝐶𝐻𝑥 𝑂𝑦 + (1 – 𝑦)𝐻2 𝑂 → 𝐶𝑂 + (1 – 𝑦 + 𝑥2)𝐻2 ……………… (2.1)
Water-gas shift:
𝐶𝑂 + 𝐻2 𝑂 ↔

𝐶𝑂2 +𝐻2 ………………………………... (2.2)

Methanation:
𝐶𝑂 + 3𝐻2 ↔

𝐶𝐻4 + 𝐻2 𝑂 …………………………... (2.3)

Modell [22] found that wood (maple sawdust) can be completely solubilized in supercritical
water, but less than 40% of carbon in the feedstock was converted to gases due to limited
gasification at temperatures below 380 °C. In addition, catalysts (including Ni, Co/Mo and Pt on
alumina) did not show significant effect on the reaction chemistry under the conditions of study.
Amin et al. [23] did some related experiments using glucose as a model compound for SCWG,
producing 100% conversion but with a very low gas yield. The gas produced contained less than
20 wt % of the carbon in the glucose feedstock.
SCW is a green solvent and highly reactive for biomass thermochemical conversion
reactions. Non-polar organic compounds can dissolve in SCW while they cannot normally dissolve
in liquid water or steam. The kinetic limitations associated with mass transfer between different
phases in a reactor can be effectively eliminated in SCW due to the absence of the phase boundaries
and high diffusivity of gas in SCW, leading to rapid and complete reactions [24, 25]. As such,
higher conversions of the solid material to fuel gas, and less solid residue can be achieved by
SCWG relative to conventional direct or indirect air- or steam-blown gasification [26, 27]. Also,
SCW gasification process can operate in a directly heated gasifier, or an indirectly heated reactor
[28].
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The objectives of this work are to discuss the effects of reactor types and operating conditions
on SCWG of real wet biomass. The key operating conditions for SCWG include temperature,
pressure, residence time, initial concentration, types of catalysts and feedstock. In addition,
challenges of SCWG of real biomass are summarized.
2.2 SCWG with different types of reactors
Various types of batch and continuous reactors have been employed for SCWG, as
summarized as follows.
2.2.1 Batch reactors
One of the many reasons for using batch reactors for SCWG over continuous processing is
that it allows for the collection of significant data sets in a reasonably short period of time. In
addition to this, it avoids the challenge of pumping feedstock into a SCWG process under very
high pressure, and in batch reactors solid biomass can be used directly which however is extremely
difficult in continuous operation [30]. As an inherent feature of batch reactors, the feedstock is
heated up at a relatively low rate, when it starts to decompose during heating. Usually tar and char
are generated during heating due to hydrothermal pyrolysis prior to gasification reactions, although
they can further gasify to form gaseous product. However, amount of tar and char production
strongly depends on the heating rate and the type and substrate concentration of the feedstock in
SCWG. As such, it is of a great interest understand the performance of batch reactors for SCWG
of various feedstocks.
Experiments for liquefying cellulose in hot-compressed water in a batch reactor produced
70% conversion of biomass at a residence time under 60 minutes and temperatures ranging from
200 to 400 °C under pressures ranging from 8 to 22 MPa using nickel catalysts and alkali salts [31,
32]. The use of a catalyst significantly reduced residual chars and tars. Another important study of
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gasification of organic wastes in hot compressed water (350 °C and 20 MPa, 2h) resulted in over
85% biomass conversion [33]. A high methane yield was observed from the gasification of
aliphatic hydrocarbon in SCW at lower temperatures, while much less time is required to obtain
similar biomass conversion with a continuous reactor [34].
Several different types of reactor systems constructed using different materials have been
used in batch operation by researchers. Most of the systems were purchased commercially rather
than constructed in-house. Most commonly, autoclave batch reactors were used in various studies
[35 – 43]. Besides these autoclave reactors, uses of various other types of batch reactors, e.g.,
conventional batch reactors [44 – 49], tumbling batch reactor [50], small unstirred batch reactor
[51], micro volume batch reactor [52], mini batch reactor [53] and in-house made reaction vessel
[54] were reported. Most of these batch reactors are made of stainless steel, mainly 316L [35, 36,
38 – 41, 46, 47, 49, 53], some are made of Inconel 625 [42, 43, 50, 54] and a few are made of
quartz [45, 52]. Catalytic effects of reactor wall on SCWG efficiency in batch reactors will be
discussed in a separate section (Section 2.8) of this chapter. It shall however be noted that the batch
reactor wall could be passivated by carbon deposition after a few runs of experiments in the batch
reactor [44, 55].
2.2.2 Continuous flow reactors
Continuous flow reactors (predominantly tubular reactors) proved to be more efficient and
scalable than batch reactors for SCWG of biomass. Almost all continuous flow SCWG setups are
currently on a bench scale. A typical setup includes a tubular reactor [51 – 54, 56 – 58, 60 – 64,
66, 67, 69 – 73] heated inside an electric furnace, and a high-pressure pump (e.g., HPLC pump)
for feeding liquid biomass or model compounds. Some researchers also tested fluidized bed
reactors for SCWG [65, 68] as well as continuous-stirred tank reactor (CSTR) [55, 59]. Continuous
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SCWG systems allow for high feed throughput which is a must for any potential scale-up of the
SCWG process. Moreover, compared to batch operation the heating rate in a continuous reactor
can be much faster. The benefit of employing fast heating rate is to eliminate undesired byproducts
(tar and char) from the feedstock, which can cause clogging of the reactor system – the major
challenge of SCWG in continuous flow tubular reactors [55, 75].
2.3 Effects of temperature on SCWG:
Temperature has dominating effects on hydrogen yield. With an increase in temperature
the hydrogen and carbon dioxide yields increase while the methane yield decreases.
Thermodynamically at lower reaction temperatures, H 2 and CO2 readily react to form methane and
water via the methanation reaction. A higher temperature could limit the methanation reaction and
promote water gas shift reaction, leading to low CH 4 and CO formation. In a SCWG process, the
presence of excess water leads to a preference for the formation of H 2 and CO2 instead of CO.
Supercritical water reforming also reduces the formation of various intermediate and complex tarry
compounds such as organic acids, phenols, ketones, cresols, furfurals and aldehydes which may
otherwise form in appreciable concentrations in conventional gasification processes [36, 38, 39,
41, 45, 46, 49, 52 – 54]. Figure 2.1 shows the effects of temperature on hydrogen yield, with data
extracted from literatures cited in the legend. As clearly shown in this Figure, hydrogen yield
increases with increasing temperature.
In SCWG, formation of hydrogen or methane are competing each other. Antal [79]
suggested the following equations for the generation of hydrogen and methane by using glucose
as a model compound to simplify the stoichiometry:
Hydrogen formation:
𝐶6 𝐻12 𝑂6 + 6𝐻2 𝑂 → 6𝐶𝑂2 + 12𝐻2 ; ∆𝐻°298 = 158𝑘𝐽/𝑚𝑜𝑙
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(2.4)

Methane formation:
𝐶6 𝐻12 𝑂6 → 3𝐶𝑂2 + 3𝐶𝐻4 ; ∆𝐻°298 = −134.1𝑘𝐽/𝑚𝑜𝑙

(2.5)

Figure 2.1: Effects of temperature on hydrogen yield.

The formation reactions of hydrogen and methane have opposite characteristics. The
formation of hydrogen is endothermic whereas the formation of methane is exothermic [44], which
implies that with the increase in temperature, hydrogen and carbon dioxide yields increase as per
the Le Chatelier’s principle. On the contrary, methane yield decreases with increasing temperature
based on the same principle. Temperature could also affect the formation of char and tar byproducts of gasification reactions. It was reported by Kruse et al. [77] that char formation could
be eliminated by increasing the heating rate. Usually below the critical point, furfurals are formed
upon heating of biomass (particularly glucose). However, when the temperature reaches the
supercritical range furfurals would form char by condensation/polymerization with other products
such as phenolic compounds derived from lignin [80]. Similarly, tar could be promoted at slower
heating rates. It has been reported that temperature has a strong impact to reduction of tar
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formation. For instance, most of the tars would convert into gaseous product at a temperature above
700°C [81].
Lu et al. [75] studies SCWG of corn cob at 25 MPa and the gas yield vs. temperature is
shown in Figure 2.2. It shows that H2 and CO2 yields increase sharply while CO decreases with
the increase in temperature. Gasification efficiency (or carbon efficiency) also increases with the
increase in temperature as well as residence time [72, 73, 75]. A higher temperature favors freeradical reactions, and hence enhances reaction rates, which improves gas yield [75].

Figure 2.2: Effects of temperature on gas yield from SCWG of corn cob. Pressure: 25MPa;
feedstock: 5 wt% corn cob + 2 wt% carboxymethyl cellulose (CMC); flow rate of feedstock:

25.05 g/min; flow rate of pre-heated water: 126.7 g/min. [75] [Reprinted with permission from
Fig.
International Association of Hydrogen Energy, Copyright © 2008 International Association for
Hydrogen Energy. Published by Elsevier Ltd.]
2.4 Effects of pressure on SCWG
Pressure shows complex effects on biomass gasification in SCW. With the increase in
pressure, the properties of water, such as density, static dielectric constant and ion product also
increase. This in turn increases the rates of the ion reactions and restrains free-radical reactions
[1]. Also hydrolysis reaction plays a significant role in biomass gasification in SCW, which is
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promoted by the presence of H+ or OH– . As increasing pressure favors the ion product generation,
the hydrolysis rate could be promoted. Moreover, high pressure favors water–gas shift reaction,
but reduces decomposition reaction rate as per the Le Chatelier’s principle. From some research
work at lower temperatures [38, 39, 52], increasing pressure slightly increased the hydrogen yield,
but pressure has complex effects on gas yield at higher temperatures as discussed below.
The effects of pressure on the mechanism of supercritical gasification of biomass are
however very complicated. With the increase in pressure while the other parameters such as
temperature, substrate concentration, and flow rate are remained constant, the density and ion
product of water increase., An increase in the rates at higher pressure accelerates ion reactions that
favor gas production via the hydrolysis reaction and water gas shift reaction. On the other hand,
higher pressure restrains free-radical reactions, which in turn inhibits gas formation reactions via
free radicals [82]. From Le Chatelier’s principle, a reaction that produces more molecules is
inhibited at high pressure region. Thus, the gasification process is generally favored at lower
pressure [83]. The combined effects of pressure result in the complicated effects of pressure on
SCWG [44]. Figure 2.3 shows that the reactor pressure does not have significant effect on SCWG
of biomass in either batch or continuous reactors. The special physical and chemical properties of
SCW disappear when the pressure is below the critical point, which could inhibit hydrogen
production. However, operation at high pressure greatly increased operating cost. As a result, 25
MPa was very commonly used as the operating pressure for a SCWG process to balance the effects
of pressure on hydrogen yield and the operating costs [76].
In summary, Temperature has predominant effect on SCWG of biomass if compared to
pressure. The variation in polarity (i.e. dielectric constant) of SCW could account for the complex
effects of pressure in both batch and continuous processes of SCWG. For instance, when the
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pressure was increased from 27.5 to 42.5 MPa at 500 °C, the dielectric constant of water increased
from 1.59 to 2.6 [84]. Nevertheless, with the increase in temperature, the dielectric constant of
water decreases considerably. For example, the dielectric constant of water reduced from 4.84 to
1.59 when the temperature was increased from 400 to 500 °C at 27.5 MPa [85].

Figure 2.3: Effect of pressure on hydrogen yield, # c = continuous reactor system, *b= batch
reactor system

2.5 Effects of residence time on SCWG
From the thermodynamics perspective, complete gasification of biomass can be achieved
in SCW to produce H2 and CO2 as the only gaseous products for a sufficiently long residence time.
However, the SCWG process is usually controlled by kinetics and may take up to several hours to
complete. Figure 2.4 shows the two-way interaction Table between residence time and reaction
temperature, where it is clearly shown that a longer residence time favors gaseous production and
hence increases the hydrogen yield with less amount of tars [36, 44, 46, 52 – 54].
Generally, reaction kinetics controls the gasification reactions. In continuous reactors, Sato
et al [83] found that methane and carbon dioxide production increased accompanied by decrease
in tar with increasing in reaction time until 180 min but hydrogen production remained almost
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constant. Miller et al. [74] reported positive and significant effects of residence time on gas yield:
the gasification rate increased by increasing either temperature or residence time.

Figure 2.4: Two-way Table illustrating the interaction of reaction temperature and time.
Reprinted with permission from [46]. Copyright © 2011, Elsevier.

2.6 Effects of feed concentration on SCWG
Feed concentration directly affects the gas yield. Very commonly a lower biomass
concentration led to a higher gas yield (rich in H 2) [36, 44, 46, 52, 53]. Usually water is present in
excess during SCWG of any biomass as water acts as both solvent and reactant in the process. At
a lower biomass to water ratio, solvation during heat-up can proceed more efficiently. This in turns
reduces the possibility of formation of polymerized carbonaceous material – precursors for
char/tar. Guan et al. [53] found that the yield of H 2 was very sensitive to feed concentration
although the total yield of carbon-containing gases was largely insensitive to this variable. For
instance, hydrogen yield in SCWG of algae reduced by more than two-fold as the algae loading
increased from 1 to 15 wt%. Guo et al. [36] also obtained the same findings and recommended a
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higher reaction temperature to complete SCWG of higher concentration feedstock, which is
consistent with the thermodynamic calculation.
In the case of continuous SCWG processes, feed concentration has significant effect on
gasification efficiencies and yields too, although it does not show a significant effect on the
gasification rate. Increased feed concentration resulted in decreased gasification and carbon
efficiencies and H2 yield but an increased CH4 yield [36, 45, 73, 75]. From kinetics, a higher
concentration leads to a higher gasification rate, which thus seems to contradict that observed in
the SCWG experiments at high substrate concentration (the efficiencies and gas yield decreased).
A plausible explanation is that polymerization reactions are promoted at higher feed concentration
due to the formation of defiant species from the feed materials, which reduces the number of
available feed molecules for gasification. Usually CH 4 yield increases at higher feed
concentrations, which is likely due to the lack of water that restricts the methane reforming reaction
[51 – 57, 69, 73].
2.7 Effects of catalyst on SCWG
A lot of catalysts have been used for conventional thermal gasification of biomass [86].
Nonetheless, there are differences between the catalysts used for conventional thermal gasification
and SCWG as the operating conditions of these two processes are different, e.g. pressure and
temperature. Four types of catalysts were commonly used by the researchers which include
activated carbon, metal, metal-oxide and alkali [87, 88]. Elliot [87], Calzavara et al. [88] and Guo
et al. [89] reported in their reviews that to improve hydrogen formation and reduce char or tar
produced inside the reactor, catalysts proved to be very effective. Alkali compounds [35, 44, 46]
such as K2 CO3, KOH, Trona (NaHCO3.Na2CO3.2H2O) were used in batch reactors to facilitate H 2
and CO2 formation while reducing CO by catalyzing water–gas shift reaction. These catalysts
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become base when dissolved in water and affect the water–gas shift reaction to improve the gas
quality, i.e., H2 yield. Lu et al. [44] studied SCWG of some biomass in the presence of various
metal/metal-oxide catalysts, including CeO 2, nCeO2, n(CeZr) xO2 , Pd/C and Ru/C, among which
Ru/C catalyst demonstrated to be the most effective for hydrogen production.
Nickel is a metal catalyst that is usually employed not only in the conventional gasification
[86], but also for SCWG. Kersten et al. [45] and Azadi et al. [48] tested several different forms of
nickel catalysts in a batch reactor and obtained superior hydrogen selectivity. It is well known fact
that Ni catalysts promote water–gas shift reaction. Some noble metal catalysts were also
experimented for biomass SCWG. Yamamura et al. [54] found that with RuO 2 catalyst, cellulose
and glucose were almost completely gasified at 450 C and 47.1 MPa in a reaction vessel (batch
reactor). Similarly, Kersten et al. [45] observed that 1 wt% glucose solution could completely
gasify with 3 wt% Ru/TiO2 at 800C and 30MPa in a quartz batch reactor. Nevertheless, nickel is
much less expensive compared to the noble metal and hence nickel shows more promise for largescale hydrogen production from biomass SCWG.
In continuous SCWG processes, similar effects as those of batch processes were observed.
In a continuous SCWG process, the catalyst (both the support and the active metal) must be stable
enough in supercritical water environment, not to mention it should have reasonable activity and
selectivity to the target gas products (H2 , CH4 and CO). Although numerous studies have been
reported but only a few are dealing with SCWG of real biomasses in continuous reactors. In a flow
reactor, addition of K2CO3 increases the gasification efficiency but decreases CO yield [78]. Jarana
et al. [68] reported that hydrogen production was at maximum in SCWG using KOH catalyst. They
concluded that the rate of the water-gas shift reaction increases by alkali salts (most probably as
an acid–base catalyst). Pei et al. [69] tested a variety of catalysts: Raney-Ni, Ca(OH)2 , Na2CO3 ,
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K2CO 3, NaOH, KOH, LiOH, ZnCl2, dolomite (CaMg(CO3)2) and olivine ((Mg.Fe)2 SiO4). In
presence of Raney-Ni catalyst, complete gasification was obtained with the maximum hydrogen
yield up to 28.03 g/kg biomass at 400C and 24 MPa [69]. Chen et al. [70] used NaOH as a catalyst
for gasification of wheat stalk, and found that hydrogen yield was increased -. Byrd et al. [71]
investigated hydrogen production in catalytic gasification of switchgrass biocrude in supercritical
water employing nickel, cobalt, and ruthenium catalysts supported on titania, zirconia, and
magnesium aluminum spinel supports. Their findings can be summarized as follows:
(1) MgAl2O4 was not a suitable catalyst support for biocrude reforming as catalysts supported
on MgAl2O 4 were charred immediately;
(2) Higher conversion of biocrude was achieved with ZrO 2 -supported catalysts than TiO2supported ones. However, TiO2 supports produced the smallest amount of char;
(3) Ni/ZrO2 produced the highest hydrogen yield whereas Ru/ZrO 2 yielded the lowest
hydrogen;
(4) When using Ru/ZrO2 in SCWG, a great amount of char was formed accounting for its
lowest gasification efficiency.

Rönnlund et al. [72] studied effects of KOH, K2CO3 , NaOH and black liquor on SCWG of
paper mill sludge. Similar catalytic effects were observed when adding black liquor to the sludge.
This finding paved the way of improving gasification yield without expensive catalysts.
Figure 2.5 shows different reaction conditions depending on the desired gas product (H 2 or
CH4) in biomass SCWG. Minowa et al [32] demonstrated that methane was the main product when
the process temperature was between 374 C and 500 C at above the critical pressure, whereas
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hydrogen was the main product when the process temperature was over 500 C under pressure
above the critical pressure.
It is a well-known fact that alkali salts could aid in splitting of C–C bonds, which in turns
assist to produce more H2 during the SCWG. For instance, the presence of K2CO 3 can catalyze
WGS reaction in the following mechanism, leading to a higher yield of H2 and CO2 [90].
K2 CO3 + H2 O → KHCO3 + KOH

(2.6)

KOH + CO → HCOOK

(2.7)

HCOOK + H2 O → KHCO3 + H2

(2.8)

2KHCO3 → CO2 + K2 CO3 + H2 O

(2.9)

Feed (Biomass + Water)
P > 22.1 MPa
o
374 C < T < 500 C
Metal catalyst

P > 22.1 MPa
o
T = 500 – 700 C
Catalyst

Main Gas Product
Methane

Main Gas Product
Hydrogen

Figure 2.5: Reaction conditions for different main products of SCWG

2.8 Effects of reactor wall properties on SCWG
Most of the reactors used for batch and continuous flow SCWG processes were made of
metal alloys: such as stainless steel 316L [35, 36, 38 – 41, 44, 46 – 49, 53] and Inconel 625 [43,
44, 50, 54]. Only a few were made of quartz reactor [45, 52, 91]. SS 316L is an alloy of iron,
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chromium (16.00 – 18.00 wt%), nickel (10.00 – 14.00 wt%) and molybdenum (2.00 – 3.00 wt%)
[92]. As most of the supercritical water reactor materials are alloy, the inner wall of the reactor
might catalyze the SCWG reactions. It is well known that water becomes corrosive at its
supercritical state. As a result, any nickel present in the reaction process, either as a catalyst loaded
or part of reactor material will affect the reaction process. Kersten et al. [45] showed that metal
reactors had higher carbon conversion and water-gas shift activity due to the catalytic effects of
the metallic reactor wall, compared with quartz reactors. Resende and Savage [93] reported that
the total gas yield and the H2 mole fraction from SCWG of biomass were lower in a quartz reactor
than in a stainless steel reactor at moderate water densities (~0.07 g/cm3 ), which proved the
catalytic effects of the reactor wall on both the formation rate and composition of the gas products.
However, the influence of reactor metal surfaces was found to be relatively less significant in the
process that is more affected by other reaction conditions, in particular reaction temperature.
Boukis et al. [94] studied methanol reforming in supercritical water in a flow-reactor made
of Inconel 625. They found chromium (Cr) and molybdenum (Mo) dissolved in the effluent and
the concentration of Cr and Mo in the effluent increased with increasing reaction temperature.
With further experimentation, only Ni was left on the inner wall. Antal et al [58] studied SCWG
with a reactor made of Hastelloy C-276 which is composed of mainly Ni and Fe, as well as Mo,
Cr and traces of Co (cobalt), W (tungsten) and Mn (manganese). They observed that the
experiments after the second run produced less amount of hydrogen but more methane. It was
found out that the deposition of carbon on the reactor inner wall made the difference in the products
because it reduced the catalytic effect of the reactor wall. The catalytic effect was restored by using
hydrogen peroxide (H2 O2) washing after each reaction. They analyzed ash from the reactor
residues after gasification, and realized that ash from the reactor residues contains almost all types
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of the elements of the Hastelloy reactor, which suggests that metals of the Hastelloy alloy reactor
were leached out during the SCWG. SEM analysis of the Hastelloy reactor tubing after gasification
process showed heavily corroded surface. Figure 2.6 shows backscattered electron microscope
image displaying two distinct layers. The darkest and porous part represents the outer most part of
the inner wall which was the nearest to the reactants, and was rich in feedstock ash. The farthest
part can be attributed to the solid residues from the reactants, and the brightest part at the inner
side of the inner wall is the un-reacted base metal of Hastelloy. Due to the corrosion at the
innermost wall, all metals except iron contained in the Hastelloy alloy reactor wall could undergo
depletion by leaching after a long time-on-stream.

Figure 2.6: Backscattered electron image of corrosion product on inner diameter of used
Hastelloy reactor, at 150 magnification, showing analysis points 1-8. The unaltered tube metal
is the brightest layer at the top of the image. Reprinted with permission from [58]. Copyright ©

2000, American Chemical Society.

2.9 SCWG Operating challenges and possible solutions
2.9.1 Batch reactors
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There is a concern about the high operating temperature and pressure in SCWG. The major
drawback of a batch reactor is poor upscalability. Batch reactors are less economical for
commercial/industrial production of bulk products. Another problem with batch reactors for
SCWG of biomass is associated with reactor cleaning due to the polymerization of the decomposed
products particularly at higher substrate concentrations [95]. Capillary quartz tubes as highpressure batch reactors used for SCWG reactions are cheap and safe, but such reactor is only
suitable for bench-scale testing due to its extremely small size. Moreover, the small diameter of a
capillary quartz tube reactor led to non-uniform distribution of the catalyst inside the reactor thus
affecting the product yield [96]. Another major disadvantage of batch reactors compared with
continuous reactors is their inherent slower heating rate that could reduce the gasification
efficiency due to enhanced polymerization or charring reactions at a low heating rate [46].
2.9.2 Continuous reactors
SCWG in continuous flow reactors is a promising biomass to energy processing
technology. However, due to its high operating temperature and pressure, no commercial-scale
process has been built and operated so far. However, a pilot plant called “VERENA” was built in
Germany. The pilot plant VERENA (a German acronym for “experimental facility for the
energetic exploitation of agricultural matter”) is in operation since 2003 with a total throughput of
100 kg/h and can handle biomass-water slurry containing a maximum of 20 wt% dry biomass. The
maximum designed operating pressure is up to 35 MPa and a maximum designed temperature is
700 °C. Usually the common operating conditions for the “VERENA” plant are: 50 or 100 kg/h
feeding rate, up to 660 °C and 28 MPa [97, 98].
Some key challenges for SCWG processes are summarized as follows:
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a) In a supercritical water reactor, a biomass feed would take a relatively long time for being
heated up. The lower heating rate would promote formation of furfurals and other
unsaturated intermediate complex products, which tend to polymerize at higher
temperatures to generate char, tar, and coke. This degrades the product gas quality and
reduces the overall efficiency of the process [77, 99].
b) Matsumura et al. [100] suggested for the economics of the SCWG process, it is very
important to have heat exchange between the reactor effluent and the reactor feed by
considering the heat balance. However, heat recovery from the high-pressure corrosive
effluent and use it for the preheating of the feed material is another design problem as it
would pose challenges for heat exchangers design with respect to materials selection and
pressure rating for the heat exchangers.
c) Continuous processes are commonly facing severe reactor plugging problem [58, 66]. This
plugging causes an acute problem that would require forcefully shutting down the whole
system [100]. Reactor plugging was mainly caused by the formation of char and tars in a
flow reactor. Due to remarkably low solubility of the polar inorganic salts present in the
SCWG reactors, either from the feedstock or from the reactor, they precipitate inside the
reactor, forming agglomerates and coating on the inner reactor wall, which hinder heat
transfer through the reactor wall. If the deposition/coating is overlooked and allowed to
grow inside, there is a possibility of plugging of the reactor. These in turn lead to tedious
and hectic cleaning process, and hence reduce the overall efficiency of the SCWG process
[1, 101, 102].
d) Feeding real biomass into a SCWG reactor is very important for a continuous process and
has been a long-standing technological challenge for the development of SCWG
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technology. Dry biomasses are hard to dissolve into water to prepare gelatinous solution
for the feeding purpose. A biomass pretreatment method using hot compressed water
treatment (at 150°C for 30min), so-called ‘softening’ was successfully applied by
Matsumura et al. [93] for feeding cabbage to a SCWG reactor. Antal et al. [58] used corn
starch gel to mix sawdust and successfully delivered the mixture into a SCWG reactor by
using a ‘cement pump’.

Hao et al. [59] successfully fed solid biomass feedstock

continuously into a SCWG reactor using sodium carboxymethylcellulose (CMC) as
surfactant in mixing the solid biomass feedstock and water. D´Jesus et al. [66] used xanthan
successfully to feed biomass continuously in to a SCWG reactor.
2.10 Conclusions
The following conclusions can be drawn from this literature analysis, focused on effects of
reactor types, operating conditions and challenges for SCWG of real wet biomass:
1) The process parameters need to optimize in order to achieve better process efficiency and
economics for various types of feed and concentration.
2) There is a need to develop inexpensive, long lasting, more active, more selective and
durable catalysts for the gasification process.
3) Reactor plugging is one of the major operating issues that needs sufficient amount of
attention. This issue can be addressed by using proper feeding mechanism and employing
some novel biomass pre-treatment methods.
4) There is very limited literature work available on kinetics studies of a SCWG process [103
– 107]. The development of kinetic model requires a good formulation of the elementary
steps from the feed materials to the products. However, a more elaborate scheme of
reactions describing the steps is necessary to explain the complex reactions that occur
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during the gasification process. Hence, a significant amount of research in this regard is
urgently needed.
5) Reactor corrosion is another major issue of SCWG processes.
This study also finds the following research gaps and needs based on these gaps:
1) Scaling up of SCWG process is yet to be performed. Detailed kinetic study with elementary
steps will give an idea about scaling up the process. This study found lack of significant
kinetic study with elementary steps in SCWG process. There is a need to study the process
with elementary steps for the better understanding of the process and for scaling up.
2) Various combinations of metals and supports should be investigated. This is one the major
gaps. The preparation of feedstock friendly catalyst is very important as biomass is a
heterogeneous substance.
3) Regeneration/recycling of the catalysts is another gap observed by this study. In order to
be economical, regeneration/ recycling can significantly reduce the cost.
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Chapter 3
SIMULATION AND KINETIC MODELING OF
SUPERCRITICAL WATER GASIFICATION OF
BIOMASS
3.1

Introduction:
“Hydrogen energy economy” has significant merit to address global CO 2 emissions,

however, production of sufficient H 2 economically, and environmentally friendly is a major
challenge. At present, fossil fuels contributes to 96% of the total H 2 production [Acharya et al,
2009]. Thus, renewable resources are necessary if H 2 is to become a fundamental energy resource
for the future. Low quality wet and under-valued biomass represents an immense and renewable
source using supercritical water gasification (SCWG) technique for the production of H 2.
Compared to the traditional gasification process that requires dried biomass, SCWG utilizes the
water and moisture content of the biomass to produce usable gaseous products. Hence low quality
biomass (such as manure, algae, water hyacinth) with over 70% moisture content are favourable
for SCWG. This is because, the behavior of water becomes very unique beyond the critical point
(Tc = 373.95 °C and Pc = 22.06 MPa), a process condition above which SCWG process works.
Nonpolar, organic compounds can be dissolved in SCW while they cannot be normally dissolved
in water or steam. The absence of phase boundaries and high diffusivity in SCW leads to rapid and
complete reactions [Bazargan et al., 2005; Dinjus and Kruse, 2004 ; 2007]. In this condition, many
organic substances, together with the precursors of tar and char (mainly polycyclic aromatic
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hydrocarbons) become soluble in SCW. As such, contrary to the conventional gasification process,
higher transmutation to gas and less solid remnants (almost zero tars or char formed) of the solid
feed material can be achieved by the SCWG [Chuntanapum and Matsumura, 2010; Demirbas,
2005; Hao et al., 2003; Yanik et al., 2007]. .
Many quality studies have been done so far and some quality reviews are also available on
both catalytic and non-catalytic SCWG [Basu and Mettanant, 2009; Elliot, 2008; Guo et al., 2010;
Hao and Guo, 2001; Kruse, 2008; Matsumura et al., 2005; Peterson et al., 2008; Savage et al.,
2010]. These articles investigated different biomasses, ranging from simple model compounds to
lignocellulosic biomasses, mostly by experimentation. A few studies have also been accomplished
in the field of kinetic modeling and simulation of the SCWG using biomass [Castello and Fiori,
2011; Guan et al., 2012; Huelsman and Savage, 2012; Kabyamela et al., 1997; Matsumura et al.,
2006; Sasaki et al., 2004]. Hashaikeh et al. [2006] proposed that the catalytic glucose
decomposition scheme proceeds with two competing reaction pathways: (i) the desired surface
reaction producing hydrogen (reaction 3.1) and (ii) the deposition of unwanted products in the
catalyst active sites (reaction 3.2):
C6 H12 O6 + 6H2 O → 6CO2 + 12H2 ………… (Gasification)………………… (3.1)
C6 H12 O6 + 6H2 O → Precipitation ………………………………………………… (3.2)

Hashaikeh et al. [2006] also mentioned that the first and most important step of glucose
decomposition during the gasification process is the adsorption of glucose on catalyst active sites.
After the adsorption, glucose is decomposed to intermediates (e.g., Glycol aldehyde, erythrose)
through the Retro-Aldol cleavage reaction, which is considered to be the preeminent step of
catalytic decomposition. This leads to successive direct hydrogenation of the intermediates
producing ethylene glycol [Ooms et al., 2014]. The produced ethylene glycol then proceeds
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through steam reforming to produce carbon dioxide and hydrogen [De Vlieger et al., 2012;
Evangelista et al., 2012].
Retro-aldol reaction:
𝐶𝐻2 𝑂𝐻−𝐶𝐻𝑂
𝐺𝑙𝑦𝑐𝑜𝑙 𝐴𝑙𝑑𝑒ℎ𝑦𝑑𝑒

𝐶6 𝐻12 𝑂6 ↔

+

𝐶𝐻2 𝑂𝐻−(𝐶𝐻𝑂𝐻)2−𝐶𝐻𝑂
𝐸𝑟𝑦𝑡ℎ𝑟𝑜𝑠𝑒

……………. (3.3)

Hydrogenation:
𝐶𝐻2𝑂𝐻−𝐶𝐻𝑂
𝐺𝑙𝑦𝑐𝑜𝑙 𝐴𝑙𝑑𝑒ℎ𝑦𝑑𝑒

+

𝐶𝐻2𝑂𝐻−(𝐶𝐻𝑂𝐻)2−𝐶𝐻𝑂
𝐸𝑟𝑦𝑡ℎ𝑟𝑜𝑠𝑒

+ 3𝐻2 ↔

3𝐶𝐻2𝑂𝐻−𝐶𝐻2𝑂𝐻
𝐸𝑡ℎ𝑦𝑙𝑒𝑛𝑒 𝑔𝑙𝑦𝑐𝑜𝑙

…….. (3.4)

Steam reforming reaction:
𝐶𝐻2 𝑂𝐻 − 𝐶𝐻2 𝑂𝐻 + 2𝐻2 𝑂 ↔

2𝐶𝑂2 + 5𝐻2 ……………………………… (3.5)

Contrary to this, the existence of acidic media and dehydrating temperatures in
hydrothermal conditions, furfural and furfural derivatives (e.g., furfural) are formed due to acidcatalyzed reactions [Hashaikeh et al., 2006]. It is also well known that due to their likeliness to be
influenced by electrophilic substitution of the furan rings, they produce resins and polymers
[Gandini and Belgacem, 1997]. Hashaikeh et al. [2006] observed that the formation of cyclic and
linear oligomers by polymerization and condensation reactions with furfural during the
hydrothermal treatment of glucose, produces the precipitates on catalysts. Nevertheless, both
reaction 3.1 and reaction 3.2 emanate at almost same temperature, however the main objective is
to boost reaction 3.1 while suppressing reaction 3.2. As such, there is an essential need to study
the elementary steps of the SCWG reaction system to increase the hydrogen yield.
In order to upscale SCWG process, it is important to minimize the tar and char production
which causes the reactor plugging [Lu et al., 2006]. Use of catalysts during the SCWG draw the
attention of the researchers as they help to improve the efficiency, increase hydrogen production
while reducing the undesirable byproducts (tar and char) at a lower temperature. The product gas
composition varies based on feedstock, reactor type, various operating condition and also type of
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catalyst. However, product gas is usually rich in methane at lower temperature (374 to 500 ºC) and
rich in hydrogen at higher temperature (>500 ºC) in the presence of catalyst [Castello and Fiori,
2011; Elliot, 2008; Kruse, 2008; Osada et al., 2006]. Guo et al. [2010] mentioned some advantages
of heterogeneous catalysts which have higher selectivity, are recyclable and environmentally
benign as compared with the homogeneous catalysts. A report by Elliott et al. [1993] showed
rhodium (Rh), ruthenium (Ru) and nickel (Ni) are the most effective and stable heterogeneous
catalysts, especially for organics, for SCWG. Experiments have shown that 16wt%Ni/AC can
gasify 0.6M glucose solution almost completely at 575 – 725 °C [Lee and Ihm, 2008].
An interesting finding is reported by Modell [1985] using sawdust as feed. According to
the study, gases and tar are formed as soon as the feed is submerged in SCW without any trace of
char. First faster decomposition of cellulose is observed at around 190 °C beyond which lignin and
part of hemicellulose undergo through solovolysis. As they have different chemical structures,
during the SCWG process, different types of products are obtained through fragmentation,
dehydration, degradation, condensation and isomerization. At this stage formation of gases and
tars are observed. However, as the temperature and pressure increases, the unreacted biomass
solids get hydrothermalized and gases and tars are formed from this remained compounds beyond
600 °C. As per this study, it is more evident to study the reaction characteristics of each ingredients
of biomass step by step in SCW. Since biomass mainly consists of three components:
hemicellulose, cellulose, and lignin; it is imperative to have individual studies for each component.
As such, in this article, a step by step reaction mechanism of glucose in SCW is proposed and
analysed. Kinetic study of SCWG of lignocellulosic biomasses studied in the absence of catalysts
using the variations of the major reaction parameters were studied extensively [Kabyemela et al.,
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1998; Goto et al., 2001; Sasaki et al., 1998, 2000, 2002a, b; Adschiri et al., 1993]; however, kinetic
study of catalytic SCWG of biomass with elementary steps were not studied so far.
In the present paper, simulation of glucose and a mixture of phenol and furfural are
performed using Aspen Plus® software. For the Aspen Plus® simulation, two types of feedstock
are considered. Glucose is considered in the first case as biomass consists of cellulose and
hemicellulose which are a β-1,4-homopolymer of glucose [Mosier et al., 2005; Ooms et al., 2014].
In the second case of simulation, a mixture of phenol and hydroxymethyl furfural is considered as
feed. The main reason is, phenol is the major compound that is produced due to hydrothermal
liquefaction of lignocellulosic biomass, mainly from lignin [Anastasakis and Ross, 2011; Theegala
and Midgett, 2012; Vardon et al., 2011]. Furfural is chosen because it is a precursor for tar
[Chuntanapum and Matsumura, 2009; Gandini and Belgacem, 1997]. Antal et al. [1990] has
outlined the formation of hydroxymethyl furfural from sugars. Besides, kinetic modeling using
two mechanistic reaction schemes of the SCWG of glucose is performed. The objective of
performing the kinetic modeling is to attain an intrinsic rate equation solely based on basic kinetics
studies. The data is also used to fit in a power law model to determine various kinetic parameters.
The results of these simulations, derivations and analyses are conferred in this paper.
3.2

Theory:

3.2.1

Kinetic modeling:
A kinetic model requires equations for each of the elementary steps undergone in the

conversion of feed to product. Currently there is no formulation available in open literature
regarding the kinetic modeling with elementary steps in supercritical condition. This study is an
effort to present the elementary steps of catalytic biomass gasification in supercritical condition.
In this study, a mechanistic model using Langmuir–Helshinwood–Hougen–Watson (LHHW)
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mechanism and a mechanistic model applying Eley–Rideal (ER) mechanism are proposed and will
be verified using data from online literature. A rate determining step (RDS) will be proposed based
on the data available in open literature. The overall reaction of glucose gasification in supercritical
water [Antal, 1975]] used to develop the kinetic models is given in
C6 H12 O6 + 6H2 O → 6CO2 + 12H2 ; ∆H°298 = 158kJ/mol …………………… (3.1)

Experimental data found online literature articles are fitted in the proposed mechanistic and
empirical rate models. As a first step, an empirical and irreversible power law (PL) rate model for
glucose conversion in supercritical water, r A based on fixed feed molar ratio is developed as
follows:
𝐸

𝑟𝐴 = 𝑘𝑟 𝐶𝐴𝑛 = 𝑘0 𝑒 −𝑅𝑇 𝐶𝐴𝑛 …………………………………………………………… (3.6)
𝐸

Where, 𝑘𝑟 = 𝑘0 𝑒 −𝑅𝑇 ……………………………………………………………… (3.7)
k0 = pre-exponential factor (frequency factor)
n = reaction order
E = activation energy, J/mol
CA = concentration of glucose in kmol/m3
The values k0, E and n are estimated by performing a multi-linear regression applying
NLREG® of the data obtained from the literatures. The rate of the reaction r A is expressed as
concentration per unit time. However, the unit of reaction rate constant, kr is related to reaction
order and thusly varies with the variation in reaction order.
Secondly, mechanistic models based on LHHW and ER are developed. The LHHW
mechanism states that, for any transformation of feed before proceeding to the next phase, two
reactant species must get adsorbed in active sites present on the catalyst surface. The elementary
reaction scheme for LHHW are as follows:
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C6 H12 O6 + [S] ↔

k1,−1

k2,−2

C6 H12 O6 [S] + [S] ↔
6H2 O + 6[S] ↔

k3,−3

6H2 O[S] + 3[S] ↔

C6 H12 O6 [S] … … … … … (Glucose absorption) … … … … … … (3.7)
CH2OH−CHO[S]
Glycol Aldehyde

+

CH2OH−(CHOH)2−CHO[S]
Erythrose

6H2 O[S] … … … … … (Steam absorption) … … … … … … … … … (3.9)

k4,−4

6OH[S] + 3H2 [S] … … … … (SR − II) … … … … … … … … … (3.10)

CH2 OH − CHO[S] + H2 [S] ↔

k5,−5

CH2 OH−CH2OH[S]
Ethylene glycol

+ [S] … … (SR − III) … … … (3.11)

k6,−6 2CH OH−CH OH[S]
2
2
Ethylene glycol

CH2 OH − (CHOH)2 − CHO[S] + 2H2 [S] ↔

3CH2 OH − CH2 OH[S] + 12[S] ↔
6CO[S] + 6OH[S] ↔
6CO2 [S] ↔
12H2 [S] ↔

k9,−9

… (SR − I) … (3.8)

k8,−8

k7,−7

+ [S] … (SR − IV) … (3.12)

6CO[S] + 9H2 [S] … . . . (SR − V) … … … … (3.13)

6CO2 [S] + 3H2 [S] + 3[S] … … . … (SR − VI) … … … … (3.14)

6CO2 + 6[S] … … … (Desorption) … … … … … … … … … … … (3.15)

k10,−10

12H2 + 12[S] … … … (Desorption) … … … … … … … … … … (3.16)

SR = surface reaction, [S] = Active sites on catalysts, ki = rate of forward reaction, k-i =
rate of backward reaction
In the Eley-Ridel model, a catalyst interacts only with glucose, followed by the reaction of
adsorption water with intermediates. The steps are as follows:
C6 H12 O6 + [S] ↔

k1,−1

C6 H12 O6 [S] + [S] ↔

k2,−2

C6 H12 O6 [S] … … … (Glucose absorption) … … … … … (3.17)
CH2 OH−CHO[S]
Glycol Aldehyde

CH2 OH − CHO[S] + 2H2 O + [S] ↔

k3,−3

+

CH2 OH−(CHOH)2−CHO[S]
Erythrose

2CO2 [S] + 4H2 … … (SR − III) … … … (3.19)
k4,−4

CH2 OH − (CHOH)2 − CHO[S] + 4H2 O + 3[S] ↔
6CO2 [S] ↔

k5,−5

… (SR − I) … (3.18)

4CO2 [S] + 8H2 … (SR − IV) … … (3.20)

6CO2 + 6[S] … … … … … (Desorption) … … … … … … … … … … (3.21)
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Usually in a chemical reaction, multiple steps are involved and among these steps, the
overall reaction rate is determined by an elementary step which will be the slowest. Thusly, the
slowest step that determines the overall rate of the reaction is defined a rate determining step
(RDS). The objective is to find out the slowest step during the gasification process. Due to their
unique characteristics that remain chemically unchanged, catalysts do not appear in the
stoichiometric equation. However, they can be seen in the rate equations as they affect the rate.
Eq. 7, 9, 15, 16, 17 and 21 were not used to develop any model. En masse, six LHHW and three
ER were devised and investigated. Table 3.1 shows all the models and related assumptions on
these reactions.
Table 3.1: Various rate models formulated using LHHW and ER mechanisms with
assumptions
Model

Assumption

Equation

Eq.

No.
LHHW1

No.
𝐸
−𝑅𝑇
0

Retro-aldol
reaction of

𝑘 𝑒
𝑟𝐴 =

(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐵 + 𝐾𝐶 𝐶𝐶 + 𝐾𝐷 𝐶𝐷 +

adsorbed glucose

(𝐶𝐴 −

𝐶𝐶6 𝐶𝐷12
)
𝐾𝑃 𝐶𝐵6

3.22
2

𝐾𝐸 𝐶𝐵 𝐾𝐹 𝐶𝐶 𝐶𝐷 𝐾𝐺 𝐶𝐶2 𝐶𝐷5 𝐾𝐻 𝐶𝐶2 𝐶𝐷4 𝐾𝐼𝐶𝐶4 𝐶𝐷8
+ 𝐶
+
+
+
)
𝐶𝐵4
𝐶𝐵2
𝐶𝐵2
𝐵
√𝐶𝐷

(RDS)
LHHW2

𝐸

Separation of
hydrogen vapor

𝑘0 𝑒−𝑅𝑇 (𝐶𝐵6 −

𝑟𝐴 =

1

𝐶𝐶6 𝐶𝐷9
)
𝐾𝑃 𝐶𝐴
2

3.23
1

(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐵 + 𝐾𝐶 𝐶𝐶 + 𝐾𝐷 𝐶𝐷 + 𝐾𝐸 𝐶𝐴3 + 𝐾𝐹 𝐶𝐴3 + 𝐾𝐺 𝐶𝐴3𝐶𝐷 +

from chemisorbed
hydroxyl radical in

3
2

𝐾𝐻 𝐶𝐶 𝐶𝐷
1

𝐶𝐴6

1
6

+

9

𝐾𝐼 𝐶𝐴
)
𝐶𝐷

the surface
reaction of
adsorbed water
(RDS)
LHHW3

𝐸

Surface reaction
between
chemisorbed

𝑘0 𝑒−𝑅𝑇 (

𝑟𝐴 =

(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐵 + 𝐾𝐶 𝐶𝐶 + 𝐾𝐷 𝐶𝐷 +

glycol aldehyde
and hydrogen
vapor (RDS)
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𝐶𝐴 𝐶𝐵4 𝐶𝐶2 𝐶𝐷5
−
)
𝐶𝐶4 𝐶𝐷7 𝐾𝑃 𝐶𝐵2

3.24
2

𝐾𝐸 𝐶𝐴 𝐶𝐵4 𝐾𝐻 𝐶𝐵 𝐾𝐺 𝐶𝐶2 𝐶𝐷5 𝐾𝐹 𝐶𝐶4 𝐶𝐷8 𝐾𝐼𝐶𝐶 𝐶𝐷
+ 1 +
+
+
)
𝐶𝐵
𝐶𝐵4
𝐶𝐶4 𝐶𝐷8
𝐶𝐵2
𝐶𝐷2

LHHW4

𝐸

Surface reaction
between

𝑘0 𝑒−𝑅𝑇 (

𝑟𝐴 =

(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐵 + 𝐾𝐶 𝐶𝐶 + 𝐾𝐷 𝐶𝐷 +

chemisorbed

𝐶𝐴 𝐶𝐵2 𝐶𝐶4 𝐶𝐷10
−
)
𝐶𝐶2 𝐶𝐷2 𝐾𝑃 𝐶𝐵4

3.25
3

𝐾𝐸 𝐶𝐶2 𝐶𝐷4 𝐾𝐹 𝐶𝐴 𝐶𝐵2 𝐾𝐺 𝐶𝐶2 𝐶𝐷5 𝐾𝐻 𝐶𝐵 𝐾𝐼 𝐶𝐶 𝐶𝐷
+ 2 4 +
+
+ 𝐶 )
𝐶𝐵2
𝐶𝐶 𝐶𝐷
𝐶𝐵2
𝐵
√𝐶𝐷

erythrose a
hydrogen vapor
(RDS)
LHHW5

𝐸

Surface reaction of
dissociation of

𝑘0 𝑒−𝑅𝑇 (𝐶𝐴 𝐶𝐷3 −

𝑟𝐴 =

1

𝐶𝐶6 𝐶𝐷15
)
𝐾𝑃 𝐶𝐵6
2

3.26
1

(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐵 + 𝐾𝐶 𝐶𝐶 + 𝐾𝐷 𝐶𝐷 + 𝐾𝐸 𝐶𝐴3 + 𝐾𝐹 𝐶𝐴3 + 𝐾𝐺 𝐶𝐴3 𝐶𝐷 +

ethylene glycol

𝐾𝐻 𝐶𝐵 𝐾𝐼 𝐶𝐶 𝐶𝐷
+
)
𝐶𝐵
√𝐶𝐷

15

(RDS)
LHHW6

𝐸 𝐶 𝐶6
𝐶 6𝐶 3
𝑘0 𝑒−𝑅𝑇 ( 𝐴 9𝐵 − 𝐶 𝐷 )
𝐾𝑃
𝐶𝐷

Surface reaction
between

𝑟𝐴 =

1

2

3.27
1

(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐵 + 𝐾𝐶 𝐶𝐶 + 𝐾𝐷 𝐶𝐷 + 𝐾𝐸 𝐶𝐴3 + 𝐾𝐹 𝐶𝐴3 + 𝐾𝐺 𝐶𝐴3𝐶𝐷 +

chemisorbed CO

1
6

12

𝐾𝐻 𝐶𝐵 𝐾𝐼𝐶𝐴
+
)
𝐶𝐷
√𝐶𝐷

and OH (RDS)
ER1

𝐸

Retro-aldol
reaction of

𝑟𝐴 =

𝑘0 𝑒−𝑅𝑇 (𝐶𝐴 −
(1 + 𝐾𝐴 𝐶𝐴 +

adsorbed glucose

𝐶𝐶6 𝐶𝐷12
)
𝐾𝑃 𝐶𝐵8

𝐾𝐵 𝐶𝐶2 𝐶𝐷4
+ 𝐾𝐶 𝐶𝐶 +
𝐶𝐵2

3.28
2
𝐾𝐷 𝐶𝐶4 𝐶𝐷8
)
4
𝐶𝐵

(RDS)
ER2

𝐸

Surface reaction
chermisorbed

𝑟𝐴 =

𝑘0 𝑒−𝑅𝑇 (
(1 + 𝐾𝐴 𝐶𝐴 +

glycol aldehyde

𝐶𝐴 𝐶𝐵6 𝐶𝐶2 𝐶𝐷4
−
)
𝐾𝑃
𝐶𝐶4 𝐶𝐷8

𝐾𝐵 𝐶𝐴 𝐶𝐵4
𝐶𝐶4 𝐶𝐷8

+ 𝐾𝐶 𝐶𝐶 +

3.29

2
𝐾𝐷 𝐶𝐶4 𝐶𝐷8
)
𝐶𝐵4

with H2O vapor
(RDS)
ER3

𝐸

Surface reaction
chermisorbed
erythrose with H2O

𝑟𝐴 =

𝑘0 𝑒−𝑅𝑇 (
(1 + 𝐾𝐴 𝐶𝐴 +

𝐶𝐴 𝐶𝐵4 𝐶𝐶4 𝐶𝐷8
−
)
𝐾𝑃
𝐶𝐶2 𝐶𝐷4

𝐾𝐵 𝐶𝐶2 𝐶𝐷4
+ 𝐾𝐶 𝐶𝐶 +
𝐶𝐵2

3.30

4
𝐾𝐷 𝐶𝐴 𝐶𝐵2
2 4 )
𝐶𝐶 𝐶𝐷

vapor (RDS)

3.3

Methods:

3.3.1

Biomass
As mentioned in the introduction, three different biomass substrates are used in this study,

which represent the lignocellulosic biomasses: glucose, phenol and furfural. During the simulation,
mixture of phenol and furfural is used. Glucose mainly represents the cellulose and hemicellulose
of biomass and phenol can be considered as a representative of lignin. furfural is chosen to
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represent a precursor of tar and to make the process more realistic. Table 3.2 shows the various
biomass used for the simulation process.
Table 3.2: Biomass chemical formula and heating values
Biomass

Formula

HHV (MJ/kg)*

Glucose

C6H12O6

15.75

Phenol

C6H6O

34.48

Furfural

C5H4O2

24.02

*Calculated based on equation by Friedl et al. [2005]
3.3.2

Aspen Plus® simulation:
One of the objectives of this study is to devise a simple process laid out for H 2 production

of using SCWG process from biomass. The process flow is kept as simple as possible for future
modification and scaling up. Besides, as part of the design, the process must be self-sustainable
and convenient from the energy point of view. Figure 3.1 and Figure 3.2 show the basic flow
diagram and the Aspen Plus® flow diagram of the process respectively.

Biomass
H2O

Mixer

Reactor

Storage
Tank
H2
CO2
CO
CH4

Separator
Liquid
effluent

Figure 3.1: Process flow diagram of SCWG
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Aspen Plus® simulations were performed at different temperatures (500, 550, 600, 650
and 700°C), pressures (23, 28, 33, 38, 43 and 48 MPa) and feed concentrations (biomass 5% to
35% by wt, balance water). The ranges of the operating conditions are chosen randomly between
the lower and upper limits used by researchers. The highest pressure reported so far in literature is
68 MPa in an autoclave reactor [Kruse and Dinjus, 2003] and the highest temperature is 800°C
[Byrd et al., 2007; 2008; Hendry et al., 2011; Kersten et al., 2006]. The pressure range chosen,
matches the research performed by Demirbas [2004].

S2

S1

MIXER

TANK

RCTR

HX1

HX2

PUMP
S5
S3

S6

S7

S4

S11
S8

SPRTR
BPR
S9

S12

Figure 3.2: Schematic flow sheet of the SCWG for hydrogen production by Aspen
Plus®
Several assumptions were taken into account prior to the simulation process. The process
is for ideal case, no heat or mass loss during the process and assumptions for the Raoult’s Law,
Henry’s Law, and ideal gas law are also applicable for the simulation process. In order to enact a
better insight of the process, a description pertinent to the SCWG of 5wt% glucose at 700°C and
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28 MPa will be reported. The process type was chosen as COMMON. This allotted a generic
industry type to the simulation, as opposed to chemical, petrochemical, pharmaceutical, etc. The
IDEAL base calculation method was selected for simplicity and thus the phase equilibrium
calculations were conducted using the Raoult’s Law, Henry’s Law, ideal gas law, etc. The input
consists of two flows, glucose (5 kg/h) and water (95 kg/h) at standard conditions, i.e. 20°C and
0.1013 MPa. The solution is then stored in the storage tank and supplied in the reactor (RCTR)
using the pump at working pressure (28 MPa). First, a heat exchanger (HX1) is used to heat up the
flow. In the process flow system, both the heat exchangers are interconnected for optimum use.
Any make-up coolant (or heating fluid) connection is not shown in the system. HX1 uses the heat
rejected by the hot syngas stream at the HX2 to preheat the feed that goes to the reactor. The reactor
was modeled using RGIBBS which is developed on the principle of minimizing the Gibbs free
energy. The fluid streams and biomasses were modelled using conventional components, which
have thermophysical data stored in Aspen Plus® databanks. Therefore, no data input was required
for these components. The components include: glucose (C6H12O 6), hydrogen (H2), water (H2O),
carbon monoxide (CO), carbon dioxide (CO 2), and methane (CH4). For the second simulation, all
the components were used except glucose, where a mixture of phenol (C6 H6O, 50% (wt)) and
furfural (C5H4O2 , 50% (wt)) were used as the biomass feed. Throughout the process, the reactor
was kept at constant pressure (28 MPa) and temperature (700°C).
The resulting stream (S7) leaving the reactor was SYNGAS, which passed through heat
exchanger (HX2) for cooling. The lost heat was used to pass through HX1 for preheating the feed
stream to the reactor. Subsequently, the cooled SYNGAS stream (20°C) passed through SPRTR
to separate gas and water. In this unit the amount of water recovered was 92.134 kg/h, which means
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an amount of 2.866 kg/h of water is consumed during the reaction. This recovered water can again
be used for another gasification experiment with adding some make-up water.
Considering the biomass composition provided in Table 3.2, the process itself determines
the probable reaction products which are H 2O, H2, CO, CO2 and CH4 . Since earlier thermodynamic
calculations (Castello and Fiori, 2011; Gutierrez Ortiz et al., 2012) did not show the higher
hydrocarbons (C2H4 , C2H6 , etc.), they are not investigated as the SCWG products. As mentioned
before, the excess water retrieved from the separator can be recirculated into the process to reduce
the water consumption. The input and operating conditions for all feed streams and block units are
summarized in Table 3.3 and 3.4, respectively, to demonstrate a simulation with 5wt% glucose at
700 °C and 28 MPa.

Block Information

Table 3.3: Block unit operating conditions
Operating Conditions

Name of the

Type of

Temperature

Pressure

block

the block

(°C)

(MPa)

REACTOR

RGibbs

700

28

BPR

Valve

20

28

PUMP

Pump

20

28

TANK

Tank

20

0.101

−

MIXER

Mixer

20

0.101

−

HX1

Heater

200

28

−

HX2

Heater

200

28

−
Separated gaseous components (H 2 ,

Separator

−

−

CO, CO2, and CH4) from liquid

G-S-SEP1

Other
−
Pressure reducer – reduces pressure
from 28 MPa to 0.101 MPa
Pressuriser – increases pressure
from 0.101 MPa to 28 MPa

H2O.
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Table 3.4: Feed stream input conditions
Input Conditions
Temperature

Pressure

Flowrate

(°C)

(bar)

(kg/hr)

S1

20

≈1

5

Glucose (Conventional)

S2

20

≈1

95

H2O (Conventional)

Component
Feed Stream

3.3.3

Kinetic data collection
The data used to perform the kinetic study is collected from published literature articles.

Data reproduced from the graphs presented in the literature articles [Kersten et al., 2006; Lee and
Ihm, 2008; Youssef et al., 2010; Zhang et al., 2011]. Details about original data can be seen in
supplied supporting information. In this study, none of the specific catalyst were studied for the
kinetics. The main idea is to get an overview about the kinetics during the SCWG.
3.4

Results and discussion:

3.4.1

Effect of reaction temperature on product yield
The temperature has dominating effects on hydrogen yield. It is found that H2 and CO2

production increase while the CH4 yield decreases with an increase in temperature.
Thermodynamically methane and water are formed at lower reaction temperatures due to the
methanation reaction between H2 and CO2. A higher temperature could limit the methanation
reaction and promote a water gas shift reaction, which leads to low CH4 and CO formation. The
excess water present in the SCWG process leads to a preference for the formation of H 2 and CO2
instead of CO. Figure 3.3 shows the effect of temperature on product gas yield. In both cases, the
biomass concentration was 5%. As clearly seen from the figure, as the temperature increases,
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hydrogen production also increases. Researchers have proposed various reaction pathways of
glucose decomposition in SCW [Amin et al., 1975; Holgate et al., 1995]. However, considering
the hydrogen production, the most important reactions are glucose hydrolysis (Eq. 3.1) and the
water-gas shift reaction (Eq. 3.31), along with steam reforming of methane (Eq. 3.32) [Lee and
Ihm, 2008].
C6 H12 O6 + 6H2 O → 6CO2 + 12H2 ………………………. (3.1)
CO + H2 O → CO2 + H2 …………………………………… (3.31)
CH4 + 2H2 O → CO2 + 4H2 ……………………………….. (3.32)

Figure 3.3: Effect of temperature on product gas yield (a) glucose (b) mixture of phenol

and furfural; P = 28MPa, biomass concentration 5wt%

The formation reactions of H2 and methane have opposite characteristics. The formation
of hydrogen is endothermic, whereas the formation of CH4 is exothermic [Lu et al., 2006]. This
implies that the yields of H2 and CO2, according to the Le Chatelier’s principle, will increase with
an increase in temperature. On the contrary, methane yield decreases with increasing temperature
based on the same principle. A higher temperature favors free-radical reactions, and hence
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enhances reaction rates, which improves gas yield [Lu et al., 2008]. However, the hydrogen yield
from the mixture of phenol and furfural mixture is less compared to that of hydrogen for the same
operating condition (Figure 3.4). This may be attributed to the structure of the molecules. Figure
3.5 shows the different structural systems of glucose, phenol and furfural.

Figure 3.4: Comparison of hydrogen production; biomass concentration 5wt%, P = 28 MPa

Figure 3.5: Structures of the biomass compounds used in simulation
Furfural and phenol are ring compounds with complex carbon bonding in the structure.
Initially CH 4 production is higher compared to glucose as at a lower temperature there is an
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insufficient amount of thermal energy to break the bonds to produce H 2 . However, with an increase
in temperature, the bonds of phenol and furfural tend to break to produce H 2 [Huelsman and
Savage, 2012]. It is also reported that due to the presence of carbon-carbon bonds, the retroFriedel-Crafts reaction occurs for not only phenolic compounds but also for alcohols or aldehydes
[Aida et al., 2002]. In case of retro-Friedel-Crafts reactions, two kinds of reactions are possible.
One is intramolecular cyclialkylation which is the simplest intermolecular alkylation and the other
is Gattermann-Koch Synthesis of aldehydes. In the former type of reactions, various phenyl
components may be produced as intermediate. In Gattermann-Koch Synthesis of aldehydes, any
type of cuprous halide may be used as a catalyst when the reaction is performed at atmospheric
pressure. However, no catalyst is required to have this reaction at higher pressure [Olah, 1973].
This study thusly assumes that this reaction is the most plausible retro-Friedel-Crafts reaction at
supercritical water gasification of biomass. Nevertheless, the formation of cross-linkage occurs for
phenolic structures due to the exorbitantly high reactivity because of the conversion of phenols to
aldehydes (Friedel-Craft reaction) [Dorrestijin et al., 2000]. As a consequence, the complete break
up of the phenolic compounds becomes difficult in SCW, which results in lower hydrogen
production and higher methane production from the mixture of phenol and furfural, compared to
glucose.
3.4.2

Effect of concentration on product yield
Feed concentration has a significant effect on gasification efficiencies and yields, although

it does not show a significant effect on the gasification rate. Figure 3.6 shows increased feed
concentration resulted in decreased H 2 yield but an increased CH4 yield [Susanti et al., 2012]. At
equilibrium conditions, the concentration plays an important role to finish the reaction. Usually
CH4 yield increases at higher feed concentrations, which is likely due to the lack of water that
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restricts the steam methane reforming reaction (Eq. 3.32) [Manarungson et al., 1990]. The mixture
of phenol and furfural showed higher CH 4 production as a consequence of higher concentration
through the methanation reaction.

Figure 3.6: Effect of concentration on product yield; P = 28 MPa, T = 700 °C

3.4.3

Effect of pressure on product yield
The effects of pressure on the mechanism of supercritical gasification of biomass are very

complicated. It is observed that the density and the ion product of water increase with an increase
in pressure while the other parameters such as temperature, substrate concentration, and flow rate
were kept constant. The gas production is facilitated by the hydrolysis (Eq. 1) and water-gas shift
reaction (Eq. 31), which can be achieved by faster ion reactions, due to an increase in the reaction
rates at a higher pressure. Au contraire, gas formation reactions via free radicals is inhibited due
to the restriction of free-radical reactions at higher pressures [Bühler et al., 2002]. From the Le
Chatelier’s principle, a reaction that produces more molecules is inhibited at high pressure regions.
Thus, the gasification process is generally favored at lower pressures [Sato et al., 2006]. The
combined effects of pressure results in the complicated effects of pressure on SCWG [Lu et al.,
2006]. Figure 3.7 shows that the reactor pressure does not affect SCWG of biomass significantly
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for both glucose and the mixture of phenol and furfural. The special physical and chemical
properties of SCW disappear when the pressure is below the critical point, which could inhibit
hydrogen production. However, operation at high pressures greatly increases operating costs. As
a result, it is a common practice to keep the operating pressure below 30 MPa for a SCWG process
to balance the effects of pressure on hydrogen yield and operating costs [Jin et al., 2010].

Figure 3.7: Effect of pressure on gas yield (a) glucose, (b) phenol+furfural; T = 700 °C,

biomass concentration 5wt%
3.4.4

Gasification efficiency (GE)
The GE measures the conversion of the feedstock to product gases and can be described as

the ratio between the sum of the masses of product gases (M g, kg/hr) and that of the feedstock (Mf,
kg/hr). Mathematically it can be written as follows
𝐺𝐸 =

∑ 𝑀𝑔
𝑀𝑓

…………………………………………………………… (33)

Figure 3.8 shows the diverseness of the GE with the variation of temperatures, pressures
and concentrations. According to the figure, the GE is surpassing 100%, which proves that the
SCW is a crucial reactant and thusly becoming a source of H2 production. This result corroborates
with those of Antal et al. [1994], Hao et al. [2003] and Yan et al. [2006]. It can also be found that
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the efficiency is higher in the mixture of phenol and furfural compared to glucose. This can be
explained as follows. The total carbon numbers are higher in the mixture of phenol and furfural
than that of glucose. These carbons take excess hydrogen and oxygen form the SCW during the
reaction. This aids in higher gasification efficiency compared to glucose.

Figure 3.8: Gasification efficiency at different conditions: (a) temperature, (b) concentration,
(c) pressure

3.4.5

Carbon conversion efficiency (CCE)
The carbon conversion efficiency (carbon efficiency) can be stated as the mass percentage

of carbon converted from biomass towards permanent gases [Sricharoenchaikul, 2009]:
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𝐶𝐶𝐸 =

∑𝑖 𝑀𝑐,𝑖
𝑀𝑐,𝑓𝑒𝑒𝑑

× 100 ……………………………………………………… (34)

where Mc,i = mass of carbon in component i produced, kg/hr
Mc, feed = mass of carbon in a feed, kg/hr

Figure 3.9: Carbon conversion efficiency at different operating condition: (a) temperature,
(b) biomass concentration, (c) pressure
Figure 3.9 shows the comparison of the simulation results for CCE versus temperature from
500 to 700°C, biomass concentration range 5% − 35% and pressure range 23 – 48 MPa. No
significant effect is observed for pressure on carbon conversion efficiency. However, temperature
and biomass concentration show positive effects on CCE except for the mixture of phenol and
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furfural. As mentioned earlier, the retro-Friedel-Crafts reaction takes place for carbon-carbon
bonds which makes the conversion of phenol and furfural difficult [Dorrestijin et al., 2000]. The
conversion becomes more difficult with increased concentrations. For this, CCE decreased with
an increase in the concentration of the mixture phenol and furfural.
3.4.6

Estimation of the rate model parameters of and validation
The model parameters are estimated using a nonlinear regression software NLREG®. The

estimated parameter values of the converged kinetic models and the PL model are tabulated in
Table 3.5. To validate the models, average absolute deviation expressed in percentage (AAD%) of
the predicted rates from the recommended models is compared with to that of the rate obtained
from experiments. The number of models is initially shortlisted because only three out of the nine
models converged. These models are further scrutinized with an AAD ≤15% and activation energy
by comparing with the activation energy of the power law model. According to these restrictions,
only two models are deemed as acceptable models which can predict the SCWG of glucose.
The comparison of experimentally observed and predicted rates computed using the
parameters of the converged rate models and power law model are illustrated in Figure 3.16.
Comparing the AADs, it can be easily understood that LHHW1 (Reaction 3.8, rate eq. 3.22) did
not yield satisfactory results, whereas models LHHW4 (Reaction 3.12, rate eq. 3.25), ER1
(Reaction 3.18, rate eq. 3.28) (in both cases AAD ≤15%) and the power law (PL, Eq. 3.6, AAD
≤5%) model yielded acceptable results. The de facto, model ER1 particularly showed better
agreement with an AAD = 10.6. In order to explicate the conditions responsible for the technique
each model used in fitting the data, a careful analysis is done by comparing both the parity chart
(Figure 3.10) and the estimated model parameters (Table 3.5). Model ER1 can be reduced to the
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following equation after considering the values from the estimation and the thermodynamic
equilibrium constant:
𝑘0 𝑒

𝑟𝐴 = (1+𝐾

𝐸
−
𝑅𝑇 𝐶𝐴

𝐴 𝐶𝐴 +𝐾𝐶 𝐶𝐶 )

2

…………………………………….………………… (3.35)

Table 3.5: Estimate of the values of the parameters of the models
Parameters PL
LHHW1 LHHW4 ER1
k0

35345.56 9.231015 9.711010 7.111013

E, J/mol

24885.35

n

1.30

16016.52

85174.25

--

--

37000
--

KA

--

9.881010

1.00108 1.101010

KB

--

2.89109

1000

1

KC

--

9.70109

10000

4.57108

KD

--

1.001010

1000

1

KE

--

10000

10000

--

KF

--

465436.4

--

--

KG

--

1

100000

--

KH

--

1

895915.6

--

KI

--

1

1000

--

Eq. (3.35) is derived from Eq. (3.28) based on the fact that an excess amount of water is
present. The AAD of ER1 is smaller than LHHW4. Besides, analysing the activation energies of
models ER1 and LHHW4, the former shows a closer value to that obtained using the PL model.
These comparisons indicate that the RDS assumed in the case of model ER1, may be justified. It
can be explained that there is a need for at least two active sites before the reaction can proceed
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further and this step is slow, which makes this step the RDS. This means, the dissociation of
adsorbed glucose through the Retro-Aldol reaction on the catalyst active sites require a longer time
frame.

Figure 3.10: A comparison of measured and predicted rates of the SCWG of glucose

3.5

Conclusions
The Aspen Plus® simulation of SCWG of biomass used in this study explains

systematically the effect of operating parameters on product yield, gasification efficiency and
carbon conversion efficiency under various conditions as follows: a temperature of 500–700 °C, a
pressure of 23–48 MPa and a feed concentration of 5–35 wt%. The simulation method used a very
simple approach to find the effects of these parameters on the product yield. According to the
simulation, temperature had the most prominent effect while pressure did not show any significant
effect on the product yield beyond the critical point. Concentration has a negative effect on the
product gas. With an increase in concentration, hydrogen production decreased while methane
production increased. The trend of simulations is in good agreement with literature. Glucose
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showed better hydrogen productivity, whereas the mixture of phenol and furfural showed higher
gasification efficiency. However, the mixture of phenol and furfural showed higher methane
production compared to glucose. It is also observed that temperature and concentration both affect
the carbon conversion efficiency. However, in the case of pressure, no significant effect is
observed on carbon conversion efficiency. Two different types of mechanistic models were
analyzed using the data available in literature. The data obtained did not fit the model well.
However, an Eley-Rideal type model that assumes the dissociation of the adsorbed glucose through
the Retro-Aldol reaction was proven to describe kinetic data and thusly mentioned as the RDS.
This model shows an AAD of 10.6%. This kinetic model compared extremely well with an
24885.35
𝑅𝑇

empirical power law rate model, 𝑟𝐴 = 35345.56𝑒 −

𝐶𝐴1.3 with an AAD of 4.6% from the

experimental rate. In this study, an overall idea is being developed for better understanding the
SCWG process. However, detailed kinetic study with specific catalyst for SCWG of biomass will
be explored in future.
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Chapter 4
CATALYTIC SUPERCRITICAL GASIFICATION OF
BIOCRUDE FROM HYDROTHERMAL LIQUEFACTION
OF CATTLE MANURE
4.1

Introduction:
The urge for hydrogen economy is increasing due to its cleaner combustion. Hydrogen is

abundantly distributed around the world. However, it is not free and a ‘suitable’ technology is
required to extract it from a primary source. Ninety six percent of current hydrogen demand are
fulfilled from the conversion of fossil fuel [1].
The depleting nature of fossil fuel sources, strict regulations against pollution, and the
unexpected price hikes necessitate the search for renewable sources for a sustainable and
environmentally benign energy infrastructure. Being a local product, biomass offers
environmentally friendly renewable energy resource. Increasing interest in thermochemical
conversion of biomass for extracting energy has been boosted in recent years [2-4]. In contrast to
the conventional thermochemical conversion process, supercritical water gasification (SCWG) of
biomass does not require drying biomass, which in turn saves energy and time. The unique
property of supercritical water (SCW, T c = 373.95 °C and PC = 22.06 MPa) allows a mass transfer
limitation free reaction condition as water becomes a single phase beyond its critical point.
The heat of evaporation at higher pressure (say P>20 MPa) becomes very insignificant
comparing with ambient conditions, which means ΔH vap becomes zero at Pc. Besides, hot
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compressed water is a promoter of ionic reactions over radical reactions, which lead to decreased
char formation. In addition to this, organic molecules become more reactive in compressed water
while the temperature is more than 250 ºC [5, 6]. These advantages stipulate a major impulse to
use hot compressed water for treating various carbonaceous wastes.
SCWG using catalyst for hydrogen production is among the various processes to produce
high quality fuels. Many industrial processes require hydrogen; such as the syntheses of ammonia
and methanol, various hydrogenation and hydrotreating processes and most importantly, in fuel
cells. Nevertheless, use of biomass as feed to produce hydrogen is gaining more attention due to
the detrimental consequences on the environment by using fossil fuels. As lignocellulosic materials
are the most bountiful biomass species around the world, they become eminently preferable feed
material for producing biorenewable hydrogen [7]. Tentative reaction pathways of the SCWG of
carbohydrates are shown in Figure 4.1, adapted from Azadi et al. [8] and Cortright et al. [7]. The
reactant undergoes dehydrogenation steps on the metal surface to give adsorbed intermediates
before the cleavage of C–C or C–O bonds.
Due to the nutritional value and worldwide availability, cattle manure has been used as
fertilizers since ancient times, as well as a fuel in developing countries. However, as the number
of cattle are increasing, their excreta is being considered as waste due to methane (CH 4) emissions,
which has 25 times more Global Warming Potential (GWP) compared to carbon dioxide (CO 2) on
a 100 – year timescale [9, 10]. SCWG of liquefied cattle manure is a potential technology for the
passive use of cattle manure. The major products of SCWG are hydrogen (H 2) and CO2, and the
emissions are biorganic, which means they have a negative impact on GHG emissions compared
to fossil fuel.
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Figure 4.1: Hydrogen production pathways through various reactions of oxygenated
carbohydrates in the presence of water adapted from Azadi et al. [8] and Cortright et al. [7] (the

 sign represents a surface metal site).
Biomass liquefaction is one of the conversion techniques which is used to produce biocrude
for further processing that can be easily transported. This biocrude contains various carbohydrates
of oxygenated hydrocarbons of varying molecular structure and molecular weights, including
lignin derived products, sugars and their decomposition products. In this article, an alternative
approach of using cattle manure was presented. Firstly the manure was liquefied using a batch
reactor at 260 °C for 30 min to produce the biocrude. This phase is aqueous, hence made it possible
to pump continuously to the SCWG reactor using an HPLC pump. Secondly, this aqueous phase
was then introduced into the reactor to produce an H 2 rich gas in the presence of a catalyst.
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Both homogeneous (e.g., various alkali metals) and heterogeneous (e.g., transition metal
catalysts, on various support) were reported by researchers to promote the water-gas shift reaction
and/or C–C bond cleavage to obtain better carbon gasification efficiency and higher H 2 yield. The
advantageous characteristics of the heterogeneous catalysts over homogeneous catalysts are
recycleability and higher selectivity [11]. Elliott [12] and Guo et al. [11] have reported in their
review about some major heterogeneous transition metal catalysts, on various supports (mainly
Ni, Ru, PT, Pd, Rh etc.) that have been broadly investigated for SCWG processes. It has been
reported that Ru showed the highest activity in gasifying lignin and its derivatives (alkylephenols)
compared to Rh, Pd, and Pt in SCW at 400 °C [13, 14]. Additionally, it was reported that Ru can
maintain high stability for a longer period of time [15]. Ni is another most commonly utilized
catalyst due to its ability to promote the water-gas shift reaction [16-18]. Compared to the noble
metal catalysts, Ni is cheaper even though it is less stable and has the possibility of gradually losing
the activity during SCWG.
Researchers used single metal single support catalysts, dual metal single support catalysts
and single metal dual support catalysts to investigate SCWG of biomass [11, 12]. However, dual
metal dual support catalysts have yet to be investigated. As such, in this paper, we have
investigated 10 different catalysts with various transition metals (Ni and Ru) and support (gamma
alumina, γ-Al2O3 and Zirconia, ZrO2) combinations. Gamma alumina is used in many industrial
processes as catalyst support and can be taken as a benchmark to compare against [19]. Support
like ZrO2 pose some interesting properties for which they can be used as modifiers of reforming
catalysts. These are improved thermal stability, increased oxygen storage ability, decrease in
sintering and enhanced metallic dispersion. These properties help gasification of carbon formed
during the gasification process by reforming [20, 21]. For the first time, this research has
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investigated a dual metal dual support catalyst. Firstly a good catalyst was screened using glucose
water solution, then this catalyst was used to perform SCWG of hydrothermal liquid (HTL) of
cattle manure. Catalysts were characterized using BET, XRD, SEM-EDX, TEM and XPS. We
devised an Eley–Rideal (ER) based mechanistic reaction scheme to obtain an intrinsic rate
equation. The data was used to find the different kinetic parameters by fitting them in a basic power
law model. The results of these derivations, the findings of the experiments and the analyses are
discussed in this research.
4.2

Materials and methods

4.2.1

Feedstock and catalyst preparation
Cattle manure was collected from the University of Guelph livestock farm. HTL of cattle

manure was carried out using a Parr Instrument 600ml bench top batch reactor (Moline, IL)
equipped with a glass liner (762HC3) shown elsewhere [20]. Experiments were performed at
260°C for 30mins with a feedstock-to-water ratios 1:6 (w/w). 10g of ‘as received’ cattle manure
samples were mixed with 60g of deionized water and was stirred for about 3 minutes. The HTL
procedure is also described elsewhere [20]. For the screening experiments, 50g of -D-glucose
(dextrose monohydrate, MP Biomedicals, LLC) was dissolved in 1L deionized water to reach the
concentration of 50 g/L. The incipient wetness impregnation method was used to prepare catalysts
with single metal and co-impregnation method was used to prepare binary catalysts [18]. Nickel
(II) nitrate hexahydrate, Ni(NO3)2.6H2O and ruthenium (III) nitrosyl nitrate solution in dilute nitric
acid, HN 4O10Ru are used as metal precursors and obtained from Sigma-Adlrich. For alumina
supported catalysts, spherical γ-Al2O 3 (dia. =1.8mm) were used which are supplied by Sasol. The
support materials for dual support catalysts are γ-Al2O3 and ZrO2 supplied by Fisher Scientific.
Catalysts were calcined at 600º C for 5 hours and then stored in an airtight bag. Prior to the
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experiment, the catalysts were ground and sieved (using ASTM standard sieve sizes 20 and 50,
Fisher Scientific) to average catalyst diameter of 575 μm.
Table 4.1: Ultimate and Proximate analysis
Proximate Analysis of Cattle Manure (CM), wt%
Vloatile matter (DAF)

80.02

Moisture content

65.40
1.49

Ash content (D)

18.49

Fixed carbon
Ultimate Analysis of Cattle Manure, wt%
Nitrogen

1.39

Carbon

45.02

Hydrogen

6.10

Sulphur

0.16

Oxygen

47.33

Ultimate Analysis of dried biocrude from CM, wt%

4.2.2

Nitrogen

2.04

Carbon

39.48

Hydrogen

5.14

Sulphur

0.14

Oxygen

53.20

Apparatus and experimental procedure
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Figure 4.2 shows the schematic diagram of the SCWG reactor used in this experiment. A
12.84 mm OD×9.28 mm ID×660.67 mm length tubular reactor with continuous feed flow,
fabricated from Inconel 625 was used to perform the experiments. Reactor tube was packed with
previously crushed and sieved catalyst, which are supported on a stainless steel membrane (mesh
80). A small amount (2 cm in depth) of quartz wool was placed in between the catalyst support
rod and the screen to avoid the possible carry-away of catalyst particles. An electrical heater was
used to heat the packed reactor to the desired temperature. Once the reactor reached the reaction
temperature, the in-situ reduction of the catalyst was performed by supplying hydrogen at a rate of
5 ml/min for 90 minutes. Hydrogen gas was then used through the high-pressure line to prepressurize the reactor. The liquid feedstock was then introduced into the system by using a HPLC
(high pressure low capacity) pump from Eldex (optos series) at 5 mL/min. Once the system reached
the desired reaction pressure, the feed flow is reduced to the experimental flow rate 2 ml/min which
translates to weight hourly space velocity (WHSV) of 2h-1. Once the system is stabilized, the first
gas sample was taken after one hour. Gas sampling was done once per hour for a duration of 10
minutes for each sampling time. The liquid produced during this time was also being collected,
weighed and stored for further analysis. During all the experiments, pressure remained constant at
25 MPa. Three different temperatures (500, 600 and 700 ºC), and carbon concentrations (10, 15
and 20 g/l) were studied for the hydrothermal liquid. Prior to using catalysts, a suitable temperature
was chosen based on higher hydrogen production by running experiments without catalysts. Then
the best catalyst was chosen by running the experiments using the prepared ten catalysts. All of
these experiments were performed using glucose. Then the best catalyst was used to perform
gasification experiment using the hydrothermal liquid produced from cattle manure at different
conditions.
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Figure 4.2: Schematic diagram of the experimental setup
4.2.3

Characterization

4.2.3.1 Cattle manure characterization
The proximate analysis was performed according to the ASTM standards using a Thermo
Scientific- F48055-60, Waltham, and MA muffle furnace. For moisture content, ash content, and
volatile matter, ASTM-E871, ASTM-E1755, and ASTM- E872 were used, respectively. Fixed
carbon is then calculated by using (100%-volatile matter- ash content). A Thermo Fisher Flash EA
1112, Waltham, MA elemental analyser was used to perform elemental analysis of the biomass
samples. Table 4.1 shows the proximate and ultimate analysis of cattle manure and ultimate
analysis of HTL.
4.2.3.2 HTL biocrude characterization
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The chemical composition of biocrudes from the HTL process were analyzed using an
Agilent VF-5ms phenyl–methyl GC column (30 m × 0.25 mm id with a film thickness 0.25-μm)
with a Bruker Daltonics Scion TQ GC-MS/MS (Bruker Daltonics, Fremont, CA) system. Helium
was the carrier gas with a flow rate of 1 mL/min. 1 μL of dichloromethane (DCM) extracts
(contains 2wt% biocrude) were injected at oven temperature of 270 °C using a split ratio of 30:1.
The initial oven temperature was set to 60 °C and was held for 4 min, then raised to 280 °C with
the heating rate of 5 °C/min and held for 15 min. The data was collected over the mass to charge
ratio (m/z) range from 35 to 550 with a source temperature of 210 °C and electron ionization of
70 eV. The time per scan was 0.2 s with an interscan delay of 0.1 s. Individual compound
identification was performed by matching the peak patterns against a NIST database. Matlab was
used to correct the baseline and to filter the signal noise prior to the peak integration.
4.2.3.3 Catalysts characterization
Brunauer–Emmett–Teller (BET) Analysis was performed using a Quantachrome 4200e
Surface Area and Pore Analyser. First the samples were placed in the sample holder and degassed
in vacuum for three hours at room temperature. The weight of the samples were recorded before
and after degassing to address any mass loss. Samples were then placed for BET analysis in the
analyser. Prior to each run, the tubes were calibrated using helium gas. N 2 physisorption was then
performed at liquid nitrogen temperature. The isotherm was recorded over the pressures range
from 0.03 < P/Po < 0.4. Table 4.2 shows the summary of catalysts BET surface area.
X-ray diffraction (XRD) patterns for powdered on the dried and calcined catalysts samples
were performed using a STOE goniometer and Cu Kα radiation (λ = 1.5406 Å) at room
temperature. The background noise level was minimized by using an energy sensitive 2500 Silicon
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drift detector from Moxtek. The 2θ scanning was performed with a rate of 5°/min and a range of
20 to 65° while the voltage and current were 35 kV and 40 mA respectively.
The spent catalysts from 6h-run and 20h-run were analysed in order to investigate the char
produced using an SDT Q600 thermogravimetric analyser (TGA), DSC-TGA Standard from TA
Instrument. A heating rate of 20 ºC/min was used to heat the spent catalyst samples placed in an
alumina crucible to the final temperature 900 ºC using an air flow of 40 ml/min.
FEI Inspect S50 scanning electron microscope (SEM) equipped with a tungsten filament
and an Everhart-Thornley secondary electron (SE) detector was used with a working distance of
approximately 10 cm, a spot size of 3.5, and a 30 kV electron beam energy for all SEM images.
The energy dispersive spectroscopy (EDS) spectra were collected with an Oxford X-max 20 with
Aztec Software using a spot size of 3.5 with an accelerating voltage of 30 kV to ensure that the Ru
K(alpha) line at 19.24 keV was excited.
Transmission electron microscopy of the catalyst particles was performed using a Tecnai

G2 F20 (FEI, Hilsboro, OR) equipped with a 4K Gatan GT digital camera (Gatan, Pleasanton,
CA). A 300-mesh carbon grid was used to mount the samples. Digital Microgram software was
used for controlling the image quality.
A PE5600 XPS system (Physical Electronics, Chanhassen, MN), equipped with a
monochromatic A1 Kα X-ray source (operates at 350W), multichannel detector and hemispherical
analyser, was used to perform X-Ray photoelectron spectroscopy (XPS). Catalyst samples were
mounted on an indium foil. Charge was neutralised using a low-energy electron flood gun (~1 eV).
Two different spectra were collected using different energy and step sizes. Analyser pass energy
and step size for survey spectra were 187.85eV and 0.8 eV per step respectively and for high
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resolution spectra were 23.50 eV and 0.1 eV per step respectively. CasaXPS software
(http://www.casaxps.com) was used to analyse the data.
Table 4.2: Catalyst compositions and physical characteristics
Sl
no.

Catalysts

Metal content

Support

(wt.%)

γ- Al2O3

Total pore

Average

volume

pore radius

(cc/g)

(Å)

0.669

0.002

15.423

170.666

0.395

46.797

BET surface
area (m2/g)

1

--

--

2

--

--

3

--

--

ZrO2

8.691

0.015

27.982

4

5%Ni/Al2O3

5%Ni

γ- Al2O3

143.685

0.249

43.724

5

10%Ni/Al2O3

10%Ni

γ - Al2O3

132.552

0.227

43.488

6

0.04%Ru/Al2O3

0.04%Ru

γ - Al2O3

83.924

0.132

18.063

7

0.08%Ru/Al2O3

0.08%Ru

γ - Al2O3

169.048

0.47

46.895

8

5%Ni-0.04%Ru/Al2O3

5%Ni+0.04%Ru γ - Al2O3

173.289

0.425

60.056

9

10%Ni-0.08%Ru/Al2O3

10%Ni+0.08%Ru γ - Al2O3

160.471

0.383

43.756

10

5%Ni-0.04%Ru/ZrO2

5%Ni+0.04%Ru

ZrO2

6.191

0.017

16.945

11

10%Ni-0.08%Ru/ZrO2

10%Ni+0.08%Ru

ZrO2

6.446

0.025

18.131

3.382

0.013

15.353

5.178

0.021

22.961

12

13

5%Ni-0.04%Ru/Al2O3ZrO2
10%Ni-0.08%Ru/Al2O3ZrO2

(P*)
γ- Al2O3
(S*)

γ - Al2O3+

5%Ni+0.04%Ru

ZrO2

10%Ni+0.08%Ru

γ - Al2O3+

*P = Powder, S = Sphere
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ZrO2

4.2.3.4 Gas characterization
Gas analysis was carried out using an 8610C GC (SRI Instruments, Torrance, CA) which
has two columns (molecular sieve; Porapak). It is equipped with two detectors: a thermal
conductivity detector (TCD) and a flame ionization detector (FID). A standard gas mixture (Linde)
was used for the calibration of this GC. Helium is used the carrier gas.
4.3

Theory:

4.3.1

Kinetic modeling:
In this study, an effort is made with elementary steps of SCWG in the presence of catalysts.

Accordingly mechanistic models applying Eley–Rideal (ER) mechanism is proposed and will be
verified using the experimental data. The slowest step, also termed as rate determining step (RDS)
will be determined. The overall SCWG reaction of HTL of cattle manure is given below.
C10 H16 O10 + 10H2 O → 10CO2 + 18H2 ; ∆H°298 = 107.6kJ/mol ……………… (4.1)
At first, an empirical and irreversible rate model based on power law (PL) for HTL
conversion in SCW with a fixed feed concentration, r A (concentration/time) is developed as shown
below:
𝐸

𝑟𝐴 = 𝑘𝑟 𝐶𝐴𝑛 = 𝑘0 𝑒 −𝑅𝑇 𝐶𝐴𝑛 …………………………….… (4.2)
𝐸

Where, 𝑘𝑟 = 𝑘0 𝑒 −𝑅𝑇 ……………………………….… (4.3)
k0 = pre-exponential factor (frequency factor)
n = reaction order
E = activation energy, J/mol
CA = concentration of cattle manure (CM) dry oil in kmol/m3
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The unknown k0, E and n are approximated using NLREG®, a multi-linear regression
software, of the experimental data. Nevertheless, reaction rate constant, kr has variable units as it
is related to reaction order.
Secondly, mechanistic models based on ER are developed. According to the model, a
catalyst active site interacts only with dissolved carbohydrate. The steps are as follows:
k1,−1

C10 H16 O10 + [S] ↔

C10 H16 O10 [S] … (absorption) … … … … … … … … … . (4.4)

k2,−2

C10 H16 O10 [S] + [S] ↔

C H O [S]
C6 H6 O6 [S]
+ 4 10 4 … … … … … (SR − I) … … (4.5)
Benzenehexol Erythrytol

k3,−3
C6 H6 O6 [S]
+ 6H2 O + 5[S] ↔ 9H2 + 6CO2 [S] … … … … … … (SR − II) … … (4.6)
Benzenehexol
k4,−4
C4 H10 O4 [S]
+ 4H2 O + 3[S] ↔ 9H2 + 6CO2 [S] … … … … … … (SR − III) … … … (4.7)
Erythrytol
k5,−5

10CO2 [S] ↔

10CO2 + 10[S] … … … … … … … … … … … … … … (Desorption) … (4.8)

SR = surface reaction, [S] = Active sites on catalysts, ki = rate of forward reaction, k-i = rate of
backward reaction
It is well known that a chemical reaction consists of more than one step, termed as
elementary steps, and there is one step which is the slowest compared to the others. This slowest
elementary step is the decider for the overall reaction rate and hence it is called a rate determining
step (RDS). Owing to the unique property to remain unchanged during chemical reactions,
catalysts are not shown in the equation. Nevertheless, their presence can clearly be seen in the
proposed rate equations as shown by active sites. Eq. 4.4 and 4.8 were not used to develop any
model. In total, three ER models were devised and investigated. Table 4.3 shows all the models
and related assumptions on these reactions.
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Table 4.3: Various rate models formulated ER mechanisms
Model
No.
𝐸

𝑘0 𝑒 −𝑅𝑇 (𝐶𝐴 −
ER1

𝑟𝐴 =

ER3

𝑟𝐴 =

𝑟𝐴 =

𝐶𝐶10 𝐶𝐷18
)
𝐾𝑃 𝐶𝐵10

No.

2

4.9

6

4.10

4

4.11

𝐾 𝐶6 𝐶9
𝐾 𝐶4 𝐶9
(1 + 𝐾𝐴 𝐶𝐴 + 𝐵 𝐶6 𝐷 + 𝐾𝐶 𝐶𝐶 + 𝐷 𝐶4 𝐷 )
𝐶𝐵
𝐶𝐵
𝑘0 𝑒

ER2

Eq.

Equation

𝐸

−𝑅𝑇

𝐶𝐴 𝐶𝐵10 𝐶𝐶6 𝐶𝐷9
( 4 9 −
)
𝐾𝑃
𝐶𝐶 𝐶𝐷

𝐾 𝐶 𝐶4
𝐾 𝐶4 𝐶9
(1 + 𝐾𝐴 𝐶𝐴 + 𝐵 4 𝐴 9 𝐵 + 𝐾𝐶 𝐶𝐶 + 𝐷 𝐶4 𝐷 )
𝐶𝐵
𝐶𝐶 𝐶𝐷
𝐸
𝐶 𝐶6 𝐶4 𝐶9
𝑘0 𝑒 −𝑅𝑇 ( 𝐴6 𝐵9 − 𝐶 𝐷 )
𝐾𝑃
𝐶𝐶 𝐶𝐷

𝐾 𝐶6 𝐶9
𝐾 𝐶 𝐶4
(1 + 𝐾𝐴 𝐶𝐴 + 𝐵 𝐶4 𝐷 + 𝐾𝐶 𝐶𝐶 + 𝐷 6 𝐴 9 𝐵 )
𝐶𝐵
𝐶𝐶 𝐶𝐷

4.4

RESULTS AND DISCUSSION:

4.4.1

Non-catalytic supercritical water gasification
Since the primary goal of this study is to enhance the hydrogen yield, several non-catalytic

experiments were performed to find the suitable condition of higher hydrogen production. The
pressure was 25 MPa with the temperatures 500, 600 and 700 ºC and a feed (5 wt% glucose-water
solution) flow of WHSV of 2h-1 . Figure 4.3 shows comparison of gas yield and carbon gasification
efficiency (CGE) at various temperature. It is clearly seen from the figure that higher temperature
favored hydrogen and carbon dioxide yield (Eq. 4.12). However, with the increase in time, both
hydrogen and carbon dioxide production decreased.
CO + H2 O ↔ CO2 + H2 …………………………………… (4.12)
CH4 + 2H2 O ↔ CO2 + 4H2 ……………………………….. (4.13)
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Figure 4.3: Gas yields from SCWG of 5 wt.% glucose-water solution without any

catalyst, P = 25 MPa
As hydrogen production is endothermic and methane production exothermic, with the
increase in temperature an increase in hydrogen yield and decrease in methane yield observed as
stated in Le Chatelier’s principle. However, with the increase in time, carbon deposition on the
inner wall of the reactor led to less heat transfer which in turn caused diminishing trends of
hydrogen and carbon dioxide and increasing trends of methane and carbon monoxide (reverse
water gas shift, Eq. 4.12 and methanation reaction, Eq. 4.13) [20]. Based on the results obtained
in non-catalytic SCWG for higher hydrogen yield, for catalytic gasification, T = 700 ºC was
chosen.
4.4.2

Effect of different metal catalysts
It is very important to pick the catalysts as it should not only able to gasify the feedstock

but also able to gasify the intermediates and byproducts which usually lead to tar production.
Figure 4.4 shows hydrogen yield and CGE using ten catalysts with different metal loadings (Ni,
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Ru) on various supports (γ-Al2O3 and ZrO2) in SCW at 700 ºC and 25 MPa for 5 hour time onstream.

Figure 4.4: Hydrogen yield and carbon gasification efficiency from SCWG of 5 wt.%

glucose-water solution at 700 ᴼC and 25 MPa in the presence of catalysts
There are two points to consider: (1) Data used for plotting graphs and analyses were
averaged which were acquired at steady state. This is done when the gas yields with various
composition becomes almost constant with time-on-stream. (2) The reactor is fabricated from
Inconel which mainly consists of Ni (58%), Cr (20-23%), Mo (8-10%), Fe (Max 5%), Nb (3.154.15%) and with some trace elements. Thusly, the reactor could involve in catalysing SCWG
process. Besides this reactor could be termed as “seasoned” or “aged” due to slow and steady
catalytic effect [24]. According to Kruse [24], this reactor could be considered as a ‘‘seasoned’’
or ‘‘aged’’ reactor with low and constant catalytic effect. Since all of the experiments (with and
without catalysts) were conducted using the same reactor, the effects of reactor wall on gas yield
were considered to be comparable for all experimental conditions and thus will not be discussed
in this work.
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Figure 4.5: CH4, CO2 and CO yield of SCWG of 5 wt.% glucose-water solution at
700 ᴼC and 25 MPa
Compared to Figure 4.3, it can be found that both hydrogen production and CGE increased
in the presence of catalysts. Among the catalysts used for gasification, 5%Ni/Al2O3 showed the
poorest catalyst activity and 10%Ni-0.08%Ru/Al2 O3 -ZrO2 showed the best catalyst activity in
terms of hydrogen yield and carbon gasification efficiency. Nickel is known for its catalytic
activity on water-gas shift reaction [25]. Addition of small amount of Ru also aid in hydrogen
production [26]. As per the Figures 4.3 and 4.4, hydrogen yield increases from on average 32%
(5%Ni/Al2O3) to 200% (10%Ni-0.08%Ru/Al2O 3 -ZrO2). Compared to 10%Ni-0.08%Ru/Al2O3,
10%Ni-0.08%Ru/Al2O3 -ZrO2 showed better hydrogen yield even though it has lower surface area.
As it is mentioned in the Introduction part, ZrO2 aid in gasification process by reforming, it played
the important role to higher hydrogen yield and higher CGE which can be clearly seen from Figure
4.4. Figure 4.5 shows that using ZrO2 as support has increased CO2 yield and decreased both CH4
and CO yield which also justifies the statement. As 10%Ni-0.08%Ru/Al 2O3 -ZrO2 exhibited higher
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hydrogen yield compared to other catalysts, it is further used for gasifying the hydrothermally
liquefied (HTL) cattle manure. Besides, this catalyst further characterized for better understanding.
Stability tests on 10%Ni-0.08%Ru/Al 2O3-ZrO2
2
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H2

CH4

CO2

CGE

1.6

1.2

1.2

0.9

0.8

0.6

0.4

0.3

0

CGE, %

Gas Yield, mol/mol of carbon in
feed

4.4.3

0
0

2

4

6

8 10 12 14 16 18 20 22
Time on Stream, h
Figure 4.6: Gas yield and CGE at 5 wt.% glucose-water solution 700 °C and 25
MPa for a 20h run
According to the outcomes discussed above, 10%Ni-0.08%Ru/Al2O3 -ZrO2 was termed as
the best catalyst. Hence, it is important to explore the stability of it by running experiments for
extended period of time using the same experimental conditions. The 20 h long run was split in
three days. On first day the experiment ran for 8 hours, then the experiment ran for 6 hours on
second and third day. During this longer running experiment, neither plugging nor deactivation
was detected. Gas yield and carbon gasification efficiency (CGE) of 5wt% glucose water solution
at 700 °C at 25 MPa in the presence of 10%Ni-0.08%Ru/Al2O3 -ZrO2 for time on stream 20 h are
shown in Figure 6. It is evident from the Figure that the catalyst prevailed its high activity during
whole running period. Plugging is the widely experienced problem in continuous flow reactor due
to tar and char deposition and agglomeration on catalysts. Besides, sintering (due to high
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temperature) of the particles, support material decomposition and catalyst metal leaching are other
frequent issues of using heterogeneous catalysts in continuous flow reactor. To investigate these
problems, fresh and used 10%Ni-0.08%Ru/Al2O3 -ZrO2 were characterized using SEM-EDX,
XRD, TGA, TEM and XPS.

Figure 4.7: SEM images and EDX spectra for the fresh (not reduced) and used 10%Ni-

0.08%Ru/Al2O3-ZrO 2 catalyst
Figure 4.7 shows SEM-EDX analysis of both fresh (not reduced) and used 10%Ni0.08%Ru/Al2O3 -ZrO 2. The magnification for the fresh catalyst was 250μm and for the used
catalyst was 100μm. Although it is not possible explain the dispersion of catalyst metal particles
in the supports due to limitations in resolution of SEM, the EDX spectra shows the different
elements presents in the specimen. The spectra shows Ni, Ru, Al, Zr, and O elements and the used
catalyst also shows C, which means some carbon deposited on the catalyst surface. This confirms
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char and/or coke generation and deposition on the catalyst surface. The slivers seen in used catalyst
SEM image are indication of char and/or coke.
Figure 4.8 shows the TEM images of fresh and spent 10%Ni-0.08%Ru/Al2O 3 -ZrO2
catalyst. The fresh catalyst particles have slightly rough surfaces. Rough surface of catalyst
particles are indication of poor crystallinity. These surfaces cause the formation of random
graphene layers which eventually lead to the formation of Turbostatic (T-) carbon [27] which could
not be separated from the amorphous carbon using TEM [26]. Zhang et al. [26] also found the
same carbon structure in their research. The arrow showed the area where the T-carbon formed on
the used catalyst (b). These findings are further investigated using the TGA.
(a)

(b)

Figure 4.8: TEM images for the fresh (a, not reduced) and used (b) 10%Ni-0.08%Ru/Al2O3 ZrO2 catalyst. The bar scales are 20 nm for (a) and 10 nm for (b).
Figure 4.9 illustrates the XRD patterns for not reduced fresh and in-situ reduced spent
10%Ni-0.08%Ru/Al2O3 -ZrO2 catalyst. Since the amount of Ru was too low, the XRD was not able
to identify the either RuO or Ru. The instrument is capable of identifying any element if it is
present at least 0.1wt% in the mixture. As per the illustration, fresh catalyst contains the oxides of
supports and nickel. The XRD pattern of fresh and not-reduced catalyst shows three peaks of NiO
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at 37.2°, 43.4° and 63.4° [28-32]. However, the metallic form of Ni was identified in the used
catalyst at 44.6 and 51.8° [30, 32]. This is due to the in-situ reduction performed before the
experiment and in-reaction reduction occurred by H 2 and CH4 which are known as reducing gases.
Ni peaks observed by XRD are the active sites of the spent catalyst for SCWG [26]. Besides, a
peak of - Al2O3 is observed at 43.3 which conforms the phase transformation of Al2O3 from γ to
 [26]. In conclusion after careful observation of the XRD patterns, the metal Ni remain in metallic
form after the 5h run using glucose at 700 ºC and 25MPa. It can also be assumed from the
conclusions of previous studies, Ru also remains in metallic form after each experiment [28]. Thus,
these active metallic Ni and Ru are responsible for consistent higher activity of 10%Ni0.08%Ru/Al2O3 -ZrO 2 catalyst.
γ-Al2O3

ZrO2

Ni

γ-Al2O3

ZrO2

NiO

-Al2O3

Figure 4.9: XRD patterns for used (a) after 5 hour time on stream and fresh (b) 10%Ni0.08%Ru/Al2O3 -ZrO 2
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Figure 4.10: XPS spectra of fresh ((a), (c), (e), (g), (i)) and spent ((b), (d), (f), (h), (j))

10%Ni-0.08%Ru/Al2O3 -ZrO2 catalyst
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Figure 4.10 illustrates the XPS spectra of both fresh and used catalysts 10%Ni-O. 08%
Ru/Al2O3 - ZrO2. The XPS spectra are shown for fresh catalyst in (a-Ni), (c-Ru, C), (e-O), (g-Zr)
and (i-Al) and for spent catalyst in (b-Ni), (d-Ru, C), (f-O), (h-Zr) and (j-Al). In order to determine
the oxidation state, the binding energies (BE) and chemical shifts of Ni and Ni-oxides in the XPS
spectra can be used [33]. As per the Table 4.4, the Ni2p spectra showed just over 1eV increase in
BE in case of spent catalyst which is a proof of atomic sputtering [34]. Since Ru was not identified
through XRD, XPS analyses were performed in order to support the presence of Ru in the catalyst.
As it can be seen from the Figure, Ru was clearly detected by XPS. In Figure 10 (c) of the fresh
catalyst, stepped peaks are detected in 280.85 and 284.85eV. The first peak attributed to ruthenium
3d and the later peak is assigned as carbon 1s [35]. Also Ru3p peak is detected at 460.05 eV [36].

Figure 4.11: TGA profiles for 10%Ni-0.08%Ru/Al2O3 -ZrO2 after 6h and 20h run
Figure 4.11 shows the TGA profiles of the spent 10%Ni-0.08%Ru/Al 2O3 -ZrO2 catalysts at
different time on stream conditions. The char produced are mainly consists of two different types
of carbon [37, 38]: amorphous form of carbon and graphite-like structure, which prove the two
stage mass loss of catalyst chars. Usually moisture evaporation and combustion of amorphous
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carbons are accountable for the mass loss under 300 °C, whereas coke combustion, mainly
graphitic carbon, is responsible for the mass loss at higher temperature [39]. It is demonstrated by
Zhang et al. [26] that Ni catalyst promoted by Ru produced comparatively less char/tar. Also
char/tar formation and deposition is usually minimized due to the presence of ZrO2 [40]. As per
the Figure 4.11, the novel dual metal-dual support catalyst has accumulated carbon amount about
11% after 6 hours and about 36% after 20 hours’ time on stream. Nevertheless, the char formed
due to the accumulation of carbon on catalyst did not seem to deactivate our novel catalyst. This
result corroborate with the findings of SEM and TEM in terms of char formation.
Table 4.4: Binding Energy Values of the 10%Ni-0.08% Ru/Al2O3 - ZrO2 Catalyst for XPS
Spectra
Name
Binding energy, eV
fresh catalyst
used catalyst
Al 2p
68.05
68.05
C 1s
284.85
284.59
Ni 2p
851.35
852.75
O 1s
526.55
528.65
Ru 3p
460.05
460.05
Zr 3d
177.95
178.65
4.4.4 Biocrude composition
Biocrude produced by hydrothermal liquefaction was characterized by GC-MS. Due to the
unstable nature of biocrude, it was observed that some black carbonaceous substances were
precipitated [41]. Hence, the biocrude was filtered twice using vacuum suction filtration with a
2.5μm filter paper prior to the experiment. Table 4.5 shows tentative biocrude composition. As the
biocrude has very complex composition, it is not possible to attain perfect separation of the
component peaks. It is a well-known fact that biocrude from biomass through hydrothermal
liquefaction contain a vast range of organic compounds with complex composition [42, 43].
Overall, the major components were phenolic compounds, ketones, esters, aldehydes, carboxylic
acids, and furan.
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Table 4.5: Tentative GC–MS characterization of biocrude of cattle manure representing >1%
total ion chromatogram areas
Compound

Area,
%

Phenol, 2-methoxy-

9.72

Phenol, 4-ethyl-2-methoxy-

5.41

2,4-Dimethoxyphenol

7.73

Ethanone, 1-(4-hydroxy-3,5-dimethoxyphen

7.28

Total phenolic compounds

30.14

2(3H)-Benzofuranone, 3a,4,5,7a-tetrahydr
Glutaraldehyde
Spirohexan-5-one
1,3-Cyclopentanedione, 2-methyl5-Octen-1-ol, (Z)Octahydrochromen-2-one
1,2-Cyclopentanediol, transAcetic acid, nonyl ester
Cyclononanone
1-Nonanol
2-Cyclohexen-1-one, 4-(1-methylethyl)9-Dodecen-1-ol, acetate, (Z)Benzaldehyde, 3-hydroxy-4-methoxyTetracyclo[5.3.1.1(2,6).0(4,9)]dodecan-3-one
2-Propenoic acid, tridecyl ester
7-Ethyl-4,6-pentadecandione
Oxiraneoctanoic acid, 3-octyl-, cisPentanedioic acid, dibutyl ester
Hexadecane, 1-methoxy-13-methylPentadecanoic acid, 3-methylbutyl ester
1,2-Cyclohexanedicarboxylic acid, di(3-methylbut-2-yl) ester
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2.37

4.4.5

Effects of temperature on SCWG of biocrude
HTL biocrude with carbon content 10g/l was investigated in the presence of 10%Ni-

0.08%Ru/Al2O3 -ZrO 2 at temperatures from 500 to 700 ºC at pressure 25 MPa with a feed flow of
2ml/min. The results are summarized in Figure 4.12. With the increase in temperature, hydrogen
and carbon dioxide yield decreases and methane yield increases. Besides, the carbon gasification
efficiency also decreases with the increase in temperature. This is due to the presence of phenolic
and furan compounds, which gradually deactivate the catalyst. It is reported by Kruse et al. [44]
that the presence of phenols or phenolic compounds along with furfurals and furan form tar and
char will eventually deactivate the catalyst. According to the GC-MS characterization, the
biocrude contains 30.14% of phenolic compounds and 2.37% furan compound. Even though, there
were no evidence of furfurals in biocrude; nevertheless, any furfural generated during HTL process
of cattle manure may transform into furans as the HTL temperature was 260 °C. Hoydonckx et al.
[45] reported that furfurals start to decompose to furans beyond the temperature 250 °C. As such,
deactivation of the catalyst may also be due to the furan content even though the amount is very
small (2.37%). H2 and CO2 yields increase and CH4 yield decreases when the reaction temperature
increases. According to the thermodynamics, CH4 and water is formed from H2 and CO2 at lower
reaction temperatures through the methanation reaction. Contrary to this, the methanation reaction
is inhibited at higher temperature by promoting the water gas shift reaction, which leads to low
methane and carbon monoxide formation. Besides, the excess water present in a SCWG boosts the
yield of H2 and CO2 rather than CO.
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Figure 4.12: Effect of temperature on gas yield and CGE; P=25MPa, feed flow = WHSV of
2h-1, 10gm/l C cattle manure biocrude, catalyst=10%Ni-0.08%Ru/Al2O3 - ZrO2
4.4.6

Effects of feed concentration on SCWG
Feed concentration is another important parameter that directly affects the gas generation.

Usually lower feed concentration yield H 2 rich gas and vice versa [46, 47]. High water content of
the feed serves as not only solvent but also an important reactant, which directly takes part in the
process [13]. Efficient advancement of solvation reaction takes place when the biomass to water
ratio is comparatively lower during heat-up thusly lowering the possibility of producing the
precursors of coke/tar/char, the polymerized carbonaceous materials. At high feed concentration,
the polymerization reactions are stimulated by the formation of obstinate species as intermediates
from the feed, thusly reducing the available molecules for gasification. Higher feed concentration
leads to higher CH4 yield due to less amount of water available for the process, which restricts the
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steam reforming of methane [48]. Figure 4.13 shows the effect of concentration on gas yield and
CGE. The feed concentration used in this case are 10, 15 and 20 g/l of carbon (C). A feed
containing 5 g/l C did not yield any sufficient amount of gas and feed containing C content higher
than 20g/l lead to blockage of the feed transfer line. According to the Figures, the result greatly
corroborates with the literature articles discussed above.

Figure 4.13: Effect of concentration on gas yield and CGE; P=25MPa, feed flow = WHSV of
2h-1, cattle manure biocrude, catalyst=10%Ni-0.08%Ru/ Al2O3 - ZrO2
4.4.7

Other catalytic biocrude SCWG attributes
As mentioned earlier, this study has introduced the novel concept of dual metal-dual

support catalyst applied for the first time in case of the SCWG process. After careful observation
of the effects of temperature and concentration on product yield, it can be easily seen that, the
production of hydrogen and CO2 was slowly decreased with an increase in methane and CO with
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the increase in time and feed concentration. Also lower temperature favoured methane production
through methanation reaction (reverse methane reforming equation, Eq. 4.13). The presence of
phenolic and furan compounds led to catalyst deactivation in terms of hydrogen production for
longer running period. However, it can be easily observed from Figures 4.12 and 4.13, CGE slowly
decreased with the increase in reaction time and thusly can be said that CGE is almost independent
of temperature and concentration. Besides, it can also be said that, the equilibrium condition can
be attained at lower temperature and concentration in terms of carbon conversion of the feed.
4.4.8

Comparison with published literature
A comparison with previous studies for the first 2.5 hour run are shown in Table 4.6. Byrd

et al. [29] and Zhang et al. [49] performed continuous flow SCWG using liquefied biomass with
almost similar parameters. The corresponding parent feedstock and experimental parameters are
also mentioned in the table. According to the comparison, the Ni10%-Ru0.08%/Al2O3 -ZrO 2
catalyst showed highest H2 yield and fourth highest CGE. The catalyst activity for H 2 yield can be
shown Ni10%-Ru0.08%/Al 2O3 -ZrO2> Ni/ZrO2> Ni10%-Ru0.1%/AC> Ru/TiO2 whereas for the
CGE by the catalysts can be shown as Co/ZrO2> Ni10%-Ru0.1%/Al2O3 > Ni/ZrO2> Ni10%Ru0.08%/Al2O3 -ZrO 2. Zhang et al. [49] has reported that Al2O3 -supported Ni catalyst lost its
activity very fast whereas the catalyst supported on AC showed comparatively higher activity and
stability while the real biomass derived biocrude was used. Byrd et al. [29] also mentioned that
ZrO2 supported catalysts showed higher biocrude conversion but faced plugging after a few hours
due to excessive char formation. They also mentioned TiO 2 supported catalysts showed the lowest
char formation although the hydrogen yield was comparatively lower. In the present study, the
highest hydrogen yield and CGE was observed using Ni10%-Ru0.08%/Al2 O3-ZrO2 without any
reactor plugging, which means addition of small amount of Ru and using ZrO 2 can significantly
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improve H2 yield comparable to higher Ru catalysts. As Ru is costly, this research showed that
addition of smaller amount in the catalyst will be very cost effective. Nevertheless, H 2 yield
decreased slowly over time as catalyst lost its activity due to the presence of phenolic compounds
and furans in HTL.
Table 4.6: Comparison of hydrogen yield and CGE to other researches
Hydrogen

Carbon

Yield

Gasification

(mol/molcarbon)

Efficiency

0.50

0.89

1.10

0.95

Study and experimental
Catalytic condition
conditions

Present study

Unanalyzed

Cattle manure biocrude

Ni10%-Ru0.08%/Al2O3 -

(700 °C, 25 MPa)

ZrO2

Zhang et al.

Unanalyzed

0.52

0.90

Sludge and waste newspaper

Ni10%-Ru0.1%/Al 2O3

0.49

0.97

Ni10%-Ru0.1%/AC

0.85

0.92

Ru/TiO2

0.81

0.78

Ru/ZrO2

--

0.67

Ni/TiO2

0.69

0.74

Ni/ZrO2

0.95

0.96

Co/TiO2

0.56

0.83

Co/ZrO2

0.71

1.02

biocrude
(700 °C, 24 MPa)

Byrd et al.
Switchgrass biocrude
(600 °C, 25 MPa)

4.4.9

Estimation of the rate model parameters and validation
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NLREG®, a nonlinear regression software, was used to estimate the model parameters.
Table 4.7 shows the various parameters obtained through regression for converged models and the
power law (PL) model. For the validation of models, AAD (average absolute deviation) in
percentage was calculated and compared between the experimental and predicted reaction rates.
Comparing the convergence of the models, only two models were converged. Further investigation
were performed by considering AAD ≤15% and by comparing the activation energies of converged
models to that of the PL model. After careful observation of the restrictions, only one model
showed acceptability to predict the SCWG of the HTL of cattle manure.
Table 4.7: Estimate of the values of the parameters of the models
Parameters PL
k0
E, J/mol
n

ER1

ER2

3.47×106

1.87×107

2.00×1039

7254.89

6500

27783.10

1.06

--

--

KA

--

1.00×109

1.00×1014

KB

--

1

1

KC

--

6.07×105

1

KD

--

1

1

Figure 4.14 shows the residual plot for PL and converged ER models. As per the plot, it
can be concluded that the power law model (Equation 2, AAD ≤5%) and ER1 (Reaction 5, rate eq.
8, AAd≤10%) converged with satisfactory results and thusly the dots tightly adhere to the zero
baseline. However, ER2 did converge with high AAD (=49%) for which the dots are more
scattered around the zero baseline. Besides the AAD, model ER1 also showed comparable
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activation energy with that of PL model. By considering the values from data, the thermodynamic
equilibrium constant and by using the model parameter values, model ER1 can be rearranged as
follows:
1.87×1007𝑒

𝑟𝐴 = (1+1.00×1009

6500
−
8.314𝑇 𝐶𝐴

𝐶𝐴 +6.07×1005𝐶𝐶 )2

……………………….……………… (4.11)

Figure 4.14: Residual plot of the fitted values

The reduced equation (4.14) was basically derived from rate equation (4.9). Based on the
discussion above, it can be said that model ER1 can be the RDS. In other words, dissociation of
the carbohydrate needs two active sites, which make this step slower; thusly making it the RDS.
So the hydrocarbon dissociation requires a longer time frame before going to the next step of the
reaction.
4.5

Conclusions
In this study, we investigated dual metal dual support catalyst for the first time in order to

enhance hydrogen yield. Nickel and ruthenium metal catalysts were supported on γ-Al2O3 and
ZrO2. Higher temperature favoured higher hydrogen yield, whereas higher concentration led to
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higher methane yield. Compared to non-catalytic gasification, use of a catalyst showed better gas
yield. Among the catalysts tested, 10%Ni-0.08%Ru/Al2O3 -ZrO2 showed the highest hydrogen
production and carbon gasification efficiency for both glucose (1.24 mol/mol of carbon and
90.29% respectively) and for HTL biocrude from cattle manure (1.01 mol/mol of carbon and
92.00% respectively). The results also showed that water directly takes part in the reaction, which
attribute to higher H2 yield.
The support ZrO2 exhibited some catalytic activity. The same catalyst showed better
stability in terms of hydrogen production and carbon gasification efficiency. The HTL contains a
higher amount of phenolic compounds. Hence, the catalyst becomes poisoned while running HTL
as a feedstock, as indicated by the decreasing trend of H2 yield. As expected, higher feed
concentration led to comparatively more carbon deposition; however, no tar was observed using
HTL as a feedstock. It was observed that carbon gasification efficiency of cattle manure biocrude
was independent of variation in temperature and concentration. At lower temperature and
concentration, the equilibrium condition was attained in terms of carbon conversion of the feed.
By comparing with other researches, it is also found that Ni10%-Ru0.08%/Al2 O3 -ZrO 2
showed higher hydrogen yield. An ER based mechanistic model and dissociation of carbohydrate,
found to be the RDS with AAD 6.65%. In terms of activation energy, this ER model showed great
7.25×103
𝑅𝑇

agreement with the empirical and simple power law rate model, 𝑟𝐴 = 3.47 × 1006 𝑒 −

𝐶𝐴1.05

with an AAD of 0.93%. In future, the catalyst will be tested against different feedstock to check
its universal applicability.
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Chapter 5
SUPERCRITICAL WATER GASIFICATION OF
HYDROTHERMALLY LIQUEFIED BIOMASS WITH A
Ni-Ru CATALYST SUPPORTED ON Al2O3-ZrO2
5.1

Introduction:
The need for environmentally benign alternatives to current fossil fuel based products has

been developed in the past few decades. Hydrogen is becoming more attractive due to its cleaner
combustion as an alternate to fossil fuels. However, current hydrogen production largely comes
from fossil sources (96%, [1]) which, due to its origin, cannot be termed as environmentally
friendly. Besides, hydrogen is abundantly distributed around the globe which is not freely
available, rather a ‘suitable technology’ is required to extract it from a primary source. As a local
product, biomass is considered as environmentally friendly source of renewable energy.
There are several factors which need to be weighted in deciding if a certain fuel could be a
viable fuel source. These factors include direct factors such as technical and economic feasibility
and indirect factors such as food crop competition and other unforeseen social and environmental
effects. When developing fuels from biomass, a large factor to consider in determining the fuel
validity is the energy density of the fuel because it greatly affects the costs of transportation [2].
Hydrogen-rich fuels often have a very high energy density. This is due to the higher heating value
of hydrogen.

123

Supercritical water gasification (SCWG) of biomass is investigated in this research in order
to enhance hydrogen yield. It is well established fact that, beyond critical point (SCW, T c = 373.95
°C and PC = 22.06 MPa), water becomes very reactive [3]. Besides, water becomes single phase
fluid which allows to overcome any mass transfer limitation during the gasification process, thusly
has faster reaction. Using SCWG, it is possible to produce a hydrogen-rich gas. Another advantage
of SCWG compared to conventional gasification, it can use wet biomass effectively moisture
contents greater than 70%. This eliminates the need of drying the biomass by saving the cost and
time. While, this cost is not completely mitigated in a SCW gasifier, some of the energy used to
heat the water in the reaction is recoverable in a heat exchanger system [4]. Another advantage of
SCWG is that the output gas is already at a high pressure thus reducing the need for postproduction gas compression [4].
The water in a SCWG reaction acts as a solvent, reactant, and catalytic precursor in the
SCWG process [4]. It uses a combination of water-gas shift, hydrolysis, and pyrolysis reactions
[5] which enable an exceptionally high level of hydrogen production when compared with
conventional gasification techniques.
Studies have shown that the use of certain catalysts in SCWG enables an increased gas
yield and H2 composition while reducing tar production [6]. Due to the benefit of catalyst use,
several types of catalysts have been tested in SCWG [4]. Ni catalysts are known to favor watergas shift reaction during the gasification process which enhances hydrogen production. Further, a
Ni catalyst with Ru as promoter showed better hydrogen yield compared to Ni catalyst alone.
Ruthenium catalysts have been found to be highly effective in the gasification of biomass [7]. It
was also found that nickel promoted by ruthenium catalysts saw an even better yield than nickel
or ruthenium alone [8].
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The purpose of this research was to gasify hydrothermally (HT) liquefied corn husk (CH)
and compare the results with liquefied cattle manure (CM) using supercritical water (SCW) in the
presence of catalyst. Hydrothermally liquefied biomasses can be termed as biocrude. The catalysts
tested were Ni10%-Ru0.08% supported on either Al2O3 or Al2O3 -ZrO2 (Ni10%-Ru0.08%/Al2O3
and Ni10%-Ru0.08%/Al2O3 -ZrO2) for corn husk biocrude and only Ni10%-Ru0.08%/Al2O3 -ZrO 2
catalyst was used during gasification of cattle manure biocrude. The Ni10%-Ru0.08%/Al2O3 -ZrO 2
was chosen to be tested because it was found that it is the most effective catalyst for production of
hydrogen in SCWG processes as it was found in the in-house research. The manuscript is submitted
to a journal and under review process. Additionally, the Al2O3 supported catalyst was tested
because it is an industry standard catalyst support and is an excellent benchmark to be compared
against. Also ZrO2 is known to help to gasify carbon through reforming during the gasification
process [9, 10]. Corn husk is an ideal material to use for fuel production because it is a waste byproduct of food production. The HTL corn husk was chosen to be tested it since it has a high water
content and had not been previously tested in a supercritical water (SCW) gasifier. An Eley-Rideal
based mechanistic model with elementary steps is proposed to understand the SCWG kinetics of
dried biocrude of corn husk. The obtained data also fitted using a basic power law model to find
different kinetic parameters and then compared with dried cattle manure biocrude. The findings
and observations of the experiments and these derivations are outlined in this article.
5.2

Methodology

5.2.1

Feedstock and catalyst preparation
‘As received’ cattle manure was collected from University of Guelph and processed using

a bench top batch reactor from Parr Instrument with a volume 600ml. The process and schematic
is described elsewhere [11]. Biocrude from cattle manure was prepared using ‘vapor assisted
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liquefaction’ method. ‘Liquid assisted liquefaction’ method was used to prepare the biocrude from
corn husk. The same Parr Instrument setup was used to perform the corn husk liquefaction with
slight modification which is shown in Figure 5.1 and dimensions and operational pressures are
shown in Table 5.5.1. The feedstock used in this research was corn husks which were cut into
pieces approximately 3 cm in length and width. The initial moisture content of the corn husks was
approximately 80%. The husks were loosely put into the HTL vessel and water was added to
achieve the desired moisture-solids ratio (6:1 as per reference [11]).

Figure 5.1: HTL schematic
The initial pressure was chosen to be 1.5 MPa in order to ensure that the water in the system
stayed above its saturation point [11]. This prevents the water from entering a gaseous phase
therefore preventing latent heat loss. The vessel was then heated to 260°C for thirty minutes. While
higher temperatures would have allowed for a higher carbon concentration in the liquid [13], the
temperature was limited by the physical limitations of the pressure gasket in the equipment.
Following production, the HT liquid was first filtered, then diluted to a carbon
concentration of 10 g/L. This also enabled the greatest degree of dilution of the HT liquid, therefore
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reducing the amount of time spent producing liquid for testing. The carbon concentration of the
dried corn husk and cattle manure bio-oil was determined using CHNS analysis (FLASH-2000
Organic Elemental Analyser). Table 5.2 shows the elemental composition of dried corn husk (CH)
and cattle manure (CM) bio-oil.
Table 5.1: HTL Dimensions and Operating Conditions
Reactor Inner Diameter
6.3 cm
Reactor Length

20.4 cm

Temperature

260 °C ± 5 ºC

Water Saturation Pressure at
265°C

5.23 MPa [12]

Liquefaction Time

30 minutes

Initial Pressure

1.5 MPa

Maximum Operating Pressure

7.0 MPa

Moisture-Biomass Ratio

6:1

Table 5.2: Ultimate Analysis
CM dry oil, wt%

CH dry oil, wt%

Nitrogen

2.04

1.177

Carbon

39.48

35.394

Hydrogen

5.14

5.384

Sulphur

0.14

0.234

Oxygen (by difference)

53.20

57.811

There were three scenarios for which the SCW gasifier was tested with the from corn husk
biocrude: uncatalysed, Ni10%-Ru0.08%/Al2O3 catalysed, and Ni10%-Ru0.08%/Al2O3 -ZrO 2
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catalysed. Cattle manure biocrude was tested in both non-catalytic and with Ni10%Ru0.08%/Al2O3 -ZrO 2 catalyst. The catalysts were prepared using the method outlined in Lee and
Ihm [14] using the following compounds: Alumina and zirconia powder from Fischer Scientific;
1.8 mm diameter γ-alumina spheres from Sasol, nickel (II) nitrate hexahydrate (Ni(NO 3) 2∙6H2O);
and ruthenium (III) nitrosyl nitrate solution in dilute nitric acid (HN 4O10Ru) from Sigma-Aldrich.
For each of the gasification experiment (performed twice for checking reproducibility, both
catalyzed and non-catalyzed), a sample was taken every hour of testing for five hours. Each of the
five samples taken were tested twice using gas chromatography (GC). This effectively enabled a
testing sample size of ten (10) for each scenario. The operating conditions for which these
scenarios were tested are outlined in Table 5.3. The schematics for the SCWG unit is illustrated in
Figure 5.2.
Table 5.3: SCWG Parameters and Operating Conditions

5.2.2

Reactor Inner Diameter

0.928 cm

Reactor Outer Diameter

1.284 cm

Reactor Length

66.067 cm

Operating Temperature

700°C

Operating Pressure

25 MPa

Liquid Flow Rate

2 mL/min

Gas Sampling Time

10 minutes

Gas Sampling Interval

Once per hour

SCWG process
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For the scenarios involving a catalyst, the catalyst was to be reduced during this process.
Catalyst reduction was started when the reactor temperature reached 700°C with a H2 flow of 5
mL/min for approximately ninety (90) minutes. Following the reduction, the system was prepressurized to 6.9 MPa using H2 . The system was then pressurized to desired pressure of 25 MPa
using a high pressure low capacity (HPLC) pump at a feed flow rate of 5 mL/min. The back
pressure regulator (BPR) was then adjusted to maintain a pressure of 25 MPa. Once the pressure
reached to desired level, the feed flow was reduced to the desired flow rate of 2 mL/min which is
equivalent to the weight hourly space velocity (WHSV) of 2h -1. The first gas sample was taken
from the system after one hour of stabilization. Then the gas samples were taken once per hour for
five hours. The liquid produced while the gas was being sampled was also collected, weighed, and
stored for analysis.

Figure 5.2: SCWG Schematic Diagram
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5.2.3

Characterization

5.2.3.1 HTL biocrude characterization
Gas chromatography – mass selective detection (GC-MSD) testing was performed on the
HT liquid to determine the chemical compounds which may have caused the poisoning of the
catalyst. The testing was performed externally on an Agilent 6890N GC-5975MSD (Agilent
Technologies Inc., Palo Alto, CA) consisting of a 30m long DB-wax column. The column was
manufactured by J&W Scientific, Folsom, CA with an i.d. 0.25 mm and film thickness 0.25. GC–
MS analysis was performed using an Agilent gas chromatography- mass selective detector (GC–
MSD) equipped with a DB-5 ms column (30 m length × 0.25 mm i.d. × 0.25 mm film thickness,
J&W Scientific, Folsom, CA) and HP 5890 series II GC/5972 MSD (Hewlett-Packard, Palo Alto,
CA) equipped with (30 m length × 0.25 mm i.d. × 0.25 mm film thickness). Helium was used as
carrier gas with a flow rate of 1 mL/min. An amount of 1 μL of dichloromethane (DCM) extracts
containing 2wt% biocrude from corn husk were injected when the oven temperature was at 270 °C
with a split ratio of 30:1. Initially the set temperature of the oven was 60 °C and was kept for 4 min.
A heating rate of 5 °C/min was then used to raise the temperature to 280 °C and was kept
isothermal for 15 min. During the collection of data, source temperature and electron ionization
was 210 °C and 70 eV respectively while the mass to charge (m/z) ratio was 35 m/z550. Scan
was performed per 0.2s while the interscan delay was 0.1 s. A NIST11.L database was used to
match and identify individual compound.
5.2.3.2 Catalysts characterization
A Quantachrome 4200e Surface Area and Pore Analyser was used to perform Brunauer–
Emmett–Teller (BET) analysis. The samples were degassed in vacuum first for three hours at room
temperature. The weights before and after degassing of the catalyst were recorded to verify any
130

mass loss. After the degassing, catalyst samples were then set in the analyser for BET. Helium gas
was used to calibrate the tubes before each run. Physisorption was then performed using N2 at
liquid nitrogen temperature. The pressures were kept within the range from 0.03 < P/Po < 0.4 when
the isotherm was recorded. Table 5.4 summarises the results from BET surface area.
Table 5.4: Catalyst compositions and physical characteristics

Sl
no.

1

Catalysts

10%Ni-0.08%Ru/Al2O3

Metal content
(wt.%)

10%Ni+0.08%

Support

γ - Al2O3

Ru
2

BET

Total

Average

surface

pore

pore

area

volume

radius

2

(m /g)

(cc/g)

(Å)

160.47

0.383

43.756

0.021

22.961

1

10%Ni-

10%Ni+0.08%

γ - Al2O3+

0.08%Ru/Al2O3 -ZrO 2

Ru

ZrO2

5.178

The spent catalysts from cattle manure biocrude and corn husk biocrude were investigated
for any char produced with an SDT Q600 thermogravimetric analyser (TGA) from TA Instrument.
The samples were placed in an alumina crucible and heated to the final temperature 900 ºC with
heating rate of 20 ºC/min and air flow of 40 ml/min.
The surface morphology and constituents of the fresh and used catalysts were investigated
using FEI Inspect S50 consists of tungsten filament scanning electron microscope (SEM). A
secondary electron (SE) detector from Everhart-Thornley was used with a working distance, spot
size and electron beam energy of 10 cm, 3.5 and 30 kV respectively for all SEM images. Over the
specified spot size, an Oxford X-max 20 supported by Aztec Software was used to collect the
energy dispersive spectroscopy (EDS) spectra. An accelerating voltage of 30 kV was used to
ensure Ru K(alpha) line was excited at 19.24 keV.
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5.2.3.3 Gas characterization
In order to analyse the gas which was sampled, it was first diluted with nitrogen gas. It was
then attached to the GC (SRI 8610C Gas Chromatograph) and was analysed using both flame
ionization detection (FID) and thermal conductivity detection (TCD). The results were given in
PeakSimple Version 4.44 and were further analysed using Microsoft Excel.
5.2.3.4 Statistical analyses
Statistical analysis was performed to determine if there was a statistical difference between
the results of each scenario. This was performed through the use of analysis of variance (ANOVA)
testing and unequal variance t-tests. These tests were performed on the hydrogen yield of each
scenario after the final gas composition had been adjusted for the injected nitrogen.
5.3

THEORY:

5.3.1

Kinetic modeling:
Kinetic modeling was performed with elementary steps in the presence of catalyst.

Therefore, an Eley–Rideal (ER) based mechanistic models were devised. The models were then
justified against the experimental data to obtain the slowest step. This slowest step is also called
the rate determining step (RDS) as the overall reaction scheme depends on this step. The overall
corn husk biocrude gasification in SCW can be written as follows:
C10 H18 O12 + 8H2 O → 10CO2 + 17H2 ; ∆H°298 = 127.11kJ/mol …………… (5.1)
However, in order to justify the outcomes, it is imperative to test the result against a very
basic rate model. As such, an empirical power law (PL) rate model, assuming the overall reaction
is irreversible and feed concentration is constant, r A (concentration/time) is shown below:
𝐸

𝑟𝐴 = 𝑘𝑟 𝐶𝐴𝑛 = 𝑘0 𝑒 −𝑅𝑇 𝐶𝐴𝑛 …………………………….… (5.2)
𝐸

Where, 𝑘𝑟 = 𝑘0 𝑒 −𝑅𝑇 ……………………………….… (5.3)
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k0 = pre-exponential factor (frequency factor)
n = reaction order
E = activation energy, J/mol
CA = concentration of corn husk (CH) dry oil in kmol/m3
A regression software, NLREG® was used to determine the unknown parameters k0, E and
n using the obtained data. However, the reaction rate constant, kr is directly related to the order of
reaction and hence has a variable unit.
As mentioned earlier, ER based mechanistic model was developed to determine the RDS.
An ER model assumes that only dissolved oxygenated hydrocarbons are adsorbed and interacts
with the active sites of catalysts. The steps are as follows:
k1,−1

C10 H18 O12 + [S] ↔

C10 H18 O12 [S] … (absorption) … (5.4)

k2,−2

C10 H18 O12 [S] + [S] ↔

C4 H10 4[S]
C6 H8 O8 [S]
+
… (SR − I) … (5.5)
Erythrytol Hydroxy citric acid

k3,−3
C4 H10 4[S]
C2 H6 O2 [S]
C H O [S]
+ [S] ↔
+ 2 4 2 … (SR − II) … (5.6)
Erythrytol
Ethylene glycol Acetic acid
k4,−4 C3 H8 O3 [S]
C6 H8 O8 [S]
C3 O5 [S]
+ [S] ↔
+
… (SR − III) … (5.7)
Hydroxy citric acid
Glycerol
Mesoxalate
k5,−5

C2 H6 O2 [S] + 2H2 O + [S] ↔

k6,−6

C2 H4 O2 [S] + 2H2 O + [S] ↔

5H2 + 2CO2 [S] … (SR − IV) … (5.8)
4H2 + 2CO2 [S] … (SR − V) … (5.9)

k7,−7

C3 H8 O3 [S] + 3H2 O + 2[S] ↔
k8,−8

C3 O5 [S] + H2 O + 2[s] ↔
k9,−9

10CO2 [S] ↔

7H2 + 3CO2 [S] … (SR − VI) … (5.10)

H2 + 3CO2 [S] … (SR − VII) … (5.11)

10CO2 + 10[S] … (Desorption) … … … … … (5.12)

SR = surface reaction, [S] = Active sites on catalysts, ki = rate of forward reaction, k-i = rate of
backward reaction
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Chemical reactions are consists of more than one steps which are called elementary steps.
Among these steps, there exists a slowest step compared to others. The successive steps are usually
depend on the completion of this step and thusly becomes a deciding step for the overall reaction.
This step is called the rate determining step (RDS). Catalysts either accelerate or retard the reaction
rate towards completion by staying unaffected during chemical reaction. Nonetheless, the active
sites shown in the elementary steps are clear indication of the presence of the catalyst. Eq. 5.4 and
5.12 were not used to develop any model. In total, seven ER models were proposed and
investigated. Table 5.5 shows all the models and related assumptions on these reactions.
Table 5.5: Rate models formulated using ER mechanisms
Model

Equation

Eq.

No.

No.
𝐸

ER11

𝑘0 𝑒 −𝑅𝑇 (𝐶𝐴 −
𝑟𝐴 =
(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐶 +

𝑘0 𝑒 −𝑅𝑇 (
𝑟𝐴 =
(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐶 +

𝑘0 𝑒 −𝑅𝑇 (
𝑟𝐴 =
(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐶 +

𝑘0 𝑒 −𝑅𝑇 (
𝑟𝐴 =
(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐶 +

𝐾𝐶 𝐶𝐶3 𝐶𝐷 𝐾𝐷 𝐶𝐶3𝐶𝐷7 𝐾𝐸 𝐶𝐶2𝐶𝐷4 𝐾𝐹 𝐶𝐴 𝐶𝐵6 𝐾𝐺 𝐶𝐶4 𝐶𝐷9 𝐾𝐻 𝐶𝐴 𝐶𝐵4
+
+
+ 8 12 +
+ 6 8 )
𝐶𝐵
𝐶𝐵3
𝐶𝐵2
𝐶𝐶 𝐶𝐷
𝐶𝐵4
𝐶𝐶 𝐶𝐷
𝐸

ER15

𝑘0 𝑒 −𝑅𝑇 (
𝑟𝐴 =
(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐶 +

𝑘0 𝑒 −𝑅𝑇 (
𝑟𝐴 =
(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐶 +

𝐾𝐶 𝐶𝐶3 𝐶𝐷 𝐾𝐷 𝐶𝐴 𝐶𝐵5 𝐾𝐸 𝐶𝐶3 𝐶𝐷4 𝐾𝐹 𝐶𝐶2 𝐶𝐷5 𝐾𝐺 𝐶𝐴 𝐶𝐵4 𝐾𝐻 𝐶𝐶4𝐶𝐷9
+ 7 10 +
+
+ 4 9 +
)
𝐶𝐵
𝐶𝐶 𝐶𝐷
𝐶𝐵2
𝐶𝐵2
𝐶𝐶 𝐶𝐷
𝐶𝐵4
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2

5.16
2

𝐶𝐴 𝐶𝐵8
𝐶𝐶2𝐶𝐷4
8 13 − 𝐾 )
𝐶𝐶 𝐶𝐷
𝑃

𝐶𝐴 𝐶𝐵8 𝐶𝐶3 𝐶𝐷7
−
)
𝐾𝑃
𝐶𝐶7 𝐶𝐷10

2

5.15

5.17

𝐾𝐶 𝐶𝐶3 𝐶𝐷 𝐾𝐷 𝐶𝐶3𝐶𝐷7 𝐾𝐸 𝐶𝐴 𝐶𝐵6 𝐾𝐹 𝐶𝐶2 𝐶𝐷5 𝐾𝐺 𝐶𝐶6 𝐶𝐷8 𝐾𝐻 𝐶𝐴 𝐶𝐵4
+
+ 8 13 +
+
+ 6 8 )
𝐶𝐵
𝐶𝐵3
𝐶𝐶 𝐶𝐷
𝐶𝐵2
𝐶𝐵4
𝐶𝐶 𝐶𝐷
𝐸

ER16

𝐶𝐴 𝐶𝐵4 𝐶𝐶6 𝐶𝐷8
−
)
𝐶𝐶4 𝐶𝐷9 𝐾𝑃 𝐶𝐵4

𝐶𝐴 𝐶𝐵8 𝐶𝐶4 𝐶𝐷10
−
)
𝐾𝑃
𝐶𝐶8 𝐶𝐷12

2

5.14

𝐾𝐶 𝐶𝐶3 𝐶𝐷 𝐾𝐷 𝐶𝐶3𝐶𝐷7 𝐾𝐸 𝐶𝐶2𝐶𝐷4 𝐾𝐹 𝐶𝐶2 𝐶𝐷5 𝐾𝐺 𝐶𝐴 𝐶𝐵4 𝐾𝐻 𝐶𝐶4𝐶𝐷9
+
+
+
+ 4 9 +
)
𝐶𝐵
𝐶𝐵3
𝐶𝐵2
𝐶𝐵2
𝐶𝐶 𝐶𝐷
𝐶𝐵4
𝐸

ER14

𝐶𝐴 𝐶𝐵4 𝐶𝐶4 𝐶𝐷9
−
)
𝐶𝐶6 𝐶𝐷8 𝐾𝑃 𝐶𝐵4

𝐾𝐶 𝐶𝐶3 𝐶𝐷 𝐾𝐷 𝐶𝐶3𝐶𝐷7 𝐾𝐸 𝐶𝐶2𝐶𝐷4 𝐾𝐹 𝐶𝐶2 𝐶𝐷5 𝐾𝐺 𝐶𝐶6 𝐶𝐷8 𝐾𝐻 𝐶𝐴 𝐶𝐵4
+
+
+
+
+ 6 8 )
𝐶𝐵
𝐶𝐵3
𝐶𝐵2
𝐶𝐵2
𝐶𝐵4
𝐶𝐶 𝐶𝐷
𝐸

ER13

5.13

𝐾𝐶 𝐶𝐶3 𝐶𝐷 𝐾𝐷 𝐶𝐶3𝐶𝐷7 𝐾𝐸 𝐶𝐶2𝐶𝐷4 𝐾𝐹 𝐶𝐶2 𝐶𝐷5 𝐾𝐺 𝐶𝐶6 𝐶𝐷8 𝐾𝐻 𝐶𝐶4𝐶𝐷9
+
+
+
+
+
)
𝐶𝐵
𝐶𝐵3
𝐶𝐵2
𝐶𝐵2
𝐶𝐵4
𝐶𝐵4
𝐸

ER12

𝐶𝐶10 𝐶𝐷17
)
𝐾𝑃 𝐶𝐵8

2

5.18
3

𝐸

ER17

𝑘0 𝑒 −𝑅𝑇 (
𝑟𝐴 =
(1 + 𝐾𝐴 𝐶𝐴 + 𝐾𝐵 𝐶𝐶 +

𝐶𝐴 𝐶𝐵8
𝐶𝐶3𝐶𝐷
7 16 − 𝐾 )
𝐶𝐶 𝐶𝐷
𝑃

𝐾𝐶 𝐶𝐴 𝐶𝐵7 𝐾𝐷 𝐶𝐶3 𝐶𝐷7 𝐾𝐸 𝐶𝐶3 𝐶𝐷4 𝐾𝐹 𝐶𝐶2𝐶𝐷5 𝐾𝐺 𝐶𝐴 𝐶𝐵4 𝐾𝐻 𝐶𝐶4 𝐶𝐷9
+
+
+
+ 4 9 +
)
𝐶𝐶7𝐶𝐷16
𝐶𝐵3
𝐶𝐵2
𝐶𝐵2
𝐶𝐶 𝐶𝐷
𝐶𝐵4

5.4

RESULTS AND DISCUSSION:

5.4.1

Non-catalytic supercritical water gasification

5.19
3

In order to perform the SCWG reaction, the HT liquid was required to have a carbon
concentration of 10-20 g/L. This range was selected for the following reasons. The minimum
carbon concentration in which the system can effectively operate is 10 g/L [Chapter 4] and the
maximum concentration which the HPLC pump can withstand without clogging is 20 g/L. The
carbon content was determined by SHIMADZU TOC analyzer (TOC-VCPN, Shimadzu
Corporation, Kyoto, Japan). The organic carbon content was found 24.96 g/L for corn husk
biocrude and 21.97 g/L for cattle manure biocrude which were above the desired range. As a result
the HT liquid was to be diluted to achieve a desired carbon concentration below 20 g/L.
As in Chapter 4, highest hydrogen yield was obtained at 700 °C in the absence of catalysts
and in the presence of 10%Ni-0.08%Ru/Al2O3 -ZrO2. Hence, this study has performed the
experiments at 700 °C in the absence of catalyst and in the presence of 10%Ni-0.08%Ru/Al2O3 ZrO2 and 10%Ni-0.08%Ru/Al2O3 . The reason behind the use of two catalyst is to check effect on
product yield for different biomass and obtain a feedstock flexible catalyst. The pressure was kept
constant at 25MPa as pressure does not have any significant effect on hydrogen yield. Figure 5.3
shows hydrogen yield at various catalytic conditions of corn husk biocrude SCWG. The average
hydrogen yield of the 10%Ni-0.08%Ru/Al2 O3 -ZrO2 , 10%Ni-0.08%Ru/Al2 O3, and uncatalysed
SCWG runs were 1.26, 0.44, and 0.43 mol/mol carbon respectively over five hours of run time.
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A statistical analysis of the results was performed to determine if the differences between
the results were statistically significant. First, the results of all three scenarios were tested against
each other using an ANOVA test. Through the ANOVA testing, it was determined that one or
more of the scenarios yielded results that were significantly different than the others with greater
than 99% confidence and 29 degrees of freedom. T-tests were then performed between each of the
scenarios to determine which of the scenarios showed better hydrogen yields when compared to
the others. From the results, it was determined that the mean hydrogen yield using the 10%Ni0.08%Ru/Al2O3 -ZrO 2 catalyst was significantly different than the mean hydrogen yield without a
catalyst and with the 10%Ni-0.08%Ru/Al2O3 (18 degrees of freedom and greater than 99%
confidence for both comparisons). It was determined that the mean hydrogen yield without a
catalyst and with the 10%Ni-0.08%Ru/Al2O3 catalyst was not statistically significant (18 degrees
of freedom). A one-tailed t-test was then conducted to determine if the mean hydrogen yield of the
10%Ni-0.08%Ru/Al2O3 -ZrO2 catalyst was greater than the uncatalysed and 10%Ni0.08%Ru/Al2O3 scenarios. It was determined with greater than 99% confidence (18 degrees of
freedom) that the mean hydrogen yield of the 10%Ni-0.08%Ru/Al 2O3 -ZrO 2 catalyst was greater
than the uncatalysed and 10%Ni-0.08%Ru/Al2O3 catalyst scenarios. These results suggest that the
10%Ni-0.08%Ru/Al2O3 -ZrO2 had a greater mean hydrogen yield over a five hour run time under
the chosen conditions than the uncatalysed and 10%Ni-0.08%Ru/Al2O3 -ZrO 2 catalysed scenarios.
T-test were also performed between the CH and CM hydrogen yield to check which feed
showed better hydrogen selectivity. It was observed from the result that the mean hydrogen yields
from CH and CM biocrudes using the 10%Ni-0.08%Ru/Al2 O3 -ZrO2 catalyst were not significantly
different (18 degrees of freedom and greater than 99% confidence for both comparisons).
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As it can be seen in Figure 5.4, the initial hydrogen yield from catalytic SCWG of CH
biocrude is higher compared to CM biocrude till 3.5 hours. After five hours had elapsed, the
performance of the 10%Ni-0.08%Ru/Al2O3 -ZrO2 catalyst with CH biocrude was significantly
dropped compared to CM biocrude. H2 yield from CM biocrude also showed decreasing trend,
however, compared to CH biocrude trend, the trend is not significant, These results suggest that
the 10%Ni-0.08%Ru/Al 2O3 -ZrO2 catalyst underwent rapid poisoning in case of CH biocrude as a
result of a contaminant since it showed more promising results in the first two hours of run time.
Gas chromatography – mass selective detection (GC-MSD) testing was performed on the both
biocrudes liquid to determine the chemical compounds which may have caused the poisoning of
the catalyst. The results are shown in Table 5.6.

Figure 5.3: Hydrogen yield of the three tested scenarios over five hours, corn husk biocrude,
T=700 °C, P=25 MPa, WHSV=2h-1
The components shown in Table 5.6 were chosen because it has been found that phenols
and furfurals in the raw materials used for SCWG are likely to form tarry substances which lead
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to catalyst deactivation [16]. Both the biocrude contains phenolic and furan compounds. However,
the CH biocrude contains higher phenolic and furan compounds. The high phenol content in CH
biocrude is a likely cause of the catalyst deactivation. There were no furfurals found in the
hydrothermal liquid; however, it is likely that any furfurals in the raw biomass were converted to
furans during the HTL process since it had been found that furfurals decompose into furans at
temperatures above 250°C [17]. As a result, the furan content still may have contributed to the
deactivation of the catalysts.

Figure 5.4: H2 yield comparison, T=700 °C, P=25 MPa, WHSV=2h-1,

catalyst=10%Ni-0.08%Ru/Al2O3-ZrO2
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Table 5.6: Catalyst Poisoning Component
Compound

Area %

CM biocrude
Phenol, 2-methoxy-

9.72

Phenol, 4-ethyl-2-methoxy-

5.41

2,4-Dimethoxyphenol

7.73

Ethanone, 1-(4-hydroxy-3,5-dimethoxyphen

7.28

Total phenolic compounds

30.14

2(3H)-Benzofuranone, 3a,4,5,7a-tetrahydr

2.37

CH biocrude
Phenol, 2-methoxy-

11.10

Phenol

6.59

Phenol, 4-ethyl-2-methoxy-

6.13

Phenol, 4-ethyl-

6.77

Phenol, 2,6-dimethoxy-

10.51

Vanillin

1.90

Apocynin

3.16

Homovanillyl alcohol

1.54

Ethanone, 1-(4-hydroxy-3,5-dimethoxyphenyl)-

5.12

Total phenolic compounds

52.82

Ethanone, 1-(2-furanyl)-

4.51

The SEM images with EDX spectra of fresh (not reduced) and spent catalysts 10%Ni0.08%Ru/Al2O3 -ZrO 2 is shown in Figure 5.5. A magnification of 250μm was used for fresh
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catalysts and 100μm was used for spent catalyst. Due to the technical limitation of the SEM
resolution, the catalyst metal diffusion in the supports cannot be explained. However, it is possible
to show the presence of different elements on the sample through EDX. The main difference
among the EDX spectra are the presence of carbon. The fresh catalyst sample does not have any
carbon present in it whereas both the spent catalysts have carbon in the sample. This is an
indication of carbon deposition, in the form of char and/or coke, on catalyst surface causing gradual
deactivation over the time. Besides, the carbon count on catalyst used in CH biocrude gasification
is higher compared to the catalyst used in CM biocrude gasification which explains the significant
decrease in hydrogen yield. This findings is also further confirmed by the TGA analysis. The
whitish flaky materials seen on used catalyst images are indication of the formation of char and/or
coke.

Fresh catalyst

Catalyst used for SCWG

Catalyst used for SCWG

of CM biocrude

of CH biocrude

Figure 5.5: SEM images and EDX spectra for the fresh (not reduced) and used 10%Ni0.08%Ru/Al2O3 -ZrO 2 catalyst, T=700 °C, P=25 MPa, WHSV=2h-1
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The TGA analyses of used catalysts are shown in Figure 5.6. Biomass derived char contains
two different types of carbon: amorphous and graphitic [18, 19]. Due to the presence of two
different structures, the TGA profile shows two stage combustion. Mass loss at lower temperature
(below 350 °C) can be attributed to the moisture content and amorphous carbon and high
temperature combustion can be attributed to graphitic carbon [18]. As per the Figure 5.6, the
accumulated carbon amount on the spent catalyst is about 15% for catalyst used in CM biocrude
gasification and about 30% for catalyst used in CH biocrude gasification has after 6 hours. This
result indicates that the catalyst used in CH biocrude gasification got highly poisoned with higher
amount of char and/or coke and thusly got deactivated in terms of hydrogen yield. This TGA
findings resemble with the findings obtained in EDX spectra during SEM of the spent catalysts
considering char and/or coke formation.

Figure 5.6: TGA profile of spent catalysts; catalyst=10%Ni-0.08%Ru/Al2O 3-ZrO2, T=700 °C,
P=25 MPa, WHSV=2h-1
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5.4.2

Effects of temperature on SCWG of biocrude

Figure 5.7: Effect of temperature on H2 yield and CGE; P=25MPa, WHSV=2h-1, feed
concentration=10gm/l C, catalyst=10%Ni-0.08%Ru/ Al2O3 - ZrO2

Figure 5.7 shows the effect of temperature on product yield and GCE between the CH
biocrude and CM biocrude in the presence of catalyst. As seen from the figure, the hydrogen and
carbon dioxide yield decreased and methane yield increase with the increase in time on stream. As
discussed and mentioned earlier, the catalyst got deactivated in terms of hydrogen production due
to the presence of phenolic and furan compounds. Interestingly, CGE remained almost constant
over the experimental procedure. This might be described as although the CO 2 yield decrease, the
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increase in CH4 yield balanced the deficit and thusly kept the CGE almost constant. Besides, this
study assumes lack of catalyst active sites led to higher methane yield which also explained the
increase in CH4 yield and decrease in CO2 and H 2 yield. However, in both the gasification cases,
the system reached equilibrium in terms of carbon conversion even at low temperature.
5.4.3

Estimation of the rate model parameters and validation
The non-linear regression using NLREG®, a regression software, was performed to predict

various model parameters. Converged and basic power law (PL) model parameters are shown in
Table 5.7. Models were validated using average absolute deviation (AAD, %) which is a
comparison of experimental and predicted reaction rates using the obtained model parameters. As
it can be clearly seen from the table, three models were converged. In order to determine the RDS,
additional analysis were performed based on AAD and activation energies of the converged
models. The converged model should have AAD≤15% and the activation energy should be close
to that of PL model. By considering these conditions carefully, it was found that the first ER model
can be accepted to predict the SCWG of the CH biocrude.
Residual plot was shown in Figure 5.8 for the converged models and the PL model.
Residual plot is used to check whether the models were converged or not. The converged values
should adhere tightly to the zero baseline. According to the plot, two models converged with
satisfactory AAD: PL model with AAD = 2.91% (Equation 5.2) and ER1 model with AAD =
3.55% (Reaction 5.5, rate eq. 5.13). Although models ER2 and ER6 converged, both of them have
high AAD (>15%) which can be reflected in the residual plot with widely scattered points around
the zero baseline. In addition to the AAD, the activation energy of model ER1 was comparable to
that of PL model. Finally, the converged ER1 model can be rewritten using the obtained model
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parameters and by considering the thermodynamic equilibrium constant and values from data as
follows:
𝑟𝐴 =

4638.12
−

2.29×1013 𝑒 8.314𝑇 𝐶𝐴
(1+2.23×1012 𝐶𝐴 +1×106𝐶𝐶 )2

……………………….………………… (5.19)

Table 5.7: Estimate of the values of the parameters of the models
Parameters PL

ER1

ER2

ER6

k0

1.97107

2.291013 1.131039 1.251036

E

4596.25

4638.12

100

762.18

n

1.17

--

--

--

KA

--

2.231012

11010

0.01

KB

--

1106

1000

0.01

KC

--

1

1

1

KD

--

1

1

5.29105

KE

--

1

1

1

KF

--

1

1

1

KG

--

1

1

1

KH

--

1

4.10

1

AAD, %

2.91

3.55

27.86

48.35

Basically the equation (5.19) is a reduced form of the rate equation (5.13). It now be
concluded that the ER1 model can be termed as the RDS. In words, it needs two active sites to
dissociate the oxygenated hydrocarbon. Thus this step is slower compared to other elementary
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steps making it the RDS. Hence the dissociation of oxygenated hydrocarbon needs longer time
before proceed to next step.

Figure 5.8: Residual plot of the fitted values

5.5

Conclusions
In this study, SCWG of biocrude from corn husk was performed in the absence and in the

presence of catalyst to enhance the hydrogen yield. It was found that 10%Ni-0.08%Ru/Al2O3 ZrO2 showed better hydrogen yield. This catalyst enabled a statistically greater hydrogen yield
compared to uncatalysed SCWG and SCWG in the presence of a 10%Ni-0.08%Ru/Al2O3 over a
five hour run time. The average hydrogen yield of the a 10%Ni-0.08%Ru/Al2O3- ZrO2 , a 10%Ni0.08%Ru/Al2O3, and uncatalysed SCWG runs were 1.26, 0.44, and 0.43 respectively over five
hours of run time. However, catalyst became deactivated after 2.5 hours of run due to the presence
of phenolic and furan compounds. Compared to cattle manure biocrude gasification results, the
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hydrogen yields were not significantly different from corn husk biocrude gasification. It was also
observed that higher amount of char was deposited on 10%Ni-0.08%Ru/Al2 O3 - ZrO 2 catalysts
during the corn husk biocrude gasification compared to cattle manure biocrude gasification. For
this reason, hydrogen yield reduced sharply after 2 hours of run from corn husk biocrude. However,
in terms of carbon conversion, the SCWG process reached equilibrium even at lower temperature.
A mechanistic model based on Eley-Rideal model, dissociation of oxygenated hydrocarbon, was
found to be the rate determining step (RDS) having AAD = 3.55%. The simple and empirical
4596.25
𝑅𝑇

power law model can be rewritten as 𝑟𝐴 = 1.97 × 107 𝑒 −

𝐶𝐴1.17 . However, in future a

feedstock flexible catalyst will be prepared and investigated against different feedstocks.
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS

6.1

Conclusions:
This study contains simulation, experimental and kinetic study of supercritical water

gasification (SCWG) of biomass (model and real). Simulation using AspenPlus®, experimental
SCWG process and kinetic study of SCWG process of biomass were performed in this study.
Simulation results corroborate with the available literatures. Higher temperature shows better
hydrogen yield whereas higher concentration of biomass shows decreased hydrogen production.
None of the gasification efficiency, product yield and carbon conversion efficiency is significantly
affected by pressure variation. Higher temperature favor carbon conversion efficiency (CCE).
With the increase in concentration, CCE increases for glucose. However, the mixture of phenol
and furfural showed a declining trend with an increase in biomass concentration.
Catalytic SCWG was performed using 10 catalysts to screen the best in terms of hydrogen
yield. A novel dual metal (Ni, Ru) – dual support (Al2O3, ZrO2) catalyst was introduced for the
first time in SCWG in order to improve the H2 yield. Using 5wt% glucose solution, novel 10%Ni0.08%Ru/Al2O3 -ZrO 2 catalyst showed highest hydrogen selectivity and carbon gasification
efficiency which was chosen as catalyst for real biomass biocrude gasification. Stability test
showed that this catalyst can produce hydrogen for longer running times without losing its activity.
However, SEM-EDX and TGA analyses showed the catalyst accumulated some char and/or coke
which did not affect the performance. Liquid assisted and vapor assisted liquefaction of biomass
was performed to convert the raw biomass in to biocrude using same reaction temperature and
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time. It was found that novel 10%Ni-0.08%Ru/Al2O 3 -ZrO2 catalyst showed better hydrogen yield
and carbon conversion efficiency. However, the hydrogen yield gradually decreased due to the
formation of char and/or coke. Interestingly, carbon conversion efficiency remained almost
constant stating the system reached equilibrium regardless of temperature, concentration and
biomass feed. SEM-EDX and TGA analyses of spent catalysts showed the variation in produced
char for cattle manure biocrude and corn husk biocrude. GC-MS analyses have revealed that the
later contains higher amount of phenolic and furan compounds compared to cattle manure
biocrude. As such, it can be said that different raw biomass pre-treatment method significantly
affect the product yield.
This study also performs kinetic study of SCWG of biomass using mechanistic models
those use elementary steps for the first time. At first, model biomass glucose was studied using the
data from the available literatures. Then the real biomass biocrudes were used to perform the
kinetic study in the presence of catalyst. All the studies showed that an Eley-Rideal based adsorbed
oxygenated hydrocarbon that required two active sites were the slowest step and hence was termed
as rate determining step.
The objective was the development of biomass conversion processes for low grade wet
feedstocks to produce energy and fuels by improving basic understanding in hydrothermal
gasification at supercritical condition. Following conclusions can be drawn from the study:


The new reactor is fabricated using Inconel 625 tubes with stainless steel Swagelok
connection with a provision of measuring the process temperature and controlling the
pressure. However, this reactor was never been used.



Cattle manure was collected from the dairy farm in the university and then characterized
(ultimate and proximate analyses). The samples then was liquefied using a Parr Instrument
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batch reactor. It was found that a temperature of 260 °C and reaction time 30 min was
optimum to attain the desired carbon content in the liquefied biomass (biocrude). Cattle
manure was liquefied using vapor assisted liquefaction method.


Corn husk was collected liquefied using the same reactor and same temperature and time;
however, the process was different. Single phase liquid assisted liquefaction method was
used to convert corn husk into biocrude.



Different conversion approach showed difference in biocrude quality. Corn husk biocrude
had higher TOC (24.96 g/L) compared to cattle manure biocrude (21.97 g/L). Besides, corn
husk biocrude contained more phenolic and furan compounds compared to the cattle
manure (CM) biocrude.



During the SCWG process, it was observed that higher carbon content in liquid (more than
20g/L) tend to block the feed supply line. Thusly, the optimum conditions for the current
study was T=260 °C with 30 min reaction time.



In this study, kinetic study is performed to construe the kinetics of gasification of model
biomass compounds in supercritical water (SCW) in the presence of catalyst for hydrogen
production using the mechanistic models developed applying Langmuir–Helshinwood–
Hougen–Watson (LHHW) and Eley–Rideal (ER) procedure. Besides a very basic and
empirical power law model was developed in order to determine the kinetic parameters. In
chapter 2, both the mechanistic approach were used to perform the kinetic study. However,
comparing the AADs and activation energies of various models, only an Eley-Rideal based
model described as the dissociation of adsorbed glucose through Retro-Aldol reaction is
found to be the rate determining step with an average absolute deviation 10.6%. The values
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of kinetic parameters from power law model are: n=1.3, E=24885.35 J/mol and k0=
35345.56.


From the simulation study, temperature and concentration showed significant effects on
product yield whereas pressure did not show any significant effect. Higher temperature
with lower concentration showed higher hydrogen and carbon dioxide yield whereas lower
temperature and higher concentration showed higher methane yield. Based on this findings,
variation in temperature and concentration were studied while the pressure was kept
constant during the SCWG experiments.



In chapter 3, an Eley–Rideal (ER) based mechanistic model was devised and tested against
the obtained data. It was found the dissociation of adsorbed oxygenated hydrocarbon is the
rate determining step with an average absolute deviation 6.65%. The values of kinetic
parameters from power law model are: n=1.06, E=7254.89 J/mol and k0= 3.47106.



In chapter 4, it was observed that the dissociation of oxygenated hydrocarbon based on
Eley-Rideal mechanism was the rate determining step with an absolute deviation of 3.55%.
The values of kinetic parameters from power law model are: n=1.17, E=4596.25 J/mol and
k0= 1.97107.



Ten catalysts were prepared and tested against the model biomass and real biomass
biocrudes and characterized. This study introduces a novel dual-metal dual-support catalyst
for the first time in SCWG process. Among the ten catalysts, novel 10%Ni0.08%Ru/Al2O3 -ZrO 2 catalyst showed the highest H2 yield and highest carbon gasification
efficiency while screening the catalysts. Hence 10%Ni-0.08%Ru/Al2O3 -ZrO2 was chosen
for further investigation using real biomass biocrudes. The amount of Ru used in
preparation of the catalyst is comparatively less compared to available literature. However,

153

the performance of the catalyst is significantly comparable with the literature. This means,
by using less Ru, the cost of manufacturing the catalyst can be reduced as Ru is very costly
element.


Even though, 10%Ni-0.08%Ru/Al2O3 -ZrO2 showed lower surface area, it was explained
that metallic dispersion on the supports used and the catalytic effect of the support ZrO2
improved the hydrogen yield and carbon conversion efficiency.



During the stability test, catalyst 10%Ni-0.08%Ru/Al2O3 -ZrO2 showed a significant trend.
The catalyst was stable over a 20-h run with very consistent hydrogen yield and carbon
gasification efficiency. Although the TGA analyses showed the char and/or coke deposited
on 20-h run catalyst comparatively at higher amount, it seemed that the catalyst was not
deactivated.



The major objective of this study is to increase the hydrogen yield. In order to do so, first
non-catalytic experiments were performed in three different temperatures (500, 600 and
700 °C) and observed that 700 °C showed higher hydrogen yield. Thusly, for catalyst
screening 700 °C was chosen. Besides, the same temperature was used to check the effect
of concentration on product yield using cattle manure biocrude as feed.



Cattle manure biocrude
o Higher temperature increased the hydrogen yield whereas higher concentration
decreased the hydrogen yield but increased the methane yield. However, due to the
presence of phenolic and furan compounds, catalyst got gradually deactivated
which was not significant during the course of experiment.
o Carbon gasification efficiency remained almost constant even at lower temperature
and higher feed concentration. This outcome indicates that the system approaches
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to equilibrium even at low temperature and higher concentration in terms of carbon
conversion.


Corn husk biocrude
o Initially, the hydrogen yield was around 1.9 mol/mol of C in the feed. However,
after 2.5h of running, hydrogen yield sharply decreases near to the non-catalytic
hydrogen yield. This was because the catalyst got deactivated due the presence of
higher phenolic and furan compounds. Compared to cattle manure biocrude, corn
husk biocrude contains higher amount of phenolic (52.82%) and furan (4.51)
compounds. The TGA and SEM-EDX analyses supported the findings.
o Carbon gasification efficiency remained almost constant even at lower temperature.
This outcome also, as in cattle manure biocrude, indicates that the system
approaches to equilibrium even at low temperature and higher concentration in
terms of carbon conversion.
Overall, it can be said that novel 10%Ni-0.08%Ru/Al2O3 -ZrO2 catalyst showed better

hydrogen selectivity and carbon conversion efficiency in both model biomass and real biomass
biocrude. This is a significant very significant finding from the study.
6.2

LIMITATIONS
There are some scientific and technical limitations although all precautionary actions are

considered. In the first objective, it is really hard to obtain total liquid lignocellulosic biomass as
lignin is hard to liquefy within the liquefaction zone. Beyond the liquefaction operating point,
water crosses the critical point. However, the solid residues available as a by-product of the process
can still be used for other applications, such as, biochar, feed for conventional gasification process
etc.
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As per the second objective, catalyst will be used in the SCWG process. There are several
other ways to prepare catalyst. In this study, the focus is only directed to precipitation method. The
other processes will be recommended for the future exploration. The gasification experiment is
limited to 700 °C. Beyond 700 °C, the process can’t be termed as energy efficient in the presence
of catalyst. Also SCWG process is sensitive in terms of solid loading. In the open literature, a
SCWG reactor can handle upto 20% solid in the feed efficiently. Beyond the limit, plugging occurs
in the reactor and feeding mechanism.
As per the third objective, the kinetic study and simulation of the gasification process will
be performed. Cellulose is a polymer of glucose. Hence both the kinetic study and the simulation
were performed based on glucose for simplification. However, biomass consists of cellulose,
hemicellulose and lignin. So there is still some limitation based on the biomass composition.
Nevertheless, the kinetic study and simulation using real biomass will be recommended for the
future work.
In conclusion, it can be definitely said that supercritical water gasification of biomass
(agricultural, livestock, forestry, municipal solid waste) is a method of waste management, GHG
emission reduction, renewable energy production and a source of hydrogen for many industrial
applications.
6.3

RECOMMENDATION:
1.

Binary metal with single- and dual-support catalysts were investigated in this study.
However, this study recommends for tertiary catalysts for SCWG process.

2.

It is imperative to have a feedstock flexible catalyst to run any catalytic biomass
conversion process. Thus, this study recommends to prepare and test a feedstock
flexible catalyst with minimum production cost.
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3.

This study recommends to study possibility of regeneration/recycling of the catalyst to
reduce overall cost.

4.

This study also suggests to integrate the biomass pre-treatment process with SCWG
process for continuous production.

5.

It is important to establish a pilot plant for feasibility study of commercialization of
SCWG process. Currently there is only one pilot plant in the world in Germany called
VERENA. It is, thus, a recommendation of this study in future to establish a pilot plant.

6.

Kinetic study needs more attention in order to scale up SCWG process. Although this
study performed some kinetic studies, it is recommended to perform more kinetic study
with different feedstocks.

7.

In this study different feedstocks are used separately. In future, it is recommended to
study blended biomass feedstocks.
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APPENDIX A
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Figure A.1: SCWG reactor set up after modification
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APPENDIX B
Rate Models:
Glucose SCWG scheme using Langmuir–Helshinwood–Hougen–Watson (LHHW) mechanistic
model:
C6 H12 O6 + [S] ↔

k1,−1

k2,−2

C6 H12 O6 [S] + [S] ↔
6H2 O + 6[S] ↔

k3,−3

6H2 O[S] + 3[S] ↔

C6 H12 O6 [S] … … … … … (Glucose absorption) … … … … … … (3.7)
CH2OH−CHO[S]
Glycol Aldehyde

+

CH2OH−(CHOH)2−CHO[S]
Erythrose

6H2 O[S] … … … … … (Steam absorption) … … … … … … … … … (3.9)

k4,−4

6OH[S] + 3H2 [S] … … … … (SR − II) … … … … … … … … … (3.10)

CH2 OH − CHO[S] + H2 [S] ↔

k5,−5

CH2 OH−CH2OH[S]
Ethylene glycol

+ [S] … … (SR − III) … … … (3.11)

k6,−6 2CH OH−CH OH[S]
2
2
Ethylene glycol

CH2 OH − (CHOH)2 − CHO[S] + 2H2 [S] ↔

3CH2 OH − CH2 OH[S] + 12[S] ↔
6CO[S] + 6OH[S] ↔
6CO2 [S] ↔
12H2 [S] ↔

k9,−9

k10,−10

… (SR − I) … (3.8)

k8,−8

k7,−7

+ [S] … (SR − IV) … (3.12)

6CO[S] + 9H2 [S] … . . . (SR − V) … … … … (3.13)

6CO2 [S] + 3H2 [S] + 3[S] … … . … (SR − VI) … … … … (3.14)

6CO2 + 6[S] … … … (Desorption) … … … … … … … … … … … (3.15)
12H2 + 12[S] … … … (Desorption) … … … … … … … … … … (3.16)

Let us define:
C6 H12 O6 = 𝐴, C6 H12 O6 [S] = 𝐴1 , CH2 OH − CHO[S] = 𝐴2 , CH2 OH − (CHOH)2 − CHO[S] = 𝐴3 ,

CH2 OH − CH2 OH[S] = 𝐴4 , H2 O = B, H2 O[S] = 𝐵1 , OH[S] = 𝐵2, CO2 = 𝐶, CO2 [S] = 𝐶1
CO[S] = 𝐶2 , H2 = 𝐷, H2 [S] = 𝐷1
Equilibrium constants:
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𝐾1 =

𝐾7 =

𝐾2 =

𝐶𝐴 𝐶𝑆
𝐶𝐵61

𝐾3 =

𝐾5 =

𝐶𝐴1

𝐾4 =

𝐶𝐵6 𝐶𝑆6
𝐶𝐴4 𝐶𝑆

𝐾6 =

𝐶𝐴2 𝐶𝐷1
𝐶𝐶62 𝐶𝐷91

𝐾8 =

𝐶𝐴34 𝐶𝑆12

𝐶𝐶6 𝐶𝑆6
𝐾9 = 6
𝐶𝐶1

𝐾10

Eq. 3.8 to be the rate determining step (RDS):
𝑟𝐴 = 𝑘2 𝐶𝐴1 𝐶𝑆 − 𝑘−2 𝐶𝐴2 𝐶𝐴3
Now,
𝐶𝐴1 = 𝐾1 𝐶𝐴 𝐶𝑆 = 𝐾𝐴 𝐶𝐴 𝐶𝑆
𝐶𝐵1 = 𝐾𝐵 𝐶𝐵 𝐶𝑆
𝐶𝐶1 = 𝐾𝐶 𝐶𝐶 𝐶𝑆
𝐶𝐷1 = 𝐾𝐷 𝐶𝐷 𝐶𝑆
𝐶𝐵2 =

𝐾𝐸 𝐶𝐵 𝐶𝑆
√𝐶𝐷

𝐶𝐶2 =

𝐾𝐹 𝐶𝐶 𝐶𝐷 𝐶𝑆
𝐶𝐵

𝐶𝐴4 =

𝐾𝐺 𝐶𝐶2 𝐶𝐷5 𝐶𝑆
𝐶𝐵2

𝐶𝐴2 =

𝐾𝐻 𝐶𝐶2 𝐶𝐷8 𝐶𝑆
𝐶𝐵2
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𝐶𝐴2 𝐶𝐴3
𝐶𝐴1 𝐶𝑆
𝐶𝐵62 𝐶𝐷31
𝐶𝐵61 𝐶𝑆3
𝐶𝐴24 𝐶𝑆

𝐶𝐴3 𝐶𝐷21

𝐶𝐶61 𝐶𝐷31 𝐶𝑆3
𝐶𝐶62 𝐶𝐵62

𝐶𝐷12 𝐶𝑆12
=
𝐶𝐷121

𝐶𝐴3

𝐾𝐼 𝐶𝐶4 𝐶𝐷8 𝐶𝑆
=
𝐶𝐵4

The rate equation can be written by substituting the values of 𝐶𝐴1 , 𝐶𝐴2 and 𝐶𝐴3 as follows:
𝑟𝐴 = 𝑘2 𝐾1 𝐶𝑆2 (𝐶𝐴 −

12
𝐶𝐶6𝐶𝐷

𝐾𝑃 𝐶𝐵6

)

We know that total active sites (Ct) of a catalyst is constant, then we can write,
𝐶𝑡 = 𝐶𝐴1 + 𝐶𝐵1 + 𝐶𝐶1 + 𝐶𝐷1 + 𝐶𝐴2 + 𝐶𝐴3 + 𝐶𝐴4 + 𝐶𝐵2 + 𝐶𝐶2
Plugging the values obtained in the above equation to get the value for 𝐶𝑆 ,
𝐶𝑆 =

𝐶𝑡

2 5
2 8
4 8
𝐾𝐸 𝐶𝐵 𝐾𝐹 𝐶𝐶 𝐶𝐷 𝐾𝐺 𝐶𝐶 𝐶𝐷 𝐾𝐻 𝐶𝐶 𝐶𝐷 𝐾𝐼 𝐶𝐶 𝐶𝐷
+
+
+
+
2
4
𝐶𝐵
√𝐶𝐷
𝐶2
𝐶
𝐶
𝐵
𝐵
𝐵

𝐾𝐴 𝐶𝐴 +𝐾𝐵 𝐶𝐵 +𝐾𝐶 𝐶𝐶 +𝐾𝐷 𝐶𝐷 +

Substituting the value of 𝐶𝑆 in the rate equation yields

𝑟𝐴 =

𝑘2𝐾1 𝐶𝑡2(𝐶𝐴 −
(𝐾𝐴 𝐶𝐴 +𝐾𝐵 𝐶𝐵 +𝐾𝐶 𝐶𝐶 +𝐾𝐷 𝐶𝐷 +

12
𝐶6
𝐶 𝐶𝐷 )
𝐾𝑃 𝐶6
𝐵

2 5
2 8
4 8 2
𝐾𝐸 𝐶𝐵 𝐾𝐹 𝐶𝐶 𝐶𝐷 𝐾𝐺 𝐶𝐶 𝐶𝐷 𝐾𝐻 𝐶𝐶 𝐶𝐷 𝐾𝐼 𝐶𝐶 𝐶𝐷
+ 𝐶
+
+
+
)
2
2
𝐶𝐵
𝐶𝐵
𝐶4
√𝐶𝐷
𝐵
𝐵

𝐸

Replacing the constant term 𝑘2 𝐾1 𝐶𝑡2 by Arrhenius constant 𝑘𝑟 = 𝑘0 𝑒 −𝑅𝑇 yields

𝑟𝐴 =

𝑘0 𝑒
(𝐾𝐴 𝐶𝐴 +𝐾𝐵 𝐶𝐵 +𝐾𝐶 𝐶𝐶 +𝐾𝐷 𝐶𝐷 +

𝐸
𝐶6 𝐶12
−
𝑅𝑇 (𝐶𝐴 − 𝐶 𝐷 )
𝐾𝑃 𝐶6
𝐵

2 5
2 8
4 8 2
𝐾𝐸 𝐶𝐵 𝐾𝐹 𝐶𝐶 𝐶𝐷 𝐾𝐺 𝐶𝐶 𝐶𝐷 𝐾𝐻 𝐶𝐶 𝐶𝐷 𝐾𝐼 𝐶𝐶 𝐶𝐷
+ 𝐶
+
+
+
)
𝐶2
𝐶2
𝐶4
√𝐶𝐷
𝐵
𝐵
𝐵
𝐵

In the similar manner all the rate equations are derived.
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APPENDIX C
Algorithm for reaction kinetics

Step 1: [start]
Step 2: [input the value of variables T,Y,X]
read variables
Step 3: [calculate the values of Parameters A,n,E]
Function Y= log(A)+n*log(X)-(E/(R*T));
Step 4: [display the calculated Parameters]
write Parameters
Step 5: [finished]
stop
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APPENDIX D
Calculations of Equilibrium Conversion
The overall glucose conversion equation was used to calculate equilibrium conversion of the
system. The reaction is as follows:
C6 H12 O6 + 6H2 O → 6CO2 + 12H2 ; ∆H°298 = 158kJ/mol
The equation for thermodynamic equilibrium constant, KP can be written as follows from Smith
et al. [1]:
K𝑃 =

∆𝐺
𝑅𝑇

, as KP is function of Gibbs free energy and temperature, this can be written as

−𝑙𝑛 (K 𝑃 ) =

∆𝐺 0
𝑅𝑇

=

(∆𝐺00−∆𝐻00)
𝑅𝑇0

+

∆𝐻00
𝑅𝑇

1

𝑇 ∆𝐶𝑃0

+ ∫𝑇
𝑇

0

𝑅

𝑇 ∆𝐶𝑃0

𝑑𝑇 − ∫𝑇

0

𝑅𝑇

𝑑𝑇 …. (D1)

Thermodynamic data, Smith et al. (1996)
(Cp/R)

ΔHf

ΔGf

CO2

4.467

-393520

H2

3.46

-

C6H12O6

13.832

-1268000

-910000

H 2O

4.038

-285830

-237180

ΔCp/R

ΔHf,rxn, 298

ΔGf,rxn, 298

30.262

621860

-33080

-394360
-

Substituting the values in equation D1 yields for T = 500 °C as follows:
K𝑃 = 1.75 × 1010
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