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INTRODUCTION  
In the last few years, environmental problems such as climate change and air pollution 

have become increasingly important from a sustainability point of view because of their 

effects on humans and the planet's resources.  

It is widely known and scientifically demonstrated that human activities contribute 

significantly to these problems, mainly due to the high-energy consumption that our 

lifestyle requires. 

Energy is an essential commodity for increasing productivity in both agriculture and 

industry. At present, in fact, the production of energy is one of the main problems for 

climate change, due above all to the overuse of fossil fuels that implies the emission of 

CO2 (the most responsible gas for the Greenhouse Effect) and, moreover, the use of low 

thermodynamic efficiency technologies such as internal combustion engines, typically 

used in transport. 

The continuous increase in energy demand and the above issues require a new approach 

to satisfy global energy demands. Many proposals have been put forward by both the 

scientific world and politics but the main obstacle to their application essentially lies in 

the high cost of the new technologies. To overcome this problem, various solutions have 

been proposed over the years. Their aim is to reduce the emission of greenhouse gases by 

decreasing the use of fossil fuels and using more and more renewable energy sources, in 

order to be able to completely leave the production of energy from fossil fuels over time. 

The established environmental impacts resulting from fossil fuel have stimulated urgent 

efforts to decarbonize our fuel sources, that is why hydrogen is considered as an excellent 

alternative to fossil fuels, and it has been suggested due to its abundance, high chemical 

energy, and pollution-free product. In fact, the most important property of alternative 

energy sources is their environmental compatibility and, in line with this characteristic, 

hydrogen likely will become one of the most attractive energy carriers in the near future. 

The role of hydrogen energy will become increasingly important, and it is expected that 

world energy systems will undergo a transition to an era in which the main energy carriers 

are hydrogen and electricity [1]. 

The major problem in utilization of hydrogen gas as a fuel is its unavailability in nature, 

unlike fossil fuels, and the need for inexpensive production methods. It is an energy 
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carrier that can be produced from any primary energy source and then used as the fuel 

either for direct combustion in an internal combustion engine or in a fuel cell, producing 

virtually no greenhouse gas emissions when combusted with oxygen, but only water as a 

by-product.  

A wide variety of processes are available for H2 production which, according to the raw 

materials used, could be divided into two major categories, namely conventional and 

renewable technologies.                                                                                                       

The first category processes fossil fuels and includes the methods of hydrocarbon 

reforming and pyrolysis. In hydrocarbon reforming process, the participating chemical 

techniques are steam reforming, partial oxidation, and auto-thermal steam reforming. The 

second one accommodates the methods, which produce hydrogen from renewable 

resources, either from biomass or from water. 

Currently the annual production of hydrogen is about 0.1 GT, which is mainly consumed 

on-site, in refining and treating metals [2, 3]. A small fraction is already used to fuel 

driving cars while in the near future applications including power generation and heating 

in residential and industrial sectors are expected [2, 4, 5]. 

Therefore, to increase the penetration of hydrogen into energy markets, its production, 

storage, distribution, and economy must be considered seriously. 

The aim of this thesis is to analyse and develop a new production process of high-purity 

hydrogen streams at low temperature starting from bio-alcohols and waste products, such 

as metaborate, and capturing all the carbon in high-value-added polymeric products. 

After having made a comparison, through thermodynamic analysis, with the steam 

reforming of different fuels and alcohols and, having obtained promising results, the 

second target has been to optimize the process designed in terms of operating conditions. 
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Chapter 1 

1. Hydrogen: the fuel for a more sustainable future 

1.1. Hydrogen historical background 

Hydrogen (H2), often presented as the future source of energy due to its high energy 

potential and clean combustion, evokes both hope and fear due to its extremely flammable 

nature. In the minds of people, in fact, it is often synonymous with danger especially since 

the Hindenburg disaster on 6 May 1937 and the subsequent accidents as shown in Figure 

1.1. On that day, the Zeppelin, inflated with 200,000 m3 of H2, ignited in less than a 

minute, resulting in the death of 35 out of the 97 passengers who jumped out of the airship 

in panic. Even though the origin of the ignition is unknown, the combined combustion of 

hydrogen and the coating of the shell (butyrate, iron and aluminium oxide) is the cause. 

This caused such a fear of hydrogen called the “Hindenburg syndrome” that ever since 

the gas supply to the town from coking plant made up of 96 % H2 was called “water gas” 

to avoid any commercial repercussions [6]. 

Hydrogen appears in different forms in plants, animals, humans, fossil fuels, and other 

chemical compounds. It has been known for more than 200 years and many researchers 

have contributed to the historical development of hydrogen, as shown in Table 1.1. 

 

Table 1.1 - Historical developments related to hydrogen; Source: [7]  

In the 20th century, hydrogen was extensively used in the manufacture of ammonia, 

methanol, gasoline and heating oil, as well as in such commodities as fertilizers, glass, 

refined metals, vitamins, cosmetics, semi-conductor circuits, lubricants and cleaners. 

After 1974, many studies were conducted to investigate the uses for hydrogen energy and 
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facilitate its penetration as an energy carrier. Subsequently, many industries worldwide 

began developing and producing hydrogen, hydrogen-powered vehicles, hydrogen fuel 

cells and other hydrogen-based technologies. 

 

Figure 1.1 - Hydrogen historic accidents: a. Hindenburg, while on fire, b. Wreck of LZ-10 Schwaben at 
Düsseldorf, c. Airship Roma after ignition; Source: [8] 

 

1.2. Hydrogen properties and safety 

Hydrogen comes from the Greek words ‘‘hydro’’ and ‘‘genes’’ meaning ‘‘water’’ and 

‘‘generator’’, referring to the fact that, when it burns, it generates only water. 

It is the most abundant element in the universe, which is found on our planet Earth mainly 

in water and organic compounds. It is the lightest and simplest element, which consists 

of one electron and one proton, colourless, odourless, flammable gas. Hydrogen’s atomic 

weight is 1,00794 atomic mass units rounded at 1,008. This atomic weight number (1,008) 

was considered in the USA as the 8th of October (10/08) as the National Hydrogen and 

Fuel Cell Day (see Figure 1.2) and this day is expected to be the International day of 

hydrogen energy. 

 

Figure 1.2 - Hydrogen chemical element and USA National Hydrogen and Fuel Cell Day, picture 
modified from [9] 

At ambient temperature and atmospheric pressure, atomic hydrogen does not occur and 

instead occurs as a highly stable hydrogen molecule (H2). Under standard conditions, 

hydrogen has unique physical and chemical properties that play an important role in the 
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ways in which hydrogen is produced, stored and utilized. The key properties of hydrogen 

are summarized in Table 1.2: 

 

Table 1.2 – Hydrogen properties and specifications; Source: [10] 

As shown in Table 1.2 and Figure 1.3, the temperature of transitions from gas to liquid is 

-252,76 °C (at atmospheric pressure) and the critical temperature is -239,96 °C, which 

means that above this temperature it cannot be liquefied, regardless of the pressure 

applied. Hydrogen’s critical pressure is 13,1 bar and so above this pressure and the critical 

temperature, hydrogen can only exist as a supercritical fluid with characteristics of both 

liquid and gas. Due to these properties, liquefaction of hydrogen is accomplished by 

cooling rather than pressurization. The compressed storage of hydrogen (often at 350 or 

700 bar) always takes place with hydrogen existing as a supercritical fluid. Hydrogen 

gaseous density is 0,089 g/L, which is approximately 14 times lower than the one of air 

(1,29 g/L). For this reason, hydrogen has high buoyancy in the atmosphere and it is highly 

volatile. Hydrogen liquefaction is extremely important for hydrogen storage and 
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transport. In the liquid state, at -253 °C and 1,013 bar, hydrogen has a density of 70,79 

g/L, which is approximately 800 times its density as a gas. 

 

Figure 1.3 - Hydrogen phase diagram: Source: [11] 

Hydrogen energy content at the higher heating value is 141,8 MJ/kg at 298 K and the 

lower heating value of the hydrogen is 120 MJ/kg at 298 K, which is much higher than 

that of most fuels (e.g., gasoline 44 MJ/kg at 298 K) [12, 13]. 

However, liquid hydrogen has less energy density by volume than hydrocarbon fuels such 

as gasoline by approximately a factor of four (i.e. density of 8 MJ/l whereas gasoline has 

a density of 32 MJ/l) [14, 15]. Since hydrogen gas has good energy density by weight but 

poor energy density by volume versus hydrocarbons, it requires a larger tank to store 

[14,16]. 

Hydrogen is flammable over a very wide range of concentrations in air (4% – 75%) and 

it is explosive over a wide range of concentrations (15% – 59%) at a standard atmospheric 

temperature. The flammability limits of the three component systems are shown in Figure 

1.4; while the flammability and detonation limits of the three component systems are 

shown in Figure 1.5. 
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Figure 1.4 - Effect of temperature on flammability limits of hydrogen in air (pressure 100KPa); Source: 
[11] 

 

 

Figure 1.5 - Flammability and detonability limits of the three components system hydrogen-air-water 
vapor; Source: [11] 

It is a flammable gas with low ignition temperature. In fact, its minimum ignition energy 

(MIE) is equal to 0,018 mJ in air at atmospheric pressure and room temperature [17]. This 

creates a large portion of the risk associated with its usage. Moreover, it has the ability to 

escape through materials due to its small molecule size and its destructive capability 

(hydrogen embrittlement) which can lead to mechanical degradation and failure to the 

point of leakage in certain materials [18, 19]. 

Hydrogen, as a fuel, has some degree of hazard; therefore, the safe use of any fuel focuses 

on preventing situations where the three combustion factors are present: ignition, oxidant 

and fuel [20]. Some properties of hydrogen require additional engineering controls to 

ensure its safe use. Its wide range of flammability concentration and its low MIE (only 

1/10 as much energy to ignite as gasoline) means that it can ignite more easily. 

Consequently, adequate ventilation and leak detection are important elements in the 
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design of safe hydrogen systems. Since hydrogen burns with a nearly invisible flame, 

special flame detectors are required. In addition, some metals can become brittle when 

exposed to hydrogen, so selecting appropriate materials is important to the design of safe 

hydrogen systems. In addition to designing safety features into hydrogen systems, 

training in safe hydrogen handling practices is a key element for ensuring the safe use of 

hydrogen. In addition, testing of hydrogen systems, such as tank leak tests, garage leak 

simulations and hydrogen tank drop tests show that hydrogen can be produced, stored and 

dispensed safely. As more and more hydrogen demonstrations get underway, the safety 

results can grow and create confidence that hydrogen can be as safe as the fuels in 

widespread use today.  

Some hydrogen properties make it safer to handle and use than the fuels commonly used 

today. For example, hydrogen is non-toxic. In addition, because hydrogen is much lighter 

than air, it dissipates rapidly upwards when it is released, allowing for rapid dispersal of 

the fuel in case of a leak. The primary safety concern is that if a leak goes undetected and 

the gas collects in a confined space, it can eventually ignite and cause an explosion. 

Especially in closed places it is easy to create flammable mixtures in the upper part of the 

room precisely because it tends to rise up [21]. 
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1.3. Advantages and disadvantages of hydrogen energy 

There are many advantages in the use of hydrogen but also some cons. Both are described 

in the Table 1.3-1.4: 

Advantage Reference 

Non-toxic, clean energy carrier with a high specific energy on a mass basis 

(e.g., the energy content of 9.5 kg of hydrogen is equivalent to that of 25 kg 

of gasoline) 

[22] 

It can be produced through many production processes [23] 

It can be safely transported in pipelines [7] 

It can be used as a chemical feedstock in the petrochemical, food, 

microelectronics, ferrous and non-ferrous metal, chemical and polymer 

synthesis, and metallurgical process industries, and as an energy carrier in 

clean sustainable energy systems 

[7] 

When combusted, it produces non-toxic exhaust emissions, except at some 

equivalence ratios (where its high flame temperature can result in 

significant NOx levels in the exhaust products) 

[24, 25] 

It can be utilized in all parts of the economy (e.g., as an automobile fuel and 

to generate electricity via fuel cells). 

[7] 

Compared to electricity, it can be stored over relatively long periods of time [7] 

Table 1.3 – Advantages of hydrogen energy 

Disadvantage Reference 

It can burn in lower concentrations when mixed with air and this can cause 

safety concerns 
[7] 

Its storage in liquid form is difficult, as very low temperatures are required 

to liquefy hydrogen. 
[7] 

Table 1.4 - Disadvantages of hydrogen energy 
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1.4. Why hydrogen as an energy carrier? 

Hydrogen has always been used for various industrial processes such as the production 

of methanol by hydrogenation of CO and CO2 or the production of ammonia together 

with N2. 

Hence, hydrogen is expected in the future to replace to some degree fossil fuels and to 

become the preferred portable energy carrier for vehicles. 

Currently 500 billions of cubic meters of hydrogen, equating to about 6,5 EJ of energy, 

are produced annually worldwide. Approximately, 99% is produced from fossil fuels, 

mainly by steam reforming of natural gas [26].  

It is possible to produce hydrogen using other production techniques and different energy 

sources. Renewable energy sources such as hydraulic, solar, wind, geothermal, wave and 

solid waste energy can be used to generate hydrogen from hydrocarbons and/or water. 

For example, 108,7 kg of hydrogen can be produced from 1 m3 of water by electrolysis 

using electricity and the energy of this amount of hydrogen is equivalent to that of 422 lt 

of gasoline [22, 27, 28].  

The electricity for hydrogen production can come from fossil or renewable energy 

sources. Considering the energy density on a mass basis, the utilization efficiency factor, 

utilization safety (which is high for hydrogen), pollution and environmental effects 

(which can be low for hydrogen, depending on the energy source used to produce it, 

especially since CO2 is not a necessary waste) of hydrogen fuel [28], hydrogen energy 

has many attractive features. The Figure 1.6 presents the importance, production 

techniques and application areas for hydrogen: 
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Figure 1.6 - Relationship of production techniques and types of utilization of hydrogen; Source: [7] 

Hydrogen’s attributes as an energy carrier relate to energy demand, production techniques 

and application fields, and include the following: clean, not harmful to the environment 

or life, renewable, securely storable and transportable, broadly utilizable in various 

applications, producible by different techniques and from various sources, and 

economically usable.  

A comparison of hydrogen with other fuels is presented in Table 1.5: 
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Table 1.5 - Comparison of key properties for hydrogen and other fuels: Source: [7] 

The above features of hydrogen suggest that it will be particularly advantageous as a 

transportation fuel because of its versatility, utilization efficiency factor and safety. The 

only waste from hydrogen oxidation is water, so only the engine lubricants from a 

hydrogen-fueled vehicle cause any pollutants. 

 

1.5. Hydrogen colours in the energy transition 

According to the relationship between its production and the relative emission of carbon 

dioxide, hydrogen is divided into different "colours" [29, 30]: 

- black and brown hydrogen: the most polluting and impacting types of hydrogen 

are those produced by the gasification of coal (black hydrogen) and lignite (brown 

hydrogen): in special reactors and in the absence of oxygen, these substances are 

brought to high temperatures and react with water vapor to generate hydrogen, 

methane, monoxide and carbon dioxide. In this way the so-called “city gas” 

(composed of hydrogen, methane and carbon monoxide) and syngas (composed 

mainly of hydrogen and carbon monoxide) are produced. The production of these 

two types releases large quantities of CO2; 
- grey hydrogen: less polluting than the above types, it is hydrogen produced by 

hydrocarbons. The most common reaction is that between methane and water 

vapour, called steam methane reforming, from which carbon dioxide and 
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hydrogen are generated. However, this type of hydrogen also has the disadvantage 

of producing carbon dioxide; 
- blue hydrogen: it is produced in the same way as grey hydrogen but also a CO2 

capture and sequestration process (CCS, Carbon Capture and Sequestration) is 

associated. Downstream of the hydrogen production process, the carbon dioxide 

generated is captured and stored instead of being released into the atmosphere. 

This type has the characteristic of being neutral with respect to the impacts on the 

climate; 
- turquoise hydrogen: it is extracted from the pyrolysis of methane through a 

process that involves heating the gas in the absence of oxygen to thermally break 

the chemical bonds and obtain a flow of hydrogen and solid carbon. The latter 

could be used as a raw material (e.g. as carbon black in the production of tires). 

The process does not produce direct CO2 emissions but, considering the entire life 

cycle, it is linked to significant levels of greenhouse gases; 
- purple hydrogen: it is generated through the electrolysis of water and it is 

produced using electricity from nuclear sources and for this reason it is, in addition 

to green hydrogen, another type that does not emit carbon dioxide into the 

atmosphere, although there is the generation of radioactive waste; 
- yellow hydrogen: it is generated by the electrolysis of water with electricity from 

the grid (i.e. supplied from mixed sources, including fossils); 
- green hydrogen: it represents the "cleanest" type of hydrogen: in fact, it is 

hydrogen produced with electricity from renewable sources such as wind, solar, 

photovoltaic and marine in the absence of CO2 or other pollutants emissions. 

Moreover, this type of hydrogen favours the penetration of these non-

programmable sources in the energy landscape by using it to balance the grid 

based on energy production. 
In Figure 1.7 the hydrogen colour spectrum and indications for carbon emissions (GHG: 

Greenhouse Gases) are shown: 
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Figure 1.7 – Hydrogen colours; Source: [31] 

At the moment, however, 99% of the hydrogen produced is black or grey: on an annual 

basis 70 million tons of hydrogen (about 76% of world demand) are produced using 250 

billion cubic meters of natural gas and another 23% is produced by coal gasification. Only 

less than 1% is produced by electricity. The main cause is the high cost of green hydrogen 

compared to grey hydrogen [29]. To date, as can be seen in Figure 1.8 (graphic developed 

by SNAM) the cost of green hydrogen is still about double that grey; parity is expected 

to be achieved by 2030, thanks to the increase in installed renewable power in conjunction 

with the increase in the price of carbon dioxide produced. 

 

Figure 1.8 - Production costs evolution of green and grey hydrogen in Italy; Source: [29] 

Hence, the primary challenge for the development of a clean hydrogen economy remains 

not only the scaling-up of hydrogen production but above all the transition from carbon-

intensive to low carbon intensity hydrogen production. To get a clearer idea, looking at 
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the Figure 1.9, to reach the levels of low-carbon hydrogen production, needed to satisfy 

the Sustainable Development Scenario, the road is still long, but not impossible. 

 

Figure 1.9 – Low carbon hydrogen production history, 2010-2030; Source: [32] 

 

1.6. Hydrogen costs and prices 

Regarding to the costs of hydrogen, estimates can be made, which are very sensitive to 

places and conditions of production. According to the article published by Stefano Agnoli 

on the Corriere della Sera on December 2020 [33], grey hydrogen production cost is 

strongly correlated to the price of methane. Looking at the price of pre-pandemic 

European methane, the producing cost was around 1 €/kg. Due to the increase in the price 

of methane during the Covid-19 emergency (25 €/MWh), the cost of grey hydrogen, to 

date, is around 1,5 €/kg. 

Moving from grey to blue hydrogen, costs for carbon dioxide capture and sequestration 

must be taken into account which inevitably lead to an increase in the overall cost of the 

plant. Evaluating the current plant costs, the cost of production of blue hydrogen is equal 

to that of grey hydrogen plus 0,5€/kg (about 2,0 €/kg). In the long-term, the plus of blue 

hydrogen could drop to 0,25 €/kg, considering the increase in economies of scale in this 

sector. 
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The calculation of the cost of producing green hydrogen is clearly more complex, which 

mainly depends on the cost of renewable electricity and on the cost of electrolysers, which 

are still handcrafted today, and not on an industrial scale. 

In Italy, for example, assuming that the plant is powered by solar energy in an area 

characterized by massive irradiation, green hydrogen would cost between 6 to 8,7 €/kg 

today, depending on the size of the electrolyser. By 2030, it is estimated that green 

hydrogen could cost between 3,7 and 5,9 €/kg and in the future between 2,1 and 4,4 €/kg. 

To understand the fluctuations in hydrogen prices based on the source of production and 

the cost of energy, it is compared with the case in which the electrolyser is powered by 

an offshore wind farm, as is the case today in the North Sea. In the latter case, in fact, 

hydrogen could cost between 4 and 5,2 €/kg; within 2030 from 3 to 3,9 €/kg and in the 

long term between 2 and 2,8 €/kg [33]. 

In the Figure 1.10 the fluctuation of hydrogen prices in the world based on the source of 

production is shown: 

 

Figure 1.10 – Price ranges of hydrogen in the world based on the source of production; Source: [34] 

 

1.7. Hydrogen sectors and application 

The exploitation of hydrogen is still strongly anchored to a type of production aimed at 

being used as a chemical product in industrial applications (for example in the refining of 

oil or the production of ammonia and nitrogen fertilizers). The prospect, however, is that 

hydrogen could replace fossil fuels for various applications, including buildings, 

electricity, industry and transportation. The advantage of hydrogen is found in its 

potential to reduce emissions from sectors that are difficult to decarbonise. Hydrogen can 

also be used in the production of fuels produced by synthesizing (or combining) different 
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types of gas (such as carbon monoxide and carbon dioxide). Since hydrogen produces no 

harmful emissions at the point of use of fuel cell, it contributes to improving air quality 

in regions where it replaces the more polluting fossil fuels, such as natural gas, petrol or 

diesel, which emit various levels of air contaminants that have negative effects on health 

and the environment (e.g., smog, acid rain). Green hydrogen and blue hydrogen can also 

be mixed with fossil fuels (for example natural gas) to reduce the carbon intensity of the 

fuel. Table 1.6 describes the main final uses of hydrogen that are currently under 

development or available on the market, in four primary sectors: 

 

Table 1.6 - Possible end uses of hydrogen across various sectors: Source: [35] 

Certainly, the most interesting sector for which hydrogen can really make a difference is 

heavy transport; we refer to buses, trucks, trains, sectors in which it is possible to 

implement the use of green hydrogen without excessive additional costs. It is clear that 

the non-negligible costs of a new infrastructure must be considered along with the costs 

of new vehicles equipped with electric motors with fuel cells that produce electricity by 

using hydrogen as a source. Therefore, the efficiency of these new vehicles would be 

much greater than that of the current combustion engines, which would lead to a 

compensation of the extra cost given by the new equipment that can be easily amortized 

over the life of the vehicle. 
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Other important sectors to remain in the heavy transport area are those of ships and 

airplanes. In the long run, there is no better alternative than hydrogen to start the 

decarbonisation procedure. In the naval sector, hydrogen is exploited in the form of 

ammonia; for the aviation sector, we find hydrogen in the form of synthetic kerosene for 

long-distance flights, while for short-medium distance flights, 500-800 km, hydrogen in 

fuel cells could be congenial. 

The challenge in these sectors is very ambitious as it is necessary to generate green 

hydrogen to react with the other elements mentioned above (carbon dioxide from the 

combustion of bio-methane or air capture for kerosene synthetic and nitrogen with 

ammonia) [36]. 

In any case, according to Bloomberg NEF estimates, the market prospects in the various 

hydrogen sectors are very encouraging and the demand is expected to grow exponentially 

in the coming years. In the Figure 1.11, the graph of the forecasts of growth in demand 

for hydrogen in the various sectors by 2050 is reported: 

 

Figure 1.11 – Forecasts of growth in hydrogen demand in the NCS-CEHP by 2050; Source: [37] 

 

1.8. Hydrogen-economy: future prospects 

One of the most pressing problems is the need for an energy carrier; in this regard, 

chemistry can help us to find new means and technologies for the storage of energy 

obtained from renewable sources. Chemistry must also aim at improving the technologies 

for the transformation of biomass, aimed both at the direct production of biofuels and at 

the choice of the best energy carrier. 
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The most studied solution to store the energy produced is the use of hydrogen as an energy 

vector, this by virtue of various reasons. First, it is widely available; secondly, the devices 

for the use of H2 as a fuel are well known and developed: the fuel cells. Obviously, from 

a sustainability perspective, the production of "clean" hydrogen implies the use of 

renewable sources, both for energy and for raw materials; precisely, for this reason, the 

production of hydrogen from water is one of the biggest challenges to be faced.  

Currently, the production of H2 is totally based on the use of methane as a source; this 

does not lead to nullifying the environmental problems mentioned above and makes new 

developments necessary.  

However, it is necessary to point out that the use of hydrogen produced from methane, 

both as regards raw materials and energy, is already a step forward with respect to the 

problems of air pollution and the greenhouse effect. In fact, most of the atmospheric 

pollution derives from the use of fossil fuels in small engines, such as in cars or homes; 

concentrating the production of energy in large plants increases the efficiency of these 

transformations, reducing the energy demand. In large energy production plants, it would 

also be possible to introduce CO2 capture systems to reduce greenhouse gas emissions 

(CCS technology). To achieve these goals, it will be necessary to change the behaviour 

of the large energy producing companies, of the entire economic system as well as the 

distribution infrastructures in the perspective of a hydrogen economy.  

Another important consideration concerns technology: fuel cells are considered the best 

device for the efficient use of hydrogen but their cost is still high. To overcome this 

problem, systems have been studied to use H2 in traditional systems (internal combustion 

engines, boilers); in this case, the purpose of reducing energy consumption would not be 

achieved but it would still be a first step towards reducing the environmental impact. 

Hydrogen, as we have seen, is a particularly interesting chemical element. With it, once 

the problems of storage and transport have been solved, as well as those related to the 

sustainability of its production, it could really become the form of energy that will 

accompany humanity in the future. A future, clearly, of sustainability. 
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Chapter 2 

2. State of art 

2.1. Hydrogen production processes 

At present, hydrogen is mainly used in the chemical industry but, in the near future, it 

will become a significant fuel. There are many processes for hydrogen production. In this 

chapter, the technologies related to hydrogen production from both fossil and renewable 

biomass resources will be treated. 

In Figure 2.1 the hydrogen production routes are shown. In particular, in the paragraphs 

2.2 and 2.3 reforming processes (from hydrocarbons) will be discussed, while in the 

paragraph 2.4 non-reforming processes (from biomass and water) will be covered. 

 

Figure 2.1 - Hydrogen production routes; Source: [38] 

 

2.2. Hydrogen production processes by hydrocarbons 
reforming 

Many technologies are accessible for hydrogen generation by fossil fuels but the mains 

are hydrocarbon reforming and most advanced methods. The three primary techniques 

used to produce hydrogen from hydrocarbon fuels are steam reforming, partial oxidation 

(POx) and autothermal reforming (ATR).  



21 
 

Various kinds of feedstock are available for H2 production on industrial bases but the 

ideal feedstock as input material is natural gas due to the availability of huge amount and 

its favourable price. There are also some light alcohols such as ethanol and methanol, 

which are easy handling and globally distributed. Nowadays, steam reforming of methane 

is the most common hydrogen production method in commercial use. Most hydrocarbon 

fuels contain at least some amount of sulphur, which poisons the fuel processing catalyst, 

and this represents the biggest challenge for the reforming. 

The reforming process produces a gas stream composed mainly of hydrogen, carbon 

monoxide and carbon dioxide. Endothermic steam reforming of hydrocarbons requires an 

external heat source.  

Steam reforming does not require oxygen, has a lower operating temperature than POx 

and ATR, and produces a stream with a high H2/CO ratio ( ̴ 3:1). However, it has the 

highest emissions of the three processes.  

Partial oxidation converts hydrocarbons into hydrogen by partially oxidizing 

(combusting) the hydrocarbon with oxygen. The heat is provided by the ‘‘controlled’’ 

combustion. It does not require a catalyst to operate and is more sulphur tolerant than the 

other processes. The process occurs at high temperatures with some soot formation and 

the H2/CO ratio varies from 1:1 to 2:1.  

Auto-thermal reforming uses the partial oxidation to provide the heat and steam reforming 

to increase the hydrogen production resulting in a thermally neutral process. It is 

conducted at a lower pressure than POx reforming. Since POx is exothermic and ATR 

incorporates POx, these processes do not need an external heat source for the reactor. 

However, either they require an expensive and complex oxygen separation unit to supply 

with pure oxygen the reactor or the produced gas is diluted with nitrogen [39].  

Since all three processes produce large amounts of carbon monoxide, one or more water-

gas-shift (WGS) reactors – typically a high temperature reactor and low temperature 

reactor – are used. The high temperature (>350 °C) reaction has fast kinetics but is limited 

by thermodynamics to the amount of carbon monoxide that can be shifted. Therefore, a 

lower temperature reaction (210÷330 °C) is used to convert the carbon monoxide to a 

lower level. High temperature WGS process commonly use an iron catalyst and lower 

temperature WGS often use a copper catalyst [40]. In the Table 2.1 are summarized the 

advantages and challenges of each of these processes.  
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Table 2.1 - Comparison of reforming technologies; Source: [39] 

2.2.1. Steam methane reforming (SMR) 

Steam reforming is a kind of technique to produce hydrogen through different feedstock 

like (higher hydrocarbon, acetone, ethanol, methanol, ethane and methane) with different 

catalysts. Methane is a more favourable feedstock to others because of better by-product 

formation [41]. This technique can produce hydrogen in multiple stages, as shown in 

Figure 2.2: 

 

Figure 2.2 - Flow process of multistage for production of hydrogen 

Steam methane reforming of natural gas is a well-established technology that is used to 

generate hydrogen with the presence of steam through the conversion of hydrocarbon. 

The steam methane reforming process involves catalytically reforming or (syn-gas) 

production, gas purification or methanation and water gas shift. It is usually operated at a 

higher temperature range 700÷900°C due to the highly endothermic nature of the process. 

Conventional SR catalysts are nickel on oxide supports, which are typically aluminium 

or magnesium, but these catalysts often have problems with carbon deposition [42, 43]. 

They normally involve steps after the steam reforming reaction to remove CO [44]. 

Typical steam reforming reactions over nickel catalysts are performed at high 

temperatures between 750 and 1450 °C and 5 and 25 atm due to the endothermic nature 

of the reaction [45, 46]. 

The chemical reactions involved in steam reforming of CH4 are represented as follows: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸: 𝐶𝐶𝐶𝐶4 + 𝐶𝐶2𝑂𝑂 ↔ 3𝐶𝐶2 + 𝐶𝐶𝑂𝑂     ∆𝐶𝐶 = 206,2
𝑘𝑘𝑘𝑘

𝑅𝑅𝑅𝑅𝑚𝑚
 𝐸𝐸𝐸𝐸 298 𝐾𝐾       (2.1)  
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𝑊𝑊𝐸𝐸𝐸𝐸𝑅𝑅𝑅𝑅 𝑔𝑔𝐸𝐸𝑔𝑔 𝑔𝑔ℎ𝐸𝐸𝑅𝑅𝐸𝐸 𝑅𝑅𝑅𝑅𝐸𝐸𝑟𝑟𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸: 𝐶𝐶𝑂𝑂 + 𝐶𝐶2𝑂𝑂 ↔ 𝐶𝐶2 + 𝐶𝐶𝑂𝑂2   ∆𝐶𝐶 = −41,1
𝑘𝑘𝑘𝑘

𝑅𝑅𝑅𝑅𝑚𝑚
 𝐸𝐸𝐸𝐸 298 𝐾𝐾      (2.2) 

𝑀𝑀𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸 𝑅𝑅𝑅𝑅𝐸𝐸𝑟𝑟𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸: 𝐶𝐶𝐶𝐶4 + 2𝐶𝐶2𝑂𝑂 ↔ 4𝐶𝐶2 + 𝐶𝐶𝑂𝑂2   ∆𝐶𝐶 = −164,9
𝑘𝑘𝑘𝑘

𝑅𝑅𝑅𝑅𝑚𝑚
 𝐸𝐸𝐸𝐸 298 𝐾𝐾       (2.3) 

The reaction of water gas shift and reverse methanation are involved in a reaction of steam 

reforming over a catalyst at a higher temperature of more than 700 °C [45]. 

However, the reverse methanation reaction is thermodynamically a resultant from CH4 

steam reforming and water–gas shift reactions but it is determined to be kinetically 

independent. 

The catalysts can be divided into two types: non-precious metal (typically nickel) and 

precious metals from Group VIII elements (typically platinum or rhodium based). Due to 

severe mass and heat transfer limitations, conventional steam reformers are limited to an 

effectiveness factor for the catalyst which is typically less than 5% [46]. Therefore, 

kinetics and thus the activity of the catalyst are rarely the limiting factors with 

conventional steam reformer reactors [47], so less expensive nickel catalysts are used 

almost universally in industry. 

Coke formation is much less over the noble Group VIII metals. Promoters, such as 

magnesia or potassium or other alkaline components, are added to the catalyst support to 

minimize the coke formation [48]. Steam reforming is commonly used in industry for 

hydrogen production from methane where high thermal efficiencies of up to 

approximately 85%, based on the higher heating values, have been achieved [49]. 

The reforming process produces a product gas mixture with significant amounts of carbon 

monoxide, often 5% or more. To increase the amount of hydrogen, the product gas is 

passed through a water gas shift reactor to decrease the carbon monoxide content while 

increasing the hydrogen content. Typically, a high temperature is desired in order to 

achieve fast kinetics, but results in high equilibrium carbon monoxide selectivity and 

decreased hydrogen production. Therefore, the high temperature WGS reactor is often 

followed by a low temperature reactor to decrease CO content to 1% or less. The most 

common catalyst for WGS is Cu based. 

2.2.2. Partial oxidation (POx) 

POx is another standard route to H2 production which uses oxygen and hydrocarbon or 

methane fuel. The syngas (H2 + CO) and a mixture of CO2, N2, H2O, and a small amount 
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of products such as methane are produced through partial oxidation. In a general way, 

oxidizing fuel is a requirement of energy balance in the presence of air. If sufficient air is 

not added, the fuel will oxidize incompletely, yielding mainly CO and H2. However, it 

provides the sufficient air yielding, mainly CO2 and H2O as well. However, if the air 

present becomes half, at that time the chemical equilibrium will predict the mixture of 

CO and H2, along with small traces of CO2 and H2O. The general equations are partial 

oxidation [50]: 

𝐶𝐶𝑛𝑛𝐶𝐶𝑚𝑚 +
𝐸𝐸
2

𝑂𝑂2 → 𝐸𝐸𝐶𝐶𝑂𝑂 +
𝑅𝑅
2

𝐶𝐶2     (2.4) 

𝐶𝐶𝐶𝐶4 +
1
2

𝑂𝑂2  ↔ 𝐶𝐶𝑂𝑂 + 2𝐶𝐶2     ∆𝐶𝐶 = −35
𝑘𝑘𝑘𝑘

𝑅𝑅𝑅𝑅𝑚𝑚
 𝐸𝐸𝐸𝐸 298 𝐾𝐾   (2.5) 

Two-step reactions consist of partial oxidation of methane. In the first step reaction, total 

methane combustion in the presence of O2 to get CO2 and H2O. This is followed by steam 

reforming of un-reacted methane and CO2 to receive syngas. The reaction accumulates 

with the reaction of water gas shift to obtain CO2 and H2O. The reactions of reforming 

are endothermic, instead total oxidation methane is an exothermic process (ΔH = - 803 

KJ /mol at 298K) [51]. The non-catalytic partial oxidation of hydrocarbons in the 

presence of oxygen typically occurs with flame temperatures of 1300÷1500 °C to ensure 

complete conversion and to reduce carbon or, in this case, soot formation [47]. Catalysts 

can be added to the partial oxidation system to lower the operating temperatures. For 

natural gas conversion, the catalysts are typically based on Ni or Rh; however, nickel has 

a strong tendency to coke and Rh cost has increased significantly [49]. 

2.2.3. Auto thermal reforming (ATR) 

This approach is combined with steam reforming and POx methods in an adiabatic 

reactor. This technique also provides the neutral reaction of pairing the endothermic as 

steam reforming and exothermic as partial oxidation. H2 yield is low than steam 

reforming, a better alternative option for fuel reforming due to neutral reaction in 

thermodynamically [52]. The general equation is the following: 

𝐶𝐶𝑛𝑛𝐶𝐶𝑚𝑚 +
𝐸𝐸
2

𝑂𝑂2 + 𝐸𝐸𝐶𝐶2𝑂𝑂 → �𝐸𝐸 +
𝑅𝑅
2

� 𝐶𝐶2 + 𝐸𝐸𝐶𝐶𝑂𝑂2   ∆𝐶𝐶0 𝑅𝑅𝑅𝑅𝐸𝐸𝑟𝑟𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸 𝐸𝐸𝑎𝑎𝑎𝑎𝑅𝑅𝑅𝑅𝑎𝑎 𝐸𝐸𝑅𝑅 𝑧𝑧𝑅𝑅𝑅𝑅𝑅𝑅     (2.6) 

Natural gas converted into a gas (H2 + CO) in the furnace of catalytic and then produced 

CO2 and H2 in catalytic shift reaction along with the water when CO reacts. CO2 can be 

captured through an absorption process by amines [53]. 
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2.2.4. Steam iron process 

This process is the old technique for H2 generation. This method is started in the 20th 

century and mainly for balloons and airships. This is also known as a conventional method 

in which produces the hydrogen from iron oxide and performed the temperature nearly 

540°C÷900°C [43]. It is a repeated process for H2O split by which oil and coal are 

utilized. This process is done to produce reducing gas by coal gasified and containing H2 

and CO. This type of gas reacts by iron oxides like magnetite (Fe3O4), hematite (Fe2O3), 

and wuestite (FeO) to generate an iron oxide with reduced form [43]. The regenerated 

iron utilized in the reactor of the steam iron, consist of oxidized through steam to generate 

high abundant gas of H2 and Fe3O4 and touch the temperature nearly (1088 K÷1143 K), 

represented by a chemical reaction: 

3𝐹𝐹𝑅𝑅𝑂𝑂 + 𝐶𝐶2𝑂𝑂 → 𝐹𝐹𝑅𝑅3𝑂𝑂4 + 𝐶𝐶2      (2.7) 

2.2.5. Pyrolysis 

Pyrolysis is another hydrogen-producing technology where the hydrocarbon is 

decomposed (without water or oxygen present) into hydrogen and carbon. Pyrolysis can 

be done with any organic material [54] and is used for the production of hydrocarbons 

[55] and carbon nanotubes and spheres [56, 57]. 

Since no water or air is present, no carbon oxides (e.g., CO or CO2) are formed, 

eliminating the need for secondary reactors (WGS, PrOx, etc.). Consequently, this 

process offers significant emissions reduction. However, if air or water is present, the 

materials have not been dried, and then significant CO2 and CO emissions will be 

produced. Among the advantages of this process are fuel flexibility, relative simplicity 

and compactness, clean carbon by-product and reduction in CO2 and CO emissions. The 

reactions can be written in the following form [58]: 

𝐶𝐶𝑛𝑛𝐶𝐶𝑚𝑚 → 𝐸𝐸𝐶𝐶 +
1
2

𝑅𝑅𝐶𝐶2    ∆𝐶𝐶 = ℎ𝑦𝑦𝑦𝑦𝑅𝑅𝑅𝑅𝑟𝑟𝐸𝐸𝑅𝑅𝑦𝑦𝑅𝑅𝐸𝐸 𝑦𝑦𝑅𝑅𝑎𝑎𝑅𝑅𝐸𝐸𝑦𝑦𝑅𝑅𝐸𝐸𝐸𝐸    (2.8) 

One of the challenges with this approach is the potential for fouling by the carbon formed, 

but proponents claim this can be minimized by appropriate design [59]. Since it has the 

potential for lower CO and CO2 emissions and it can be operated in such a way as to 

recover a significant amount of the solid carbon which is easily sequestered [54, 58], 

pyrolysis may play a significant role in the future. 
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2.3. Steam reforming of other fuels 

2.3.1. Methanol 

Methanol or methyl alcohol is the simplest member of alcohols family with the formula 

of CH3OH and the molecular structure given in Figure 2.3. It is a colourless, flammable 

liquid and miscible with water in all proportions. It is volatile and poisonous for human 

consumption, unlike ethanol. It is mainly used to produce chemicals and create fuels, 

antifreeze and solvents. Some of methanol properties and its safety data sheet based on 

National Fire Protection Association (U.S.A) are shown in Table 2.2.  

The modern way to produce methanol is the catalysed direct combination of syngas, 

gaseous mixture of hydrogen and carbon monoxide. The required syngas can be obtained 

from several sources such as natural gas, coal, oil, and biomass. Utilization of biomass-

derived syngas is highly increasing; thus, it is a renewable energy source. 

 

Figure 2.3 – Methanol molecular structure: black: Carbonium, grey: Hydrogen, red: Oxygen; Source: 
[60] 

 

 

Table 2.2 - Properties of methanol; Source: [61] 
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Methanol steam reforming (MSR) can be operated at atmospheric pressure. Due to 

absence of strong carbon-carbon bonds in methanol structure, less energy is required to 

break the molecule; consequently, the reforming temperature is low (200÷300 °C). This 

reforming temperature range is much lower compared to that of the other common 

hydrocarbons such as ethanol (400 °C) and methane (500 °C) [62]. Consequently, the risk 

of coke formation and catalyst fouling is lower. The generated carbon monoxide is low, 

whereas, the high hydrogen to carbon ratio of methanol leads to high H2 production. 

Additionally, less efforts and cost will be expected to change the current refueling systems 

from gasoline and diesel to methanol. Furthermore, the study of L. R. Borup’s group [63] 

compared the needed start-up energy of the various fuels utilized in the on-board H2 

production system. The start-up energy is the required energy to increase the system 

temperature from ambient temperature to the temperature that system can produce the 

fuel cell quality hydrogen. The results, presented in Figure 2.4, show the low start-up 

energy requirement of methanol: 

 

Figure 2.4 - Required start-up energy of various feedstocks; Source: [63] 

The overall reaction network of methanol steam reforming process can be described as 

follows: 

𝐶𝐶𝐶𝐶3𝑂𝑂𝐶𝐶 + 𝐶𝐶2𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 3𝐶𝐶2     ∆𝐶𝐶 = 49,7 
𝑘𝑘𝑘𝑘

𝑅𝑅𝑅𝑅𝑚𝑚
     (2.9) 

𝐶𝐶𝐶𝐶3𝑂𝑂𝐶𝐶 ↔ 𝐶𝐶𝑂𝑂 + 2𝐶𝐶2     ∆𝐶𝐶 = 90,2 
𝑘𝑘𝑘𝑘

𝑅𝑅𝑅𝑅𝑚𝑚
      (2.10) 

𝐶𝐶𝑂𝑂 + 𝐶𝐶2𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 𝐶𝐶2     ∆𝐶𝐶 = −41,2 
𝑘𝑘𝑘𝑘

𝑅𝑅𝑅𝑅𝑚𝑚
   (2.11) 

 

The general operating conditions of this process are reported in Table 2.3: 
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Table 2.3 - General operative conditions of the MSR reaction 

Methanol steam reforming reaction (2.9) comprises the combination of methanol 

decomposition (2.10) and water-gas shift (2.11) reactions. The main products of the 

process are hydrogen and carbon dioxide. However, trace amount of carbon monoxide is 

produced by the reverse water-gas shift reaction at high temperature, since the reaction is 

exothermic. The methanol decomposition reaction rate is much lower than that of the 

steam reforming reaction. It is stated that adding water to the feed decreases the 

temperature that methanol decomposition begins [64, 65]. Moreover, it is also expressed 

that the absence of steam in the feed leads to coke formation [66]. Another study showed 

that there is no CO formation at low contact times [67]. However, the reaction mechanism 

is still a controversial issue due to the reaction complexity and two other reaction 

mechanisms, rather than methanol decomposition followed by water-gas shift reaction, 

have been postulated too. They are described as follows: 

(𝐴𝐴) 𝑣𝑣𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝐸𝐸ℎ𝑦𝑦𝑚𝑚 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸𝑅𝑅: 

2𝐶𝐶𝐶𝐶3𝑂𝑂𝐶𝐶 → 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶3 + 2𝐶𝐶2    (2.12) 

𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶𝐶𝐶3 + 𝐶𝐶2𝑂𝑂 → 𝐶𝐶𝐶𝐶3𝑂𝑂𝐶𝐶 + 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶    (2.13) 

𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶 → 𝐶𝐶𝑂𝑂2 + 𝐶𝐶2    (2.14) 

(𝐵𝐵) 𝑣𝑣𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝑚𝑚𝑦𝑦𝑅𝑅ℎ𝑦𝑦𝑦𝑦𝑅𝑅: 

𝐶𝐶𝐶𝐶3𝑂𝑂𝐶𝐶 → 𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂 + 𝐶𝐶2    (2.15) 

𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂 + 𝐶𝐶2𝑂𝑂 → 𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶 + 𝐶𝐶2   (2.16) 

𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶 → 𝐶𝐶𝑂𝑂2 + 𝐶𝐶2      (2.17) 

Jiang et. al [68] suggested that the mechanisms (A) and (B) are the main reaction routes 

over copper-based catalysts. R. Thattarathody et al. [66] expressed that the side reactions 

of (2.12) and (2.15) and the corresponding mechanisms occur with high MeOH/steam 

ratio [48]. The mechanism study of MSR reaction over the group 8-10 catalysts was done 

by a few research groups as well. Those studies showed that the reaction mechanism is 

similar to the mechanism (B) [40]. To the extent of our knowledge, a detailed MSR 
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mechanism study has not been done yet. Consequently, the controversy still remains on 

the mechanism of this process. 

MSR is a heterogeneously catalysed reaction. Copper-based and group 8-10 catalysts are 

two common types of catalysts used in this process. However, in order to enhance the 

activity of copper-based catalysts and prevent the copper from sintering, the copper 

catalysts are promoted with various types of metal oxides. The copper-based catalysts are 

the most conventional type of catalysts used in MSR process because of their high 

activity, high selectivity and low cost. However, some disadvantages are attributed to 

them, such as pyrophoricity, change in oxidation state, deactivation due to sintering, and 

coke deposition. The copper-based catalysts are highly prone to sintering at a temperature 

higher than 300 °C. Nevertheless, it is proved that the process temperature in MSR should 

not exceed 260 °C [69]. 

2.3.2. Bio-ethanol 

Hydrogen production from bio-ethanol has been considered as a promising opportunity 

since bio-ethanol is the most available bio-fuel in the world. Ethanol, whose molecular 

structure is shown in Figure 2.5, has many advantages that are described below: 

- Ethanol possesses very high hydrogen content (103 g H2/ litre of ethanol) [70]; 

- Storage and transportation of ethanol is safe; 

- It can be produced from cellulosic biomass which is abundant in nature by 

fermentation; 

- Produced ethanol contains significant amount of water which can be directly used 

in steam reforming reaction; 

- It possess no sulphur derivatives that would be poisonous to the catalyst;  

- Using bio-ethanol for hydrogen production completes the carbon balance since 

carbon dioxide produced from the production of hydrogen is reabsorbed during 

the growth of biomass [71].  
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Figure 2.5 - Ethanol molecular structure: black: Carbonium, grey: Hydrogen, red: Oxygen; Source: [72] 

Bio-ethanol is the product of anaerobic respiration done by yeasts converting glucose into 

ethanol and carbon dioxide and generally called biomass fermentation [73]. It is 

represented by the following reaction: 

𝐶𝐶6𝐶𝐶12𝑂𝑂6  →  2𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶2𝑂𝑂𝐶𝐶 +  2𝐶𝐶𝑂𝑂2    (2.18) 

Bio-ethanol can be produced by fermentation of biomass sources, like energy plants, 

agro-industrial wastes, forestry residue materials and organic fraction of municipal solid 

waste. While using starch-rich materials such as sugar cane, switch grass, corns as 

feedstock is efficient, it is not preferred due to high cost of feedstock plantation. 

Production of ethanol using lignocellulosic biomass as the feedstock has many 

advantages such as lower production price and abundance of lignocellulosic biomass, 

which corresponds to 50% of the biomass in the world. However, due to its more complex 

molecular structure, process is more challenging compared to process using starch-rich 

materials as feedstock.  

Bio-ethanol is preferred to be used for hydrogen production instead of a fuel directly in 

internal combustion engines. The reason is the costly separation processes required for 

separating water from ethanol produced from biomass, which contains 13 𝑚𝑚𝑜𝑜𝑙𝑙 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝑚𝑚𝑜𝑜𝑙𝑙 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤ℎ𝑤𝑤𝑛𝑛𝑜𝑜𝑙𝑙

 

[71]. Hydrogen can be produced from ethanol generally by three different routes, which 

are steam reforming, partial oxidation and oxidative steam reforming. Between these 

three processes, steam reforming of ethanol requires less total energy demand compared 

to partial oxidation and auto-thermal reforming processes and has higher hydrogen yield. 

In this thesis, we will focus only on steam reforming to compare the steam reforming of 

ethanol with the steam reforming of the other fuels. A possible pathway of reactions of 

SRE is shown in Table 2.4: 
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REACTION NO. REACTION FORMULA REACTION TYPE 

R1 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 + 3𝐶𝐶2𝑂𝑂 ↔ 2𝐶𝐶𝑂𝑂2 + 6𝐶𝐶2 Sufficient steam supply reaction 

R2 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 + 𝐶𝐶2𝑂𝑂 ↔ 2𝐶𝐶𝑂𝑂 + 4𝐶𝐶2 Insufficient steam supply reaction 

R3 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 + 2𝐶𝐶2 ↔ 2𝐶𝐶𝐶𝐶4 + 𝐶𝐶2𝑂𝑂 Insufficient steam supply reaction 

R4 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 + 𝐶𝐶2𝑂𝑂 ↔ 𝐶𝐶𝐶𝐶3𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶 + 2𝐶𝐶2 Insufficient steam supply reaction 

R5 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 ↔ 𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶𝑂𝑂 + 𝐶𝐶2 Ethanol dehydrogenation 

R6 𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶𝑂𝑂 ↔ 𝐶𝐶𝐶𝐶4 + 𝐶𝐶𝑂𝑂 Acetaldehyde decomposition 

R7 𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶𝑂𝑂 + 𝐶𝐶2𝑂𝑂 ↔ 3𝐶𝐶2 + 2𝐶𝐶𝑂𝑂 Acetaldehyde decomposition 

R8 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 ↔ 𝐶𝐶2𝐶𝐶4 + 𝐶𝐶2𝑂𝑂 Ethanol dehydration 

R9 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 ↔ 1
2� 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶2𝐶𝐶5 + 1

2� 𝐶𝐶2𝑂𝑂 Ethanol dehydration 

R10 𝐶𝐶2𝐶𝐶4 ↔ 𝑎𝑎𝑅𝑅𝑚𝑚𝑦𝑦𝑅𝑅𝑅𝑅𝑅𝑅𝑔𝑔 ↔ 2𝐶𝐶 + 2𝐶𝐶2 Ethylene polymerization 

R11 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 ↔ 𝐶𝐶𝑂𝑂 + 𝐶𝐶𝐶𝐶4 + 𝐶𝐶2 Ethanol decomposition 

R12 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 ↔
1
2

𝐶𝐶𝑂𝑂2 +
3
2

𝐶𝐶𝐶𝐶4 
Ethanol decomposition 

R13 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 ↔
1
2

𝐶𝐶𝐶𝐶3𝐶𝐶𝑂𝑂𝐶𝐶𝐶𝐶3 +
1
2

𝐶𝐶𝑂𝑂 +
3
2

𝐶𝐶2 
Ethanol decomposition 

R14 𝐶𝐶𝑂𝑂 + 3𝐶𝐶2 ↔ 𝐶𝐶𝐶𝐶4 + 𝐶𝐶2𝑂𝑂 CO methanation 

R15 𝐶𝐶𝑂𝑂2 + 4𝐶𝐶2 ↔ 𝐶𝐶𝐶𝐶4 + 2𝐶𝐶2𝑂𝑂 CO2 methanation 

R16 𝐶𝐶𝐶𝐶4 ↔ 2𝐶𝐶2 + 𝐶𝐶 Methane cracking 

R17 𝐶𝐶𝑂𝑂 ↔
1
2

𝐶𝐶𝑂𝑂2 +
1
2

𝐶𝐶 
Boudouard reaction 

R18 𝐶𝐶𝑂𝑂 + 𝐶𝐶2𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 𝐶𝐶2 Water-gas-shift 

R19 𝐶𝐶𝑂𝑂 + 𝐶𝐶2 ↔ 𝐶𝐶 + 𝐶𝐶2𝑂𝑂 CO reduction 

R20 𝐶𝐶𝑂𝑂2 + 2𝐶𝐶2 ↔ 𝐶𝐶 + 2𝐶𝐶2𝑂𝑂 CO2 reduction 

Table 2.4 - Main reactions take place in the steam reforming of ethanol process; Source: [74] 
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Steam reforming of ethanol is an endothermic process as shown by (R2). When combined 

with water gas shift reaction (R18), 6 mol of hydrogen can be obtained from one mol of 

ethanol via the ideal pathway which is overall steam reforming of ethanol (R1). Hydrogen 

production rate can be changed significantly by adjusting steam supply and operating 

temperature. Major disadvantage of this process is coke formation.  

Operating conditions of steam reforming of ethanol does not only favour R1, there are 

also other reactions, which could reduce the hydrogen production, depending on the 

temperature, supplied steam amount and catalyst properties. Many authors have studied 

thermodynamics of this process and reaction pathways extensively and a detailed 

thermodynamic analysis is also carried out in this thesis and whose results are provided 

in the Chapter 5. 

Ideal reaction pathway for maximum hydrogen production is overall steam reforming 

reaction (R1), as mentioned before. For this reaction to be dominant, sufficient steam 

should be supplied and side reaction should be minimized. If steam supply is insufficient 

or reaction environment is not suitable for water gas shift reaction (R18), only the ethanol 

steam reforming reaction (R2) takes place instead of overall reaction, reducing the 

maximum allowable hydrogen yield from 6 to 4. Besides water gas shift reaction, 

insufficient steam could also lead to the occurrence of R3. The occurrence of R3, R14 

and R15 reduces the hydrogen productivity by using hydrogen as reactant and forming 

methane, which is the main by-product of this process. Methane could also be formed 

mainly from ethanol decomposition (R12). Acetaldehyde and ethylene are accepted to be 

important intermediates formed through ethanol dehydrogenation (R5) and ethanol 

dehydration (R8) reactions, respectively. Decomposition of acetaldehyde (R6) and 

ethylene (R10) leads to formation of main undesired by-products methane, carbon and 

carbon monoxide. In addition to ethylene decomposition (R10), carbon depositions also 

occur via Boudouard reaction (R17) and methane decomposition reaction (R16) [74]. 

Besides thermodynamic limitations that affect the hydrogen productivity, the most 

important factor in this process is the catalyst selection, which could alter the pathway of 

reaction network. The selected catalyst should maximize hydrogen selectivity via 

activating ethanol steam reforming reaction, while minimizing side product formation by 

inhibiting cracking reactions and coke formation. The catalyst properties, which are 

specified by the metals selected, their proportions and synthesis method used, has an 

important impact on the activity of the catalyst. While active metal generally is used for 
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the cleavage of C-C bonds in steam reforming of ethanol, the catalyst support has also 

effects on the cleavage and activation of the bonds. For ethanol steam reforming reaction, 

generally noble metal catalysts such as Rh, Ru, Pd and Pt and non-noble metal catalysts 

such as Ni and Co have been extensively investigated [73]. 

Hydrogen productivity and ethanol conversion in ethanol steam reforming reaction 

depend on many factors, such as the type of active metal used, the type of catalyst support, 

the catalyst synthesis route, the presence of additional metals and the operating 

conditions. Among the active metals investigated by many researchers, Ni has emerged 

as the most promising catalyst for high purity hydrogen production. However, Ni-based 

catalysts suffer from deactivation due to coke formation, limiting the usage of nickel-

based catalysts in long term applications. Deposited coke could rupture catalyst structure 

and reduce surface area leading to deactivation of the catalyst [73]. Coke formation can 

be minimized by optimization of operating conditions such as operating temperature, 

steam-to-ethanol ratio and formulation of the catalyst [75]. Low temperatures are 

preferred for ethanol steam reforming reaction to achieve energy conservation. 

Unfortunately, coking is generally observed near temperatures of 500℃ due to 

insufficient gasification by steam. Minimization of coke formation can be achieved by 

using feedstock having high steam-to-ethanol ratios. Increasing of partial pressure of 

steam in the reaction medium increases the chemisorbed water on the catalyst, leading to 

higher gasification of coke deposited on the surface [76, 77]. 

2.3.3. Glycerol 

Glycerol (1,2,3 - propantriol) is a colourless, odourless product with a sweet taste and 

appears as a viscous liquid. The glycerol molecule is completely soluble in water and 

methanol, slightly soluble in other polar solvents and insoluble in non-polar solvents such 

as diethyl ether and hydrocarbons. Table 2.5 lists the physico-chemical characteristics of 

glycerol. 

Pure and anhydrous glycerol has a density of 1,261 g / mL, a melting point of 17,9 ° C 

and a boiling point of 290 °C with simultaneous decomposition of the molecule. It is non-

toxic and edible, therefore it lends itself to being added in the formulations of 

pharmaceutical products for therapeutic use, personal hygiene products and in the food 

sector. In addition, glycerol maintains chemical stability during storage; it is not irritating 



34 
 

in its applications and is not dangerous for the environment as it is completely 

biodegradable [78, 79]. 

Glycerol contains three hydroxyl groups, which are responsible for its high solubility in 

water and its hygroscopic character. His molecular structure is shown in Figure 2.6: 

 

Figure 2.6 - Glycerol molecular structure: black: Carbonium, grey: Hydrogen, red: Oxygen; Source: 
[80] 

 

Table 2.5 – Physico-chemical properties of glycerol at 20 °C; Source: [81] 

The use of biofuels for hydrogen production emits low carbon dioxide, as the CO2 

produced is consumed for biomass growth, which provides significant environmental 

benefits. Bio-glycerol is produced as a by-product of biodiesel synthesis from 

transesterification of vegetable oils or animal fats, allowing it to be used as a low-cost 

raw material in a large supply of renewable materials. Glycerol offers advantages such as 

its natural availability such as low toxicity, safe storage and handling [82, 83]. Hydrogen 

can be produced from glycerol through several processes, such as steam reforming, partial 

oxidation and autothermal reforming but the first one is the most efficient and widely 
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used. Steam reforming is the most widely used method for hydrogen production because 

this process is economically viable, environmentally friendly, and allows easy scaling of 

the process in industrial applications. In this process, glycerol reacts with water vapour 

in the presence of a catalyst, produces mainly hydrogen, carbon dioxide and carbon 

monoxide. Even though the presence of water increases the hydrogen yield, a large 

amount of water is necessary to prevent coke deposition on the catalyst. In addition, 

glycerol steam reforming is an endothermic reaction; therefore, it requires high operating 

temperature that increases energy consumption and inherently operating cost. In addition, 

due to the high operating temperature, more heat resistant reactors are required and 

thereby higher capital cost is involved. In particular, at lower temperatures, in addition to 

the main products, CH4 is formed decreasing the selectivity of H2. In glycerol steam 

reforming reaction, 7 moles of hydrogen is produced by one mole of glycerol. So, it may 

be viewed as the combination of glycerol decomposition and water-gas shift reactions. 

However, these reactions may also be accompanied by methanation, methane dry 

reforming, methane steam reforming and a series of carbon formation reactions [84, 85], 

as reported in the Table 2.6: 

REACTION NO. REACTION FORMULA REACTION TYPE 

R1 𝐶𝐶3𝐶𝐶8𝑂𝑂3 + 3𝐶𝐶2𝑂𝑂 ↔ 3𝐶𝐶𝑂𝑂2 + 7𝐶𝐶2 Glycerol Steam Reforming 

R2 𝐶𝐶3𝐶𝐶8𝑂𝑂3 → 3𝐶𝐶𝑂𝑂 + 4𝐶𝐶2 Glycerol Decomposition 

R3 𝐶𝐶𝑂𝑂 + 𝐶𝐶2𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 𝐶𝐶2 Water Gas Shift 

R4 𝐶𝐶𝑂𝑂2 + 4𝐶𝐶2 ↔ 𝐶𝐶𝐶𝐶4 + 2𝐶𝐶2𝑂𝑂 CO2 Methanation 

R5 𝐶𝐶𝐶𝐶4 + 𝐶𝐶𝑂𝑂2 ↔ 2𝐶𝐶𝑂𝑂 + 2𝐶𝐶2 Methane Dry Reforming 

R6 𝐶𝐶𝐶𝐶4 + 𝐶𝐶2𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂 + 3𝐶𝐶2 Methane Steam Reforming 

R7 2𝐶𝐶𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 𝐶𝐶 Boudouard reaction 

R8 𝐶𝐶𝐶𝐶4 ↔ 𝐶𝐶 + 2𝐶𝐶2 Methane cracking 

R9 𝐶𝐶𝑂𝑂 + 𝐶𝐶2 ↔ 𝐶𝐶2𝑂𝑂 + 𝐶𝐶 Carbon monoxide reduction 

R10 𝐶𝐶𝑂𝑂2 + 2𝐶𝐶2 ↔ 𝐶𝐶 + 2𝐶𝐶2𝑂𝑂 Carbon dioxide reduction 

Table 2.6 - A possible pathway of reactions of Glycerol Steam Reforming; Source: [84], [85] 
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Considering the above-stated reactions, glycerol steam reforming reaction occurs at 

temperatures in the 300÷900 °C range; however, according to studies, the maximum H2 

yield is obtained between 525÷725 °C [86]. Although the operating pressure is generally 

atmospheric pressure, vacuum pressure is better not only to achieve higher H2 yield, but 

also to reduce energy consumption by lowering operating temperatures [82, 87, 88]. 

Similar to glycerol steam reforming reaction, glycerol decomposition reaction occurs 

over a wide temperature range (400÷900 °C), but its yield increases between 650÷750 °C 

at atmospheric pressure [89, 90]. In addition, water gas shift reaction favours the product 

side up to 450 °C; this reaction may also occurs at high temperatures, depending on the 

amount of water in the feed [91, 92]. Exothermic methanation reaction generally takes 

place between 200÷550 °C at atmospheric pressure [93]. Aside from these reactions, both 

methane dry reforming and methane steam reforming reactions operate at high 

temperature (700÷1000 °C) and at high pressure (3÷20 bar) [94]. Moreover, while carbon 

formation reactions may occur at the temperature higher than 400 °C, reverse carbon 

formation reactions (carbon gasification reactions) may occur, particularly at high 

water/glycerol ratios [95]. 

2.3.4. Biogas 

Biogas is a product obtained from the anaerobic digestion of organic material such as 

manure, sewage sludge and the organic fraction of domestic and industrial waste. All 

types of biomass can be used as substrates for biogas production, as long as they contain 

carbohydrates, proteins, fats, cellulose and hemicellulose as main components. Only 

woody organic substances are unsuitable due to the extreme slowness of their 

decomposition process. 

Biogas is a gaseous mixture composed of CH4 (40÷75%) and CO2 (15÷60%), with small 

fractions of other compounds such as N2 (0÷2%), CO (<0.5%), H2S (0.005÷2%), O2 

(0÷1%), NH3 (<1%); occasionally other trace compounds may be present, such as 

aromatic hydrocarbons, alkanes, alkenes, etc. The whole is saturated with water vapour. 

The biogas yield and its composition directly depend on the type of biomass from which 

it derives and on the quantity of organic fraction present [96] (see Figure 2.7). 
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Figure 2.7 - Biogas yield and methane content by type of biomass; Source: [97] 

The different raw materials have different degradation rates: for example, lipids give the 

highest yield in biogas, but their decomposition is slow; while carbohydrates and proteins 

are in the opposite situation. The efficiency of the anaerobic digestion process is 

determined by some operational parameters that affect the growth and activity of 

microorganisms: absence of oxygen, temperature, pH, nutrients, humidity, and the 

presence of inhibitors [97]. 

Most of the biogas produced in Europe is used in internal combustion engines or turbines 

to produce electricity, while the heat produced is recovered and redistributed through 

district heating networks [97]. Another solution is combustion in boilers for the 

production of hot water and steam. 

The disadvantages of using biogas as an energy source are essentially two [96]: 

- The presence of impurities that do not allow the use of biogas as it is. In particular 

the fuel cells suffer from the presence of sulphides that deactivate the catalyst, 

while in engines and turbines they can instead give rise to corrosion phenomena; 

- The large concentration of CO2 which, being inert, dilutes the fuel, lowering the 

efficiency of the process. 

The biogas must therefore be purified in order to obtain "clean biogas"; choosing to 

eliminate CO2, bio-methane (> 95% methane) would be obtained, which can be fed into 

the traditional distribution network of methane of fossil origin. CO2 can even represent 

50% of the biogas, eliminating it would mean losing a substantial portion of the power 

supply, increasing the cost of the plant due to the separation process. It is therefore 
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possible to try to valorise clean biogas by converting it into syngas through reforming 

processes from which to produce hydrogen, methanol or hydrocarbons from Fischer-

Tropsch processes [96]. 

All fossil methane reforming processes can be used to produce hydrogen from bio-

methane. The reaction produces syngas with a different H2 / CO ratio, which can later be 

corrected by the WGS reaction to remove the CO and maximize the hydrogen yield. 

Compared to the use of fossil methane, the reforming of biogas to produce hydrogen 

theoretically allows a zero balance on CO2 emissions. With this type of approach, 

however, it is not possible to efficiently exploit the biogas [96]. 

The most suitable process for the full utilisation of this gaseous mixture is the reforming 

of CH4 with CO2 or Dry Reforming (DR). The DR reaction has the advantage of fully 

exploiting the biogas stream by converting CO2, which in other processes is only an inert 

to be separated (with associated costs). However, this reaction also has significant 

disadvantages such as the strong tendency to form coke, the high operating temperatures 

required, but above all the very low H2 / CO ratio, which makes the syngas produced not 

directly suitable for use in subsequent upgrading processes (methanol production, F-T, 

etc). 

𝐷𝐷𝑅𝑅𝑦𝑦 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸𝑔𝑔: 𝐶𝐶𝐶𝐶4 + 𝐶𝐶𝑂𝑂2 ↔ 2𝐶𝐶𝑂𝑂 + 2𝐶𝐶2   (2.19)  

The reaction is strongly endothermic, it is favoured at low pressures, producing a syngas 

with theoretical ratio H2 / CO = 1. 

A series of parallel reactions take place in the process, in particular the Water Gas Shift 

Inverse (RWGS) reaction, which further lowers this ratio and makes it less than 1 [98, 

99]: 

𝑊𝑊𝑊𝑊𝑊𝑊 𝐸𝐸𝐸𝐸𝑣𝑣𝑅𝑅𝑅𝑅𝑔𝑔𝑅𝑅: 𝐶𝐶𝑂𝑂2 + 𝐶𝐶2 ↔ 𝐶𝐶𝑂𝑂 + 𝐶𝐶2𝑂𝑂    (2.20) 

Other secondary reactions are the decomposition of methane and the disproportionation 

of CO or Boudouard reaction: these reactions cause the production of coke, which 

deactivates the catalyst and, if produced in high quantities, can lead to the breakage of the 

pellets with consequent blockage of the reactor [99]: 

𝐷𝐷𝑅𝑅𝑟𝑟𝑅𝑅𝑅𝑅𝑎𝑎𝑅𝑅𝑔𝑔𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸 𝑅𝑅𝑅𝑅 𝑅𝑅𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅: 𝐶𝐶𝐶𝐶4 → 𝐶𝐶 + 2𝐶𝐶2     (2.21) 

𝐵𝐵𝑅𝑅𝐸𝐸𝑦𝑦𝑅𝑅𝐸𝐸𝐸𝐸𝑅𝑅𝑦𝑦 𝑅𝑅𝑅𝑅𝐸𝐸𝑟𝑟𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸:  2𝐶𝐶𝑂𝑂 → 𝐶𝐶 + 𝐶𝐶𝑂𝑂2    (2.22) 
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Thermodynamic studies on the DR reaction have revealed that at 1 atm this is spontaneous 

above 640 °C, the RWGS reaction is spontaneous above 820 °C, while the decomposition 

of methane and Boudouard reaction occur respectively above 577 °C and up to 700 °C. 

Therefore, the greatest production of coke occurs within this temperature range [98, 100]. 

At high temperatures the supported metal catalysts are subject to deactivation phenomena 

by sintering. For this reason, it is necessary to develop catalysts that are extremely 

thermally stable and resistant to coke deposition. The overall activity of the catalyst in 

the DR depends on the type of metal used, the nature and surface of the support, the size 

of the metal particles and the interaction between metal and support. Noble metals such 

as Pt, Pd, Ir, Ru and Rh are very active catalysts in DR, resistant to coke formation, even 

if they are very expensive [101]. Among the “non-noble” metals, the most active are Ni, 

Fe and Co [102]. Even if the type of support plays a fundamental role in the activity of 

the catalyst, it is still possible to draw up a general reactivity scale on the active phases. 

Among the noble metals, the sequence applies both to the catalytic activity, to the DR 

reaction, and to the resistance to the formation of coke and is as follows: 

𝑅𝑅ℎ, 𝑅𝑅𝐸𝐸 > 𝐼𝐼𝑅𝑅 > 𝑃𝑃𝐸𝐸, 𝑃𝑃𝑦𝑦 

Among the transition metals the best is clearly Ni [102]: 

𝑁𝑁𝐸𝐸 > 𝐶𝐶𝑅𝑅 > 𝐹𝐹𝑅𝑅 

Obviously, the amount of metal present on the catalyst also determines its activity, but 

while a small weight fraction (1÷5% w/w) is sufficient for noble metals, higher 

percentages are needed for Ni to have good conversions. The greater cost-effectiveness 

makes Ni the most used element in this type of reactions at an industrial level, although 

it does not have the same performance in terms of thermal stability and resistance to coke 

as noble metals. To overcome these defects, bi- or tri-metal catalysts have been studied 

in which noble metals (or even other elements) are present in small quantities together 

with nickel [103]. 

An evolution of the DR process makes it possible to correct the H2 / CO ratio by adding 

steam to the biogas, so as to combine Dry Reforming and Steam Reforming (S / DR or 

bi-reforming). 

Bi-reforming is the combination of reactions of Dry Reforming and Steam Reforming: 

3𝐶𝐶𝐶𝐶4 + 𝐶𝐶𝑂𝑂2 + 2𝐶𝐶2𝑂𝑂 ↔ 4𝐶𝐶𝑂𝑂 + 8𝐶𝐶2    (2.23) 
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The main advantage of this process is the possibility to vary the H2 / CO output ratio 

based on the steam / methane ratio used [104]. By increasing the amount of steam, the 

behaviour of the system approaches that of pure SR, the conversion of CO2 is lowered 

and the H2 / CO ratio approaches 3; if, on the other hand, the quantity of steam decreases, 

the process approaches a DR, the CO2 conversion increases and the H2 / CO ratio 

approaches 1. 

A further advantage due to the addition of steam to the feed is that the production of coke 

can be suppressed thanks to the gasification reaction: 

𝐶𝐶 + 𝐶𝐶2𝑂𝑂 → 𝐶𝐶𝑂𝑂 + 𝐶𝐶2   (2.24) 

The operating conditions of the process are similar to those already seen for the SR and 

the DR [105]. Bi-reforming is also endothermic and must be carried out at high 

temperatures (800÷1000 °C), at pressures between 5 and 30 atm [104]. 

2.3.5. Propane 

Propane is a saturated aliphatic hydrocarbon with three carbon atoms of the brute formula 

C3H8. Its molecular structure is shown in Figure 2.8. 

 

Figure 2.8 - Propane molecular structure: black: Carbonium, grey: Hydrogen; Source: [106] 

It is a colourless, odourless and easily liquefiable gas through compression. It has a 

molecular mass of 44.09 g / mol, a melting point of -187.6 °C, a boiling point of -42.1 °C 

and, under standard conditions, it has a density of 0.49 g / cm3 [106]. It is an easily 

flammable substance and, although non-toxic, it is classified among the asphyxiating 

gases that is among those gases which, if present in high concentration in the air, prevent 

the cellular respiration process [107]. Slightly soluble in water, acetone and partially in 

ethanol due to its non-polar nature, it is instead well miscible with diethyl ether, 

chloroform and benzene. Propane occurs in nature as a component of natural gas and 

crude oil, from which it is extracted by fractional distillation, and is also the main 
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constituent of liquefied petroleum gas (LPG), a hydrocarbon mixture commonly obtained 

from petroleum widely used as a fuel. 

Steam reforming of propane was studied to investigate a feedstock other than natural gas 

for production of pure hydrogen. Irreversible propane steam reforming is limited by the 

reversibility of the steam reforming of the methane that is formed. A possible pathway of 

reactions of Propane Steam Reforming is shown in Table 2.7: 

REACTION NO. REACTION FORMULA REACTION TYPE 

R1 𝐶𝐶3𝐶𝐶8 + 3𝐶𝐶2𝑂𝑂 → 3𝐶𝐶𝑂𝑂 + 7𝐶𝐶2 Propane Steam Reforming 

R2 𝐶𝐶3𝐶𝐶8 + 3𝐶𝐶𝑂𝑂2 ↔ 6𝐶𝐶𝑂𝑂 + 4𝐶𝐶2 Propane CO2 Reforming 

R3 𝐶𝐶3𝐶𝐶8 +
3
2

𝑂𝑂2 → 3𝐶𝐶𝑂𝑂 + 4𝐶𝐶2 
Propane partial oxidation 

R4 𝐶𝐶3𝐶𝐶8 → 3𝐶𝐶 + 4𝐶𝐶2 Propane decomposition 

R5 𝐶𝐶𝑂𝑂 + 3𝐶𝐶2 ↔ 𝐶𝐶𝐶𝐶4 + 𝐶𝐶2𝑂𝑂 CO Methanation 

R6 𝐶𝐶𝑂𝑂 + 𝐶𝐶2𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 𝐶𝐶2 Water Gas Shift 

R7 𝐶𝐶𝐶𝐶4 + 2𝐶𝐶2𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 4𝐶𝐶2 Methane Overall Steam 

Reforming 

R8 𝐶𝐶3𝐶𝐶8 + 6𝐶𝐶2𝑂𝑂 ↔ 3𝐶𝐶𝑂𝑂2 + 10𝐶𝐶2 Propane Overall Steam 

Reforming 

R9 𝐶𝐶𝐶𝐶4 ↔ 𝐶𝐶 + 2𝐶𝐶2 Methane cracking 

R10 2𝐶𝐶𝑂𝑂 ↔ 𝐶𝐶𝑂𝑂2 + 𝐶𝐶 Boudouard reaction 

R11 𝐶𝐶𝑂𝑂 + 𝐶𝐶2 ↔ 𝐶𝐶2𝑂𝑂 + 𝐶𝐶 Carbon monoxide reduction 

R12 𝐶𝐶𝑂𝑂2 + 2𝐶𝐶2 ↔ 𝐶𝐶 + 2𝐶𝐶2𝑂𝑂 Carbon dioxide reduction 

Table 2.7 - A possible pathway of reactions of Propane Steam Reforming; Source: [108] 

There are various methods to generate hydrogen from propane (see R1-R4). Among these, 

propane CO2 reforming [109] is relatively slow and un-economical compared to steam 

reforming [110]. The decomposition pathway is attractive since the hydrogen produced 

is free of CO and no additional greenhouse gases, like CO2 or CH4, are produced. 
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Partial oxidation [111] is preferred when a carbon-monoxide-rich syngas is desired or if 

inexpensive oxygen is available. Steam reforming is the most economical pathway in 

terms of hydrogen yield, since hydrogen is produced from steam as well as propane. 

Several other reactions take place following the main steam reforming process (R5-R7). 

Summing R1 and 3 times R6 propane overall steam reforming (R8) is obtained. 

Since industrial operations always use excess steam to minimize catalyst deactivation, the 

maximum yield of hydrogen per mole of propane fed can be 10. The carbon formation 

processes (R9-R12) can also take place as unwanted side reactions. 

Steam reforming of hydrocarbons can be catalysed by several transition metals. The 

specific activities of metals supported on alumina or magnesia have been found to be in 

rank order Rh, Ru > Ni, Pd, Pt > Re > Co [112]. Catalyst selection is mainly an economic 

consideration followed by considerations regarding catalyst activity and stability. In 

terms of activity and stability, both ruthenium and rhodium are more effective catalysts 

than nickel [113, 114], on which carbon formation appears to occur via a different 

mechanism [115]. In addition to its lower activity, more coking arises with nickel because 

of formation, diffusion and dissolution of carbon in the metal, whereas dissolution of 

carbon in ruthenium and rhodium is considerably less. Despite their advantages, the cost 

and availability of Rh and Ru are such that these catalysts are not used widely in industrial 

applications. The most widely used catalysts for large scale industrial reformers are 

Al2O3-supported nickel. 

Especially for higher hydrocarbon feedstocks, these catalysts are frequently modified by 

promoters such as earth alkaline metals like Mg and Ca to improve their stability and 

selectivity, by reducing the acidity of the support, there by suppressing cracking and 

polymerization reactions. Commercial steam reforming catalysts are usually designed for 

operation at 850÷900 °C and above [112].  

2.4. Hydrogen production from renewable sources 

2.4.1. Hydrogen production from biomass 

In the near term, biomass is the most likely renewable organic substitute to petroleum. It 

is a renewable source of primary energy derived from plant and animal material, such as 

animal wastes, municipal solid wastes, crop residues, short rotation woody crops, 
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agricultural wastes, sawdust, aquatic plants, short rotation herbaceous species (i.e., switch 

grass), corn, and so on.  

Biomass, that comes from plants, is organic matter in which the energy of sun light is 

stored in chemical bonds via photosynthesis. Although CO2 is released when biomass is 

utilized for energy production, this amount of gaseous emission is equal to the amount 

that absorbed by organisms when they were still living.  

Thermochemical and biological methods are the two modes for hydrogen production 

from biomass. 

Thermochemical processes involve two processes: pyrolysis and gasification. 

Biomass pyrolysis is the thermochemical process of generating liquid oils, solid char coal 

and gaseous compounds by heating the biomass. It takes place in the total absence of 

oxygen except in cases where partial combustion is allowed to provide the thermal energy 

needed for the process [116]. 

Biomass gasification is the thermochemical conversion of biomass into a gaseous fuel 

(syngas) in a gasification medium such as air, oxygen and/or steam [117]. 

Biological processes utilized for hydrogen production are: direct and indirect bio-

photolysis, photo and dark fermentations and sequential dark and photo-fermentation. 

The feeds for bio-hydrogen are water (for photolysis) and biomass (for fermentative 

processes). 

Bio-photolysis is a biological process where hydrogen is produced by some bacteria or 

algae directly through their hydrogenase or nitrogenase enzyme system. It uses the same 

principles found in plants and algal photosynthesis but adapts them for the generation of 

hydrogen gas. Green algae and blue-green algae are able to split water molecules into 

hydrogen ion and oxygen via direct and indirect bio-photolysis, respectively. 

Fermentations are biochemical processes where the carbohydrate containing materials are 

converted to organic acids and then to hydrogen as by using bio-processing technologies. 

It takes place with or without oxygen. They perform microbial transformations of organic 

feed materials producing alcohols, acetone and H2 in minimal amounts as well as CO2. 

These include: photo-fermentation, dark fermentation and the combination of both. 

Photo-fermentation, instead, is realized in deficient nitrogen conditions using solar energy 

and organic acids (acetic, lactic and butyric). Increasing light intensity has a stimulatory 
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effect on H2 yield and production rate, but an adverse effect on the light conversion 

efficiency [118]. 

Dark fermentation uses primarily anaerobic bacteria on carbohydrate rich substrates 

under anoxic (no oxygen present) dark conditions [119].  

The combination of dark and photo-fermentation is called sequential dark/photo-

fermentation. Using hybrid systems, higher hydrogen production yields and reduced light 

energy demand can be obtained [120]. 

2.4.2. Hydrogen production from water  

Water is one of the most abundant and inexhaustible raw materials in Earth and can be 

used for H2 production through water-splitting processes such as electrolysis, thermolysis 

and photo-electrolysis. If the required energy input is provided from renewable energy 

sources, the hydrogen produced will be the cleanest energy carrier that could be used by 

mankind.  

Electrolysis is an established and well-known method, constituting the most effective 

technique for water splitting. The reaction is very endothermic and the required energy 

input is provided by electricity. A typical electrolysis unit or electrolyser consists of a 

cathode and an anode immersed in an electrolyte and generally, when electrical current 

is applied, water splits and hydrogen is produced at the cathode while oxygen is evolved 

on the anode side [68]. 

Thermolysis or thermochemical water splitting is the process at which water is heated to 

a high temperature until decomposed to hydrogen and oxygen. The decomposition of 

water is not effected until the temperature is very high (generally over 2500 °C) in order 

to separate hydrogen from the equilibrium mixture in a feasible way. Since these 

expenditures of primary energy could not be achieved by sustainable heat sources, several 

thermochemical water-splitting cycles have been proposed to reduce the temperature and 

improve the overall efficiency [121]. The energy efficiencies and rates of hydrogen 

produced increase with rise in solar light intensity [122]. 

Photolysis, in general, is effected when the energy of visible light is absorbed with the 

help of some photo-catalysts and is then utilized to decompose water into H2 and O2. In 

photo-electrolysis, the sunlight is absorbed through some semiconducting materials and 

the process of water splitting is similar to electrolysis [120]. 
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In the Table 2.8 are summarized the various advantages and disadvantages of each 

process described: 

 

Table 2.8 - Comparison of the different hydrogen production processes; Source: [120] 

 

2.5. Hydrogen storage technologies 

Hydrogen storage is a key element in hydrogen energy systems, especially when it comes 

to large scale utilization of hydrogen. To address the current and potential future demands 

of hydrogen energy market, having a robust and reliable storage solution for each 

application is vital. The applications of hydrogen storage can be divided in two groups: 

stationary and mobile applications. Stationary storage methods are mainly for on-site 

storage at either point of production or use, and for stationary power generation. Mobile 

applications are either for the purpose of transporting the stored hydrogen to point of 

storage or use, or use of hydrogen in a vehicle [123]. Hydrogen has a low energy density 

by volume equal to 9,9 MJ/m3 (LHV: Lower Heating Value). It could result in extremely 

large storage vessels [124]. To avoid that, at least one of the three following features are 

required to store sufficient quantity of hydrogen: high storage pressure, low storage 

temperature or using a material that attracts large amount of hydrogen molecules. The 

hydrogen storage technologies can be divided into two main groups: physical-based and 

material-based, as demonstrated in Figure 2.9. The first group includes storing hydrogen 

as compressed gas, cold/cryo-compressed, and liquid hydrogen storage. Material-based 

storage has two main sub-groups of chemical sorption/chemisorption and physical 

sorption/physisorption [125]. 
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Figure 2.9 - Different approaches for hydrogen storage; Source: [124] 

In the Table 2.9 the characteristics of the hydrogen storage methods are summarized: 

Hydrogen storage 

technologies 
Main group Features 

Compressed gas Physical-based - high pressure 

Cryo-compressed Physical-based 

- gaseous hydrogen compressed at -233°C 

- high storage density 

- quick and efficient refueling 

- high safety level 

Liquid H2 Physical-based - very low temperatures (-250°C) 

Chemical sorption Material-based 

- more energy is needed to release the 

chemically bonded hydrogen 

- stored at high density even at ambient 

conditions 

Physical sorption Material-based 

- high capacity 

- reliable storage units 

- low hydrogen binding energy 

- low cost of the materials 

- requirement of low temperature and high 

pressure 

- low gravimetric and volumetric hydrogen 

density 

Table 2.9 - Characteristics of the various hydrogen storage methods 
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Regarding the storage of compressed hydrogen, there are four types of pressure vessels 

that can be used for storing hydrogen, namely: fully metallic pressure vessels (Type I), 

steel pressure vessel with a glass fiber composite overwrap (Type II), full composite wrap 

with metal liner (Type III) and fully composite (Type IV) [126]. 

Instead, liquifying hydrogen is done at very low temperatures (- 250°C). Maintaining 

hydrogen at such a low temperature is probably the main challenge of cryogenic hydrogen 

storage [126]. 

Cryo-compressed hydrogen is a super critical cryogenic gas. Liquefaction does not 

happen, and gaseous hydrogen will be compressed at about -233°C. It has proven 

promising with respect to storage and safety level. Cryo-compressed storage provides 

high storage density (80 g/L, which is about 10 g/L more than cryogenic storage), quick 

and efficient refueling, and high safety level due to the existence of a vacuum enclosure 

[127]. 

In physical sorption, porous material-based storage systems are potentially a mean to 

achieve high capacity and reliable storage units. Among all porous materials, Metal 

Organic Frameworks (MOFs) and porous carbon materials are known to be most 

promising [128, 129]. The use of this method will provide high surface area, low 

hydrogen binding energy, faster kinetics in charge and discharge processes and low cost 

of the materials. Plus, potentially physical absorption can mitigate thermal management 

issues during charge and discharge of the storage unit. On the other hand, the issues 

involved with this method are weight of the carrier materials, requirement of low 

temperature and high pressure, and still low gravimetric and volumetric hydrogen density 

[130]. 

In chemical sorption, hydrogen molecules are split into atoms and integrated with the 

chemical structure of the material. Among all, metal hydrides are probably the most 

famous group of materials that can be used for chemical sorption. Detailed information 

and a comprehensive list of related references about metal hydrides can be found in 

Reference [131]. Hydrogen is chemically bonded in the metal hydrides. These bonds are 

much stronger than the physical bonds involved in the adsorption of hydrogen. 

Consequently, more energy is needed to release the chemically bonded hydrogen. 

On the other hand, the stronger bonding allows hydrogen to best stored at high density 

even at ambient conditions. Hydrogen release from metal hydrides can be achieved in two 
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main ways: via heating (thermolysis) or reaction with water (hydrolysis). These 

approaches are radically different. Thermolysis is endothermic, reversible in some cases 

and occurs in the solid phase requiring elevated temperatures; while hydrolysis is 

exothermic, irreversible, generally occurs in solution and may be spontaneous at room 

temperature.  

A vast array of metal hydrides have been developed and investigated for thermolysis-

based storage, relatively few have been applied for hydrolysis with any significant 

success. 

The most well-investigated metal hydride for the release of hydrogen via hydrolysis is 

sodium borohydride (NaBH4) [132]. In hydrolysis, NaBH4 is typically dissolved in an 

alkaline solution, often sodium hydroxide (NaOH), which is then sent to a catalytic bed 

reactor to induce hydrogen release. Catalysts for the hydrolysis of NaBH4 are most 

commonly based on cobalt (Co), mainly due to their relatively low cost; catalysts based 

on Ru are generally more active, but also expensive. The advantages of hydrolysis-based 

dehydrogenation are compelling: fast kinetics at room temperature, high exothermicity 

(240 kJ/mol), straight-forward control of hydrogen release, and cold start possibilities. 

Unfortunately, the widespread use of NaBH4 hydrolysis is being held back by several 

problems. Most critically, the products of the hydrolysis reaction, hydrated borates, are 

very stable, rendering regeneration to NaBH4 challenging [133]. 

2.6. Sodium metaborate tetrahydrate (NaBO2 · 4 H2O) 

2.6.1. Role of NaBO2.yH2O in H2 release from NaBH4 

Sodium metaborate constitute the by-product of the following hydrolysis reaction of 

NaBH4: 

𝑁𝑁𝐸𝐸𝐵𝐵𝐶𝐶4 + (2 + 𝛼𝛼)𝐶𝐶2𝑂𝑂 → 𝑁𝑁𝐸𝐸𝐵𝐵𝑂𝑂2 ∙ 𝛼𝛼𝐶𝐶2𝑂𝑂 + 4𝐶𝐶2 + ℎ𝑅𝑅𝐸𝐸𝐸𝐸 

where α is the excess hydration factor and represent the unutilized H2O in the H2 release 

reaction. Therefore, the solid by-product can exist in varying degrees of hydration. 

In an ideal way, the quantity of water just required to evolve H2(g) is only considered, i.e. 

α = 0. This implies that the hydrogen storage capacity of NaBH4 ∙ H2O system would be 

10,8 wt% hydrogen. The hydrogen storage capacity is calculated according to [134]: 

𝑅𝑅(𝐶𝐶2)
𝑅𝑅(𝑅𝑅𝑅𝑅𝐸𝐸𝑟𝑟𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑔𝑔)

 × 100 
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In practical systems, the low solubility of metaborate by-products reduces the storage 

capacities. For example, in the case of NaBO2 by-product, where only 28 g could be 

dissolved in 100 g H2O at 25°C, the above reaction would give only 2.9 wt% hydrogen 

to keep the system in solution. Consequently, as water enters in the reagents, the amount 

of hydrogen provided by the reaction decreases when α increase. Therefore, minimizing 

α is the key to improve the hydrogen storage capacity of NaBH4-H2O system [135]. 

2.6.2. Borates and sodium metaborate compounds 

Boron is usually coordinated to oxygen in three- or four-fold coordination forming 

trigonal planar (BO3)3- and tetrahedral (BO4)5- primary units, respectively. These 

fundamental units often polymerize by oxygen-sharing atoms yielding complex varieties 

of borate anions [136]. Hydration of borates is referred to the presence of crystalline H2O 

molecules and/or structural water in the form of hydroxyls –OH groups. The 

representation ABO2 ∙ yH2O (with A being the alkali metal) is commonly used to 

represent the hydration degree y of the borate including H2O and –OH groups.  

The thermal dehydration of synthetic and mineral borates produces anhydrous borates. It 

is a complex process, which involves multiple steps including generally the release of 

crystal water, the removal of –OH groups (dehydroxylation), amorphization and re-

crystallization of the anhydrous remains of the precursor solid structure [137].  

Sodium metaborates NaBO2.yH2O are derivatives of BO2ˉ. Five principal different 

degrees of hydration have been reported until now, with y = 4, 2, 2/3, 1/3 and 0. 

Crystallographic data and molecular structure of the corresponding borate anions are 

outlined in Table 2.10.  

Tetrahydrate and dihydrate sodium metaborate, NaBO2 ∙ 4H2O and NaBO2 ∙2H2O 

respectively, contain the tetrahedral tetrahydroxoborate anion B(OH)4ˉ. The unit cells of 

the tetrahydrate and the dihydrate are shown in Figure 2.10. The tetrahydrate contains in 

addition to B(OH)4ˉ anions two crystallographically distinct molecules of water. 
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Figure 2.10 - Crystal structures of sodium metaborate tetrahydrate and dihydrate (projection along c-
axis). I and II denote the two distinct crystallographic molecules of water of the tetrahydrate (Na: orange, 

B: blue, O: green, H of B(OH)4ˉ: grey and H2O molecules; Source: [138] 

The borate anion in the two-third NaBO2 ∙ 2/3H2O, the one-third NaBO2 ∙ 1/3H2O and the 

anhydrous NaBO2 phases consists of 6-membered ring formed by oxygen corner sharing 

between three boron entities, called triborate anion. The anhydrous sodium metaborate 

has the structure formula Na3B3O6 and contains (B3O6)3- anion built of three (BO3)3- 

moieties which consist of a boron atom B three-fold coordinated to three oxygen O atoms 

[137]. 

 

Table 2.10 - Crystallographic data of NaBO2 ∙ yH2O compounds and molecular structure of the borate 
anion (B: blue, O: green, H: grey); Source: [138] 
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2.6.3. Chemical and physical properties of NaBO2· 4 H2O 

The molar mass of NaBO2 is 137.86 g/mol. This compound is odourless and it appears as 

a white crystalline solid with a trigonal crystalline structure. It has a melting point of 966 

°C and a boiling point of 1434 °C. The solubility of NaBO2 in water is strictly dependent 

on the temperature and grows linearly as the temperature increases. It is insoluble in ether 

and ethanol [139]. The infrared spectrum (FT-IR) of NaBO2 ∙ 4H2O, obtained from the 

literature [140], is shown in Figure 2.11.  

 

Figure 2.11 - The FT-IR spectrum of NaBO2 ∙ 4H2O; Source: [140] 
The IR spectrum was recorded in the spectral range of 4000 to 650 cm−1 at ambient 

temperature and the resolution used was 8 cm−1. The assignment of the bands to the 

various functional groups is reported in the Table 2.11: 

Band (cm-1) Assignment 

3186 Stretching mode of O-H 

1661 Bending mode of H-O-H 

1450 Asymmetric stretching of B-O 

1255 In-plane bending band of (OH)−1 

1120 Asymmetric stretching of B-O 

899 Symmetric stretching of B-O 

760 Out-of-plane bending of (OH)− and 
symmetric stretching band of B-O 

Table 2.11 - Assignment of the absorption bands of the NaBO2 ∙ 4H2O; Source: [141] 
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The thermal dehydration of NaBO2 ∙ yH2O is carried out using thermogravimetric 

analyses. Kanturk et al. [140] reported five mass loss steps for NaBO2 ∙ 4H2O. The two 

first were assigned to the release of crystal molecular water yielding NaB(OH)4 below 

100°C and the last three steps to the removal of –OH groups yielding the anhydrous phase 

near 300°C (see Figure 2.12). 

 

Figure 2.12 - TG/DTG curve of NaBO2 ∙ 4H2O obtained at a heating rate of 5 °C/min under non-
isothermal conditions in N2 atmosphere; Source [140] 

For a heating rate of 5 °C/min, the first two steps showed total weight loss of 24,37% that 

was observed in the temperature ranges 30,97÷103,85 °C and 103,85÷127,76 °C. It was 

attributed to the release of 1,86 moles of crystalline water and can be compared with the 

theoretical value of 2 for 5 °C/min. In the third step (127,76÷148,76 °C), in fourth step 

(148,76÷242,10 °C) and in fifth step (250,85÷296,93 °C), weight losses of 0,79 mole, 

0,88 mole and 0,30 mole were observed, respectively. This corresponds to the loss of 1,97 

moles of structural water and can be compared with theoretical value of 2. Consequently, 

total weight loss was calculated as approximately 4 moles of water at 25÷310 °C 

temperature range. 

2.6.4. NaBO2· 4 H2O uses and application 

The borates of sodium and their derivatives are the main materials for chemical and 

metallurgy industries and also the medical sector. Especially, sodium metaborate 

(NaBO2) is commonly used in the commercial production of sodium perborate 

tetrahydrate (a photochemical used as an ingredient of photographic developers and 

replenishers), as a stabilizer in textile processing, in adhesives due to the high degree of 

alkalinity, as a corrosion inhibitor in protecting central heating systems and cooling 
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towers and in detergents and cleaners [142]. Moreover, as mentioned above, sodium 

metaborate is used also in the production of NaBH4, which is a hydrogen storage medium 

[143]. 

 

2.6.5. The reasons for the choice of NaBO2 · 4 H2O for H2 production 

The main topics of hydrogen energy and economy concern mainly his production, 

storage, and transportation. Among them, storage of hydrogen is commonly elaborated in 

the literature. Main storage types of hydrogen can be listed as pressurized gas, cryogenic 

liquid, adsorption by porous materials and metal/chemical hydrides. Sodium borohydride 

(NaBH4) is a chemical hydride that has high hydrogen storage potential. When the 

theoretical hydrogen content (10,6%) of sodium borohydride (NaBH4) [144] and its more 

controllable hydrolysis reaction are considered [145], it is accepted as a good storage 

material. By hydrolysis reaction, mentioned above, NaBH4 can release its theoretical 

hydrogen content and two moles of hydrogen is gained from water. 

In order to support the hydrogen economy, NaBH4 is needed to be regenerate because the 

current cost of NaBH4 is around 46 €/kg and, considering the production of four moles of 

hydrogen from the reaction, the cost of hydrogen from NaBH4 is approximately 218 €/kg. 

This is not a promising source of hydrogen considering its current price [146]. 

Therefore, in previous thesis works [146, 147], the main aim was to regenerate NaBH4 

using the corresponding by-product NaBO2·4H2O in addition to promising reducing 

agents. 

NaBO2·4H2O reacts with the reducing agent to form, by reaction in an atmosphere of N2, 

trialchylborate (B(OR)3) and hydroxyl anions that can rehydrolyze. The reaction evolves 

in isothermal mode at 300 ° C with an excess of reducing agent. To force the equilibrium 

to the right, it is necessary to add water to the reaction mixture. It is advantageous to start 

with the water of crystallization from the metaborate, which shows an effect of 

considerable importance for the evolution of the reaction between metaborate and 

reducing agent. For this reason sodium metaborate tetrahydrate is used instead of sodium 

metaborate anhydrous [146]. 

Since a considerable production of H2 has been seen from GC analysis, it was possible to 

deduce that the reducing agent exploits the co-catalytic effect of NaBO2 in order to release 
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hydrogen at a low temperature compared to the many methods developed. This is the 

starting point, for this thesis, to develop a system for the production of hydrogen based 

on double cycles of liquid reducing agents and water, added to NaBO2, trying to optimize 

the operating conditions. 

Furthermore, in addition to the hydrogen-rich stream in the outlet stream, there has been 

evidence of the presence of polymer in the solid residue at the end of each test. This led 

to investigate the nature of the polymer through analytical techniques which, however, 

have not yet given any certainty about this nature of the species formed. Given that, again 

in these previous works, the presence and subsequent disappearance of CO2 during 

intermediate sampling was noted [147], the formation of the polymer chain in the final 

solid residue could be attributed precisely to the capture of CO2 in it. 

In other words, to be more accurate, the fact that CO2 disappears from the gas phase is 

certain, as it is not found in the analysis of the gas sampling bags. This CO2 is captured 

in-situ in the liquid and / or solid. Evidence from previous works [146, 147] suggests that 

a high molecular weight organic phase (a polymer) appears in the solid in which carbon 

(C) but also oxygen (O) may have been captured. 

Therefore, in the next paragraphs it was chosen to report a state of the art about the 

formation of polymers from CO2 to understand, through literature articles, what are the 

possible polymeric species that can be formed by consuming CO2 and also about the 

formation of polymers from alcohols, therefore also non-oxygenated polymers such as 

polyethylene and polypropylene etc., since it is actually not known whether C and O of 

CO2 are in the solid. 

2.7. Polymers from CO2 

Day after day, polymers have become increasingly irreplaceable due to their properties 

and their versatility. They constitute the basis of modern life and greatly contribute to 

improving the quality of life itself. They are an integral part of almost all existing objects 

and technologies: from the materials used to make clothes, houses, cars, airplanes up to 

the most sophisticated applications in the medical, electronic and diagnostic fields. They 

are also used as materials for water purification or as polymeric compounds in order to 

reduce fuel consumption in aerospace applications. According to the latest estimates 

made by the consulting firm AMI (Applied Market Information), in 2015 the world 
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consumption of polymers reached the record of 300 million tons (thirty years ago it was 

just 45 million tons). Currently, most plastics of synthetic origin, such as polypropylene 

(PP), polyethylene (PE), polystyrene (PS) and polyvinyl chloride (PVC), are 100% 

petroleum-derived with a carbon footprint of 4,50 – 6,75 tons of CO2 per ton of plastic 

[148, 149]. It is therefore imperative to replace conventional plastics with CO2-based ones 

as soon as possible in order to limit the consumption of petrochemical resources. In fact, 

about 6% of the oil produced worldwide is used in the production of polymers, raising 

strong concerns, in particular of an environmental nature. Therefore, the development of 

“sustainable” polymers is strongly encouraged in the political sphere and by international 

agreements, including the negotiations that took place in the 2015 at United Nations 

Conference on climate change (COP21) in Paris on the reduction of CO2 emissions [149]. 

The first big challenge that eco-sustainable polymers have to face is the transforming of 

renewable resources and production, which must be highly efficient in order to reduce 

costs. The other big challenge concerns the properties of eco-sustainable polymers, 

properties that must be complementary or better than the traditional polymers available. 

Although the commercial application of bio-derived polymers offers great advantages 

and potential, their large-scale diffusion still requires improvements, especially in terms 

of performance. Currently, in fact, only some sustainable polymers possess properties 

equivalent to those of conventional polymers. In the next paragraphs a state of the art on 

polymers produced using CO2 will be presented. 

2.7.1. The use of CO2 for the polymers production 

Carbon dioxide (CO2) is produced by several anthropogenic activities and it is considered 

as the major contributor to global warming because of its greenhouse properties. Current 

emission rate of CO2 is about 35 billion tonnes per year, which main sources are 

combustion of fossil fuel, utilization of biomass for energy and decomposition of 

carbonates [149]. While carbon dioxide is indispensable for the existence of all living 

organisms via photosynthesis of green plants, the utilization of carbon dioxide as a 

feedstock for industrial products is rather limited. More recently, the capture and 

utilization of CO2 has attracted the attention of the scientific community. The possibility 

of being able to use it as a carbon building block to produce basic chemicals, plastics, 

inert solvents, fuels and other high value products is desirable not only to limit its 

emission into the atmosphere but also to partially replace fossil derived resources to 
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produce chemicals and materials [150]. Possible applications of CO2 for value-added 

applications are shown in Figure 2.13: 

 

Figure 2.13 - CO2 as a renewable feedstock in common applications; Source: [150] 

CO2 is an attractive feedstock because it is abundant, inexpensive, safe, non-flammable, 

non-oxidant, FDA approved for food use, with a balanced geographic distribution and 

renewable. However, being a very stable molecule from the thermodynamic point of 

view, it requires a considerable amount of energy; consequently, it is necessary to use a 

catalyst to reduce the energy barrier [150]. The report, published by Nova Institute in 

2021 (Figure 2.14), is optimistic about the growth in the production of carbon dioxide 

capture based polymers and assumes that on 1,200 Mt (million tonnes) of plastic materials 

over 315 Mt will be CO2-based and another 135 Mt bio-based [151].  

 

Figure 2.14 - World Plastic Production and Carbon Feedstock in 2018 and Scenario for 2050 (in Million 
Tonnes): Source: [152] 

Renewable Carbon, in a post of January 2021 [153], provides a picture of the state of 

applied research (Figure 2.15) explained below.  
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CO2-based polycarbonates are already commercially available from various suppliers. 

One of the largest volumes available are aromatic polycarbonates but several players 

worldwide are also offering aliphatic polycarbonates such as polypropylene carbonate 

(PPC) or polyethylene carbonate (PEC) for a large range of applications. The amount of 

CO2 incorporated can reach up to 50 % by weight for these types of aliphatic polymer.  

Different pathways for the chemical conversion of CO2 into various polymers, such as 

polyureas, are being studied, even if still at an academic level. In some of these, CO2 is 

used as a co-monomer and participates directly in the polymerization process; while, in 

others, it is used for the synthesis of building blocks that can be subsequently involved in 

a polymerization process. In addition to the chemical conversion of CO2, the 

electrochemical conversion has also progressed. In recent years, in fact, many 

improvements have been made to electrocatalysts for the conversion of CO2 into 

chemicals and chemical building blocks.  

The electrosynthesis of chemicals such as ethylene or monoethylene glycol has been of 

particular interest due to its potential for the production of polyethylene or polyethylene 

terephthalate, two main conventional plastics used in high volumes. Chemicals such as 

methanol, formic acid and other chemical components also have great potential to be 

produced via this technology. Thanks to the use of various microorganisms or 

cyanobacteria and improvements in microbial engineering, biotechnological conversion 

of CO2 to polymers has seen tremendous growth in recent years.  

Lastly, companies working on the Fischer Tropsch conversion of syngas to hydrocarbons 

are already operating with pilot plants for the production of diesel, kerosene, wax and 

naphtha. CO2-based Naphtha can be used in the already established cracking process to 

produce olefins, which are needed for most plastics currently in use. 
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Figure 2.15 - Ways to use CO2 for polymers; Source: [152] 

Some typical examples of synthetic fuels (“e-fuels”), chemical feedstocks and polymers, 

that are produced from CO2, are shown in Figure 2.16: 

 

Figure 2.16 - Products that can be currently manufactured using CO2 as a building block; Source: [154] 

 

2.7.2. Polycarbonates from CO2  

Polycarbonates (PCs) are polymers with –(OCO2R)– repeat units within their main 

backbone. Aromatic PCs have high impact resistance, stiffness, toughness, good thermal 

stability and transparency and are used as engineering plastic in automotive, electrical 

and electronic devices and in construction; while aliphatic PCs exhibit poor mechanical 
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properties which restricts their use in packaging, as a binder in ceramics or as polyols for 

the formulation of polyurethane foams.  Industrially, these materials are largely produced 

from bisphenol A (BPA; cf., aromatic PCs) or diols (cf., aliphatic PCs) and phosgene or 

diphenyl carbonate (DPC; Asahi process) by melt polycondensation (Scheme 2.1) [155]: 

 

Scheme 2.1 - Synthesis of aromatic PCs by a phosgene- or a DPC-based process; Source: [155] 

Scheme 2.2 illustrates the most relevant alternative pathways to the industrial route that 

valorises CO2-sourced building blocks or CO2 as monomers for PC synthesis. These 

strategies include the ring-opening polymerisation (ROP) of cyclic carbonates, the ring-

opening copolymerisation (ROCOP) of CO2 with oxiranes and various step-growth 

approaches (i.e. the polycondensation through transesterification of acyclic carbonates) 

with diols, the direct copolymerisation of CO2 with diols or mixtures of diols and 

dihalides and the polyaddition of activated bis-a-alkylidene five-membered cyclic 

carbonates and diols [155]. 

 

Scheme 2.2 - Pathways for the synthesis of PCs from CO2-sourced building blocks or from CO2 directly; 
Source: [155] 
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Referring to the ROCOP strategy reported in Scheme 2.2, a promising CO2 utilization in 

the copolymerization of CO2 and epoxide to afford polycarbonates pioneered by Inoue in 

1969 [156]. Depending on the type of catalyst and the reaction conditions, the reaction 

can be steered to produce alternating polycarbonate (Scheme 2.3-A, top) or 

polyethercarbonate containing carbonate as well as ether linkages (Scheme 2.3-B, 

bottom, m > 1). Aliphatic polycarbonates have potential applications as packaging 

materials, whereas polyethercarbonates are promising raw materials for new structure 

polyurethanes [157]. 

 

Scheme 2.3 - Copolymerization of CO2 and epoxides to alternating polycarbonates (A) and 
polyethercarbonates (B); Source:[157] 

The use of complexes of Co (III) and Cr (III) or selected Lewis acidic compounds as 

catalysts (Cat-1) leads to alternating polycarbonates (≥ 99% carbonate linkages). Catalyst 

mixtures and chain transfer agents have been used to optimize the product properties. 

Alternating polycarbonates with high molecular weight are materials with interesting 

properties such as biodegradability. Nevertheless, their broad implementation as mass 

products is currently restricted by technical limitations such as the low glass transition 

temperature (Tg). Instead, polyethercarbonates are obtained when double metal cyanides 

(DMC), dinuclear Zn-complexes or Cr-bishydroxychinoline complexes are employed as 

a catalyst (Cat-2) [158]. As already mentioned above, polycarbonates are produced by a 

phosgenation process which used toxic phosgene (COCl2)1 and bisphenol A as starting 

materials (Figure 2.17, Column 2) [159]. 

                                                 
1 Phosgene (COCl2): a colourless gas. Phosgene is formed from carbon monoxide (CO) produced by incomplete 

combustion of coal, and chlorine (Cl2) produced by electrolysis of salt (sodium chloride, NaCl). It has asphyxiating 

properties and is extremely toxic, and was used as poison gas during World War I. Furthermore, it is highly reactive 

and is used as a synthetic starting material for polyurethane and dye. 
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Figure 2.17 - Polycarbonate production process by phosgenation process; Source: [159] 

The expected increase in the demand for polycarbonates prompted many companies to 

start to develop a polycarbonate production process without using toxic phosgene. For 

the first time in the world, a polycarbonate production process in which carbon dioxide 

and ethylene oxide replaced phosgene and were reacted with bisphenol A was developed 

by ASAHI KASEI (Figure 2.18). 

In this process, ethylene carbonate is formed from carbon dioxide and ethylene oxide, 

which is then converted to diphenyl carbonate and polymerized with bisphenol A to 

produce polycarbonate. The by-product ethylene glycol is used as a starting material for 

plastic and synthetic fibres. This process does not use toxic phosgene and the carbon 

dioxide that is discharged from the production of ethylene oxide is used as a starting 

material. 

 

Figure 2.18 - Non-phosgene polycarbonate production process by ASAHI KASEI; Source: [159] 

2.7.3. Polyurethanes from CO2 

Discovered by Otto Bayer in 1937, polyurethanes (PUs) have become one of the most 

important polymers finding everyday life applications such as in coatings, adhesives, 

sealants, elastomers and foams, heart valves, and cardiovascular catheters, among others 

[160, 161]. 

Polyurethane (PU) indicates a large family of polymers in which the polymer chain is 

made up of urethane bonds, whose chemical formula is NH-(CO)-O-. 
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Industrially, PUs are produced by polyaddition between diisocyanates and di- or polyols 

(Scheme 2.4). 

 

Scheme 2.4 - Industrial synthesis of polyurethanes from isocyanates; Source: [155] 

With the decreasing price of isocyanate in recent years, the originally cheap polyols 

become the key barrier to cut PU cost. One promising route is the introduction of 

extremely low-cost feedstock, such as CO2, into the backbone of polyether polyols, 

yielding polyethercarbonates polyols, or so-called CO2-polyols. Life cycle assessment 

indicates that oligoethercarbonates with 20 wt % CO2 reduces greenhouse gas emissions 

by 11-19% and saves fossil resource by 13-16% [162]. 

As shown in Scheme 2.5, CO2-polyols are generally obtained from copolymerization of 

CO2/PO under Zn-Co-DMC catalyst in the presence of proton-containing starter. Zn-Co-

DMC, a heterogeneous catalyst with good prospect for industrialization, is quite active 

for the random copolymerization of CO2/PO [163]. In addition to catalyst, starter is 

another important variable to determine the feature of CO2-polyols. If oligomeric alcohol 

starters are used, longer copolymerization time will be necessary [164]. 

 

Scheme 2.5 - Schematic synthesis of CO2-polyols from copolymerization of CO2 and PO; Source: [157] 

Recent focus in the field of PUs has been on establishing isocyanate-free routes for their 

production; carbon dioxide can play a crucial role in this important transition (see Scheme 

2.6). 
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Scheme 2.6 - Synthetic pathways for the synthesis of polyurethanes from CO2 and/or from CO2-sourced 
building blocks; Source: [155] 

 

2.7.4. Polyureas from CO2 

Polyureas (PUA)s are polymers containing urea linkages (i.e., having –NH–C(O)–NH– 

groups) within the polymer backbone. They find applications as linings, joint sealants and 

microcapsules, among others, in numerous sectors such as in the automotive industry, 

construction, household products. 

Industrially, PUAs are prepared by polyaddition using diisocyanate and diamine reagents 

(Scheme 2.7). 

 

Scheme 2.7 - Industrial synthesis of PUAs by polyaddition of isocyanates and diamines; Source: [155] 

As for the conventional synthesis of PUs, non-isocyanate routes have been engineered to 

synthesize these polymers from CO2-sourced cyclic carbonates or urea or via direct 

copolymerisation of CO2 with diamines (Scheme 2.8). 
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Scheme 2.8 - Synthetic pathways towards CO2-sourced polyureas; Source: [155] 

 

2.7.5. Polyesters from CO2 

Poly(ester)s are polymers containing –C(=O)–O– linkages within the polymer backbone. 

They are widely used in packaging, fabrics and in surgery/therapeutic applications due to 

their excellent (bio)degradability and biocompatibility features. Their industrial 

production is based on the ROP of lactones/lactides, the dehydrative polycondensation of 

dicarboxylic acids with diols or the self-polycondensation of a-hydroxyacids. The 

synthesis of this important class of polymers from CO2 remained long elusive but new 

conceptual routes for their production are now emerging as illustrated in Scheme 2.9. 

 

Scheme 2.9 - Synthetic pathways towards CO2-sourced polyesters; Source: [155] 
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2.8. (Poly) ethylene glycol (PEG) 

Since, from our experiments, it has been seen that the possible polymer that is created at 

the end of the process could be polyethylene glycol, it seems necessary to rationalize, in 

the state of the art, what this polymer is and how it could be formed using CO2. 

2.8.1. Chemical and physical properties of PEG 
Polyethylene glycol is one of the most important polyether. Also known as PEG, is a 

linear or branched, neutral polyether soluble in water and most organic solvent. The 

chemical formula of this molecule is:  

𝐶𝐶𝑂𝑂 − (𝐶𝐶𝐶𝐶2 − 𝐶𝐶𝐶𝐶2𝑂𝑂)𝑛𝑛 − 𝐶𝐶𝐶𝐶2𝐶𝐶𝐶𝐶2𝑂𝑂𝐶𝐶 

where 𝐸𝐸 is the number of ethylene oxide groups. 

It is a polymer prepared by polymerization of ethylene oxide. PEGs are also sometimes 

referred to as poly (ethylene oxide) (PEO) or poly (oxy-ethylene) (POE) depending on 

the molecular weight. 

Historically these acronyms are used to refer to polymeric mixtures of polyethylene 

glycol having different average molecular weights [165]: 

- POE: average molecular weight less than 20,000 g / mol; 

- PEG: average molecular weight of 20,000 g / mol; 

- PEO: average molecular weight greater than 20,000 g / mol. 

Their chemical properties are the same due to the presence of same functional groups, but 

physical properties like viscosity, colour, etc. are different because of different chain 

length of ethylene glycol. This difference also affects their utility in different areas of 

industries [166]. 

Ethylene glycol is the simplest diol and possesses numerous unique properties owing to 

its characteristic structure (i.e., two hydroxyl (OH) groups at adjacent positions along a 

hydrocarbon chain). It is an odourless, colourless, relatively non-volatile and hygroscopic 

liquid with low viscosity. It is completely miscible with many polar solvents such as 

water, alcohols, glycol ethers and acetone and only slightly soluble in non-polar solvents 

such as benzene, toluene, dichloroethane, and chloroform. It is difficult to crystallize 

[167, 168]. 
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PEG is a polyether composed of repeated ethylene glycol units [(CH2CH2O)n]. It is 

formed by the inter linkage of ethylene oxide with H2O, ethylene glycol and its oligomers. 

PEGs that have a molecular weight between 100 to 700 are liquids at room temperature; 

those between 1000 and 2000 are soft solids and PEGs with molecular weight greater 

than 2000 are hard crystalline solids with melting points of around 63 °C [169].  

The physical properties of polyethylene glycol (such as viscosity for example) vary 

according to the average length of the macromolecules, that is to the average number n 

of repetitive units; while the chemical properties remain almost unchanged. At molecular 

weight less than 1000 (low n values), PEGs are viscous, colourless liquids; while higher 

molecular weight PEGs are waxy, white solids (with a relatively low melting point) [170, 

171]. 

The melting point of the solid is proportional to molecular weight and it approaches a 

plateau at about 67 °C. PEGs possess a variety of properties pertinent to biomedical and 

biotechnical applications such as [172]: 

- Soluble in water, toluene, and many organic solvents such as methanol); 

- Insoluble in ethyl ether and hexane; 

- Insoluble in water at high temperature; 

- Forms complexes with metal cations; 

- Highly mobile: large exclusion volume in water; 

- Forms two-phase systems with aqueous solutions of other polymers; 

- Non-toxic; 

- Hospitable to biological materials; 

- Causes cell fusion in high concentration; 

- Weakly immunogenic. 

2.8.2. Production of PEG 

The path that leads to the formation of PEG starting from ethanol and using CO2 is shown 

in the Figure 2.19: 
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Figure 2.19 - Pathway for PEG formation starting from ethanol and using CO2 

In the I step there is the dehydration of ethanol to ethylene. The bio-ethanol is the main 

product obtained from biomass fermentation process, i.e., agricultural products rich in 

sugar (carbohydrates) such as cereals, sugar crops and starch. The ethanol to ethylene 

reaction occurs through ethanol dehydration under the condition of appropriate 

temperature and the effect of the catalyst. In the catalytic dehydration of ethanol to form 

ethylene, an acid catalyst first protonates the hydroxyl group, which leaves as a water 

molecule. The conjugate base of the catalyst then deprotonates the methyl group, and the 

hydrocarbon rearranges into ethylene. This mechanism is depicted in Figure 2.20. [173]. 

 

Figure 2.20 - Mechanism for the dehydration of ethanol to ethylene; Source:[173] 

The reaction of ethanol dehydration to ethylene is an endothermic reaction and it requires 

relatively more heat, with higher reaction temperature, ranging from 180 °C to 500 °C; 

meanwhile, reaction temperature plays a key role in the selectivity of the target product, 

ethylene. The main by-product generated is ether when the temperature is below 573 K, 

while the main product, ethylene, is only generated when the temperature is over 573 K. 

In addition to the main product and the main by-product, the reaction of ethanol 

dehydration may also generate a small amount of other by-products, such as acetaldehyde, 

hydrocarbons (methane, ethane, propylene, butylene) and light base-groups (CO2, CO, 

H2, etc.) and so on. As the amount of other by-products is small, most research on the 
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ethanol dehydration reaction mechanisms considers mainly the generation of ethylene 

and ether, which can be summarized as three kinds of routes: (1) parallel reactions, (2) a 

series of reactions, and (3) a parallel series reaction [174]. The main controversy lies in 

whether ethylene is directly generated from ethanol or indirectly generated from ether, or 

both routes coexist, as shown in the Figure 2.21: 

 

Figure 2.21 - Three kinds of routes for ethanol dehydration; Source: [174] 

In Figure 2.22, the endothermic dehydration process to convert bio-ethanol to ethylene 

involves heterogeneous catalysts, such as zeolites (HZSM-5) or mesoporous silica (Ni- 

MCM-41). Depending on the reaction temperature for a particular catalyst, diethyl ether 

may be an intermediate in the formation of ethylene. The formation of diethyl ether is 

exothermic and would be favoured at lower temperatures [175]. 

 

Figure 2.22 - Synthesis of ethylene via the dehydration of bio-ethanol obtained from fermenting biomass; 
Source: [175] 

In II step ethylene oxide (EtO) production by reaction between CO2 and ethylene occurs, 

following the general scheme of reactions present in the equations below: 

𝐶𝐶𝑂𝑂2 𝑅𝑅𝑅𝑅𝑦𝑦𝐸𝐸𝑟𝑟𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸: 𝐶𝐶𝑂𝑂2 + 𝑀𝑀0 → 𝐶𝐶𝑂𝑂 + 𝑀𝑀𝑂𝑂 
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𝐸𝐸𝐸𝐸ℎ𝑦𝑦𝑚𝑚𝑅𝑅𝐸𝐸𝑅𝑅 𝑅𝑅𝑎𝑎𝑅𝑅𝑎𝑎𝐸𝐸𝑦𝑦𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸: 𝐶𝐶2𝐶𝐶4 + 𝑀𝑀𝑂𝑂 → 𝐶𝐶2𝐶𝐶4𝑂𝑂 + 𝑀𝑀0 

𝑂𝑂𝑣𝑣𝑅𝑅𝑅𝑅𝐸𝐸𝑚𝑚𝑚𝑚 𝑅𝑅𝑅𝑅𝐸𝐸𝑟𝑟𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸: 𝐶𝐶2𝐶𝐶4 + 𝐶𝐶𝑂𝑂2 → 𝐶𝐶2𝐶𝐶4𝑂𝑂 + 𝐶𝐶𝑂𝑂 

𝑀𝑀0 = 𝑅𝑅𝑅𝑅𝑦𝑦𝐸𝐸𝑟𝑟𝑅𝑅𝑦𝑦 𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸𝑚𝑚; 𝑀𝑀𝑂𝑂 = 𝑀𝑀𝑅𝑅𝐸𝐸𝐸𝐸𝑚𝑚 𝑅𝑅𝑎𝑎𝐸𝐸𝑦𝑦𝑅𝑅 

This general reaction scheme uses the mixed-metal oxide as an oxygen carrier [176]. 

In fact, the chemical methodology by which EtO is currently produced is the partial 

oxidation of ethylene with oxygen (O2) using a catalyst but several mixed-metal oxides 

have been developed.  This can be used for ethylene epoxidation using CO2 instead of O2. 

The mixed-metal oxides react with CO2 and remove an oxygen atom to produce EtO and 

carbon monoxide (CO).  

In the III step, there is the ethylene glycol production starting from ethylene oxide through 

direct, noncatalytic, liquid-phase hydration (Figure 2.23). 

 

Figure 2.23 – Ethylene oxide hydration for ethylene glycol production 

Through hydrolysis of ethylene oxide (EtO), mono-ethylene glycol (MEG) can be formed 

simultaneously also to di-ethylene glycol (DEG) and tri-ethylene glycol (TEG). The 

selectivity of MEG is determined only by the ratio of ethylene oxide to water. Although 

the use of excess water increases the MEG produced, it lowers its concentration [176, 

177]. 

Finally, in the IV step, polyethylene glycol is produced by the interaction of ethylene 

oxide with water, ethylene glycol, or ethylene glycol oligomers (Figure 2.24). 

 

Figure 2.24 - Polymerization reaction of ethylene glycol 

This reaction is catalysed by acidic or basic catalysts. Ethylene glycol and its oligomers 

are preferable as a starting material instead of water because they allow the creation of 
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polymers with a low polydispersity (narrow molecular weight distribution). The length 

of the polymer chain depends on the ratio of the reactants [178]. 

Depending on the type of catalyst, the polymerization mechanism can be cationic or 

anionic.  The anionic mechanism is preferable because it allows to obtain PEG with a low 

poly-dispersion. Polymerization of ethylene oxide is an exothermic process. Overheating 

or contamination of ethylene oxide with catalysts such as alkali or metal oxides can lead 

to uncontrolled polymerization, which can result in an explosion after a few hours. 

High molecular weight polyethylene glycol is synthesized by suspension polymerization. 

The reaction is catalysed by organic compounds of magnesium, aluminium or calcium; 

instead, alkaline catalysts such as sodium hydroxide (NaOH), potassium hydroxide 

(KOH) or sodium carbonate (Na2CO3) are used to prepare low molecular weight 

polyethylene glycol [178].  

2.8.3. Uses and applications of PEG 
Thanks to its properties, such as non-toxicity, non-immunogenicity and high water 

solubility, PEG has been approved by the Food and Drug Administration (FDA), for 

various biomedical uses [179]. 

It has many applications, mainly in the biotechnical and biomedical fields because PEG 

is unusually effective at excluding other polymers from its presence when it is in an 

aqueous environment. This property results into protein rejection, formation of two-phase 

systems with other polymers, non-immunogenicity and non-antigenicity. Moreover, this 

polymer is also non-toxic and does not harm active proteins or cells although it interacts 

with cell membranes. When it is attached to other molecules, it has little effect on their 

chemistry but controls their solubility and increase their size [172]. 

PEG in medicine is called macrogol. It is used in the treatment of adult and child 

constipation and in bowel preparations prior to a diagnostic colonoscopy [180]. 

The non-toxicity of PEG allows its use in the pharmaceutical field and in particular for 

parenteral, topical, ophthalmic, oral and rectal pharmaceutical formulations which are 

briefly described below [165]: 

- ointments: they are used as hydrophilic bases for ointments due to their stability, 

hydrophilicity and lack of irritating effects on the skin; 
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- emulsions: aqueous solutions of PEGs are used as suspending agents or as 

viscosifiers in the preparation of emulsions; 

- parenteral formulations: they are used in concentrations up to 30% v/v (liquid 

PEGs are used, therefore PEG300/400) for the preparation of vehicles for 

parenteral formulations; 

- thermoplastic granulations: when used for this type of formulation, the mixture to 

be granulated is pulverized and mixed hot (75 °C) with PEG 6000 at 15% v / v. 

After mixing, the mass becomes similar to a paste and after stirring and cooling 

at the same time, granulation is obtained; 

- pills: they are used for this purpose due to their plasticising properties. In fact, 

combined with the polymers used for the production of film for pills, they can 

increase the plastic properties of the film coating of the pill. However, the 

presence of liquid PEGs in the film reduces the gastro-resistant properties of the 

film itself. 

In cosmetics, it is used in many formulations as a humectant. In fact, they maintain the 

right degree of humidity in the product, preventing the surface from drying out or can 

also boast a slight antimicrobial activity, thus helping the preservation of the product 

itself.  

In addition, polyethylene glycol is used to obtain non-ionic surfactants to produce, 

together with other substances, the foaming effect in a cleaning product [181]. 

The miscellaneous applications of PEG have been illustrated in Figure 2.25. 
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Figure 2.25 - Miscellaneous applications of PEG; Source: [166] 

 

2.9. Polymers from alcohols 

In this paragraph the synthesis processes of polymers starting from some alcohols such 

as ethanol, propanol, glycerol etc. will be described. 

2.9.1. Polyethylene from ethanol 

Ethylene can be produced in plants and microorganisms or via synthetic methods such as 

pyrolysis of naphtha or ethane and catalytic dehydration of ethanol [182]. A scheme is 

reported in Figure 2.26:  



73 
 

 

Figure 2.26 – Schematic diagram of different methods for producing ethylene; Source: [182]  

In this paragraph, we will focus only on the production of ethylene from ethanol through 

catalytic dehydration of ethanol. 

The ethanol dehydration is an endothermic reaction (requiring 1632 J g–1 of ethylene 

formed). Therefore, the reaction temperature affects the yield of ethylene. The highest 

selectivity towards ethylene is obtained at 300÷500°C (Eq. (1)). Higher temperatures shift 

the reaction towards acetaldehyde production (Eq. (2)), while lower temperatures result 

in production of diethyl ether (Eq. (3)). Isothermal and adiabatic modes of operations 

have been suggested for the dehydration of ethanol to ethylene, while the latter is more 

economically feasible [174, 183]. In Figure 2.27 the three reactions mentioned above are 

shown: 

 

Figure 2.27 – Ethanol dehydration (1), Acetaldehyde production (2), Diethyl ether production (3); 
Source: [182]  

The dehydration reaction occurs in the vapour phase inside fixed or fluidized-bed reactors 

with catalyst. The process in the fixed-bed reactor can be either isothermal or adiabatic, 

while it is usually adiabatic in the fluidized bed reactor. 
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The dehydration of ethanol is an acid-catalyzed reaction. There are four main categories 

that can be used as catalyst in such a process including phosphoric acid, oxides, molecular 

sieves, and heteropoly acid catalysts [174]. 

Ethylene (CH2=CH2) is the first member of the alkenes. It is a colourless gas with a 

normal boiling point of –103.7°C and is slightly soluble in water and alcohol. This 

compound is highly active and reacts easily when added to many chemical reagents. It is 

also the raw material for the production of different grades of polyethylene and other bulk 

and base chemicals [184, 185]. 

Therefore, starting from ethylene, it is possible to produce one of the most used polymers 

in the world: polyethylene. 

Polyethylene is the simplest of the synthetic polymers and is also the most widely used 

plastic material in the world. Polyethylene is a thermoplastic resin with formula (C2H4)n 

and it appears as a transparent (amorphous form) or white (crystalline form) solid with 

excellent insulating properties and chemical stability. It is a very versatile and economical 

material. Its molecular structure is shown in Figure 2.28: 

 

Figure 2.28 - 3D linear stroke model of polyethylene; Source: [186] 

Polyethylene is classified according to the molecular weight and the quantity of branches, 

parameters that define its final physical characteristics (Table 2.12). 
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Type of polyethylene Features and uses 

UHMWPE Very high molecular weight polyethylene: it is a type of 

polyethylene whose molecular weight varies from 3 · 106 to 6 

· 106 uma. Its crystalline structure is characterized by 

excellent packaging, which makes it very resistant. The uses 

are very particular and specific, such as medical prostheses or 

bulletproof vests 

HDPE High-density polyethylene: it is a low-branched polyethylene 

characterized by large intermolecular forces and high 

stiffness. 

LDPE Low density polyethylene: it is very branched, therefore not 

very dense. It is ductile and less rigid than HPDE. 

MDPE Medium density polyethylene: it is a cross between HDPE and 

LPDE as regards the percentage of branches. Physical 

characteristics are also intermediate between the two. 

LLDPE Linear low-density polyethylene: it is a substantially linear 

polyethylene with a significant number of short branches 

Expanded PE Expanded polyethylene: it is a polyethylene that is made 

porous, light and soft through physical and chemical 

processes. 

Table 2.12 - Classification of polyethylene as a function of density; Source: [186] 

Polyethylene is produced by several methods by polymerization of ethylene.  

The process for the production of LDPE is carried out at very high pressure (1000÷3000 

atm) at moderate temperatures (250÷300 ° C). The reaction equation is as follows (Figure 

2.29): 
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Figure 2.29 – LDPE production from ethylene; Source: [187] 

This is a radical polymerization process conducted in the presence of an initiator, such as 

a small amount of an organic peroxide. 

Two types of ballasts can be used [187]: 

- Autoclave type reactor: it works as a CSTR adiabatic reactor in which the heat is 

removed by adding fresh monomer. The temperature is controlled by regulating 

the amount of radical initiator in the feed; 

- Tubular reactor: it is made up of jacketed pipes hundreds of meters long. The 

temperature is controlled both by regulating the power supply of the initiators and 

by removing the excess heat through the cooling fluid that flows in the jacket. The 

use of this reactor allows to achieve higher conversions than the autoclave process 

but at the expense of a higher cost for the compression of the monomer. 

Ethylene (purity greater than 99.9%) is compressed and passed into the reactor together 

with the initiator. The polyethylene obtained is removed, extruded and cut into granules. 

The unreacted ethylene is recycled. On average, the obtained polymeric macromolecule 

contains 4000÷40000 carbon atoms, with many short branches. There are about 20 

branches for 1000 carbon atoms. The relative molecular mass and branching affect the 

physical properties of LDPE. Branching affects the degree of crystallinity which in turn 

affects the density of the material. LDPE is generally amorphous and very transparent, 

with about 50% crystallinity. In fact, the ramifications prevent the molecules from 

packing tightly together and therefore the resulting material has a low density. 

For the production of HDPE, instead, two types of catalysts are mainly used [187]: 

- The Ziegler-Natta organometallic catalyst (based on compounds of titanium and 

an aluminium alkyl); 

- An inorganic compound known as a Phillips-type catalyst. A well-known example 

is chromium (VI) oxide on silica, which is prepared by roasting a chromium (III) 

compound at about 750 °C in oxygen and then stored under nitrogen before use. 

HDPE is produced by three types of process that are: suspension process (using a CSTR 

or a “loop” reactor), process in solution and gas phase process. All operate at relatively 
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low pressures in the presence of a Ziegler-Natta or inorganic catalyst. In all three 

processes, hydrogen is mixed with ethylene to control the length of the polymer chain 

[187]. 

2.9.2. Polypropylene from propanol 

The term propanol (propyl alcohol) can indicate the following chemical compounds 

[188]: 

- 1-propanol (or n-propyl alcohol); 

- 2-propanol (or isopropyl alcohol). 

In Figure 2.30-2.31 their molecular structure is shown: 

 

Figure 2.30 – 1-propanol molecular structure; Source: [189] 

 

Figure 2.31 - 2-propanol molecular structure; Source: [190] 

Through dehydration of propanol or isopropanol, propylene can be formed. The reaction 

involves the hot treatment of the alcohol, with consecutive removal of water and 

formation of the double bond [191]:  

𝐶𝐶𝐶𝐶3 − 𝐶𝐶𝐶𝐶2 − 𝐶𝐶𝐶𝐶2 − 𝑂𝑂𝐶𝐶 → 𝐶𝐶𝐶𝐶2 = 𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶3 + 𝐶𝐶2𝑂𝑂  

𝐶𝐶𝐶𝐶3 − 𝐶𝐶𝐶𝐶(𝑂𝑂𝐶𝐶) − 𝐶𝐶𝐶𝐶3 →  𝐶𝐶𝐶𝐶2 = 𝐶𝐶𝐶𝐶 − 𝐶𝐶𝐶𝐶3 +  𝐶𝐶2𝑂𝑂 

Propylene is an unsaturated aliphatic hydrocarbon belonging to the family of alkenes with 

chemical formula CH2=CH-CH3 (its molecular structure is shown in Figure 2.32): 



78 
 

 

Figure 2.32 - Propylene molecular structure; Source: [191] 

It has a molar mass of 42.08 g / mol, a melting point of -185.25 ° C and a boiling point of 

-48 ° C. At room temperature it appears as a colourless and odourless gas, not very soluble 

in water but soluble in organic solvents. It is not toxic but is considered an asphyxiating 

gas [192]. 

Not being a component of fossil gas or crude, and being relatively rare in nature, to obtain 

propylene it is necessary to resort to chemical synthesis processes. 

Propylene, together with many other low molecular weight compounds, is produced 

spontaneously following the cracking of hydrocarbon mixtures, with a yield ranging from 

3% to 20% depending on the type of mixture, pressure and temperature used in the 

process. Propylene is then easily purified by exploiting its different boiling temperature 

compared to the other components of the mixture obtained from cracking [191].  

The most used industrial production methods are: steam cracking of propane and butane, 

steam cracking of naphtha and catalytic cracking of diesel and propane. 

Subsequently, propylene is subjected to polymerization to obtain polypropylene (PP), one 

of the most versatile thermoplastic polymers available on the market. Its molecular 

structure is reported in Figure 2.33: 

 

Figure 2.33 - Polypropylene molecular structure; Source: [193] 

Polypropylene has several properties that make it suitable for replacing glass, metals, 

cardboard and other polymers. These properties include low density (weight saving), high 
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rigidity, heat resistance, chemical inertness, easy to weld, recyclability etc. It is one of the 

lightest thermoplastics (density 0,905 g / cm3). It has a melting point of 170 °C and a 

crystallinity of about 50÷60% [194]. 

Polypropylene is made from propylene, which is obtained in large quantities from diesel, 

naphtha, ethane and propane. In parallel, various methods for producing bio-propylene 

are being developed. 

Industrially, polypropylene was obtained for the first time in Italy in 1954 by Giulio Natta 

at the Politecnico di Milano [195]. To produce stereoregular PP, the key to success is the 

availability of stereospecific catalysts, that can provide polymer chains with high 

structural regularity. The various research works over the years have provided different 

types of catalysts, such as to be classified into different generations (first, second, third, 

etc.). 

The first catalytic system used by Natta in 1954 was the one obtained by combining TiCl4 

and AlR3 (where R represents ethyl or isobutyl), previously used by Ziegler for the 

polymerization of ethylene [195]. Subsequently it was modified using TiCl3 which 

allowed to have greater stereoregularity. These first catalysts are called first generation. 

Later, Solvay patented a catalytic system always based on TiCl3 but with better 

performance in terms of yield, stereospecificity and ability to control the morphology of 

the polymer which was called second generation. In the catalysts of subsequent 

generations, systems containing magnesium chloride (MgCl2) have been developed [194, 

195]. 

There are various types of processes to produce polypropylene but those that have found 

the greatest industrial development operate in suspension of a hydrocarbon diluent, in 

bulk or in the gaseous phase. 

The process in suspension in a hydrocarbon diluent was used by the main PP producers 

until 1976 using first generation catalysts. It was progressively abandoned since it is 

characterized by a low polymerization yield. The most used hydrocarbon diluents were 

n-hexane or n-heptane and the monomer that had not reacted after polymerization was 

recycled [194, 196]. 

In the bulk process, the polymerization takes place in liquid propylene, in the absence of 

solvent, at a temperature of 70÷90 °C and pressures of 30÷40 atm (to keep the propylene 

in the liquid state). After polymerization, the solid polymer particles are separated from 
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the liquid propylene, which is then recycled. The high concentration of the monomer in 

the absence of solvent allows high productivity for unit volume of the reactor. 

Furthermore, the catalytic residues are soluble in small quantities of solvent and are easily 

removable. In this way it is avoided that the polymer is subject to post-treatment at the 

end of the process. The use of liquid propylene as a solvent means that it is not necessary 

to use hydrocarbons such as C4-C8 alkanes which are used as solvents in the similar 

production of polyethylene [194]. 

In the gas phase process, the gas phase propylene is polymerized in the presence of a 

Ziegler-Natta catalyst, in fluidized or stirred bed reactors. Operating conditions typically 

consist of temperatures of 50÷90 ° C and pressures of 8÷35 atm. The polymer is separated 

from the gaseous propylene by cyclones and the unreacted gas is recycled. No post-

treatments are required for the removal of the catalyst [194]. 

2.9.3. Polymers from glycerol 

Glycerol-based polymers exhibit excellent biocompatibility; hence polymers such as poly 

(glycerol ether), poly (glycerol carbonate)s and dendritic hyperbranched glycerol-based 

polymers have been extensively studied for pharmaceutical applications such as drug 

delivery, tissue implants and as an anti-bacterial agent [197]. 

To date, much attention has been paid to glycerol-based hyper-branched and dendritic 

polymers or block copolymers for bio-medical applications due to their excellent water 

solubility and biocompatibility [198, 199]. In Figure 2.34 various synthesis routes for 

polymers obtained from glycerol are shown:  

 
Figure 2.34 – Various synthesis routes for glycerol polymers; Source: [200] 
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Chapter 3 

3. Aim of the thesis 
Hydrogen is an important energy carrier due to its high energy density by weight, high 

abundance and environmental friendliness. Among the various processes for the 

production of hydrogen, the most consolidated is steam reforming of fossil fuels (e.g. 

methane, propane) and biofuels (bio-ethanol, methanol, biogas). In general, the main 

issue of steam reforming processes are the emissions of carbon-based substances (mainly 

CO2 in the case of fossil fuels and of CH4 in the case of alcohols) and the high energy 

required for sustaining the reactions. The H2 gaseous stream is not a pure hydrogen and 

needs separation and CO2 capture steps to obtain pure hydrogen. As previously discussed, 

a novel process (cyan H2) has been recently developed and patented (n. 

102021000030875) which allows overcoming all these issues.  

The aim of the thesis activity is to optimise the processes by focusing on the role of the 

operating conditions (water content; feedstock…). 

To this end, ethanol, glycerol and methanol are tested as bio-fuel in the presence of 

sodium metaborate tetrahydrate as a solid catalyst / reagent material. All the (gas, liquid 

and solid) products are analysed with advanced techniques (IR, TGA, XRD, GC…).  

Furthermore, the process yield are compared to the H2 yield obtained by conventional 

steam reforming. To this end, the thermodynamic steam reforming H2 yield is computed 

at varying the feed, the temperature and the pressure. 
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Chapter 4 

4. Materials and methods 
This section describes the materials and methods applied in experimental studies of the 

hydrogen production from sodium metaborate tetrahydrate and the software used to carry 

out the thermodynamic analysis. 

4.1. Materials 

The reagents used for experimental tests were the following:  

- sodium metaborate tetra-hydrate (NaBO2·4H2O, 99,95 % in mass fraction) 

purchased from the company Sigma-Aldrich. The reagent was found in a solid 

state and was characterized by a white colour; 

- ethanol (C2H5OH, ≥ 99,8 % in mass fraction) provided by Sigma-Aldrich. It is in 

a liquid state, and it is colourless; 

- methanol (CH3OH, ≥ 99,9 % in mass fraction) provided by Sigma-Aldrich. It is a 

colourless liquid; 

- glycerol (C3H8O3, ≥ 99,5 % in mass fraction) provided by Sigma-Aldrich. It is a 

viscous liquid, and it is odourless and colourless. 

All raw materials were purchased from Sigma-Aldrich and used as received. The Table 

4.1 shows the main characteristics of the raw materials used in experimental tests. 

Substance Formula Company Molecular weight 

(g/mol) 

Assay 

Sodium metaborate 

tetrahydrate 

NaBO2·4H2O Sigma-Aldrich 137,86 99,95% 

Ethanol C2H5OH Sigma-Aldrich 46,07 99,8% 

Methanol CH3OH Sigma-Aldrich 32,04 99,9 % 

Glycerol C3H8O3 Sigma-Aldrich 92,09 99,5% 

Table 4.1 - Material used in the experimental texts 
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4.2. Experimental tests 

4.2.1. Reactor 

The experimental tests present in this work were carried out in a model Parr 4567 reactor. 

It is a tri-phases batch reactor and its volume is 450 mL, suitable to carry out activity tests 

in batch mode. The reactor is equipped with a controller (Parr 4848) to monitor the 

temperature, pressure and stirring rate. The Parr 4848 Reactor Controller brings digital 

communications to all the functions of these modular reactor controllers. The 4848 offers 

all the features expected in a Parr general purpose reactor controller, namely: 

- PID programming with auto-tuning capability for precise temperature control and 

minimum overshoot; 

- Ramp and soak programming; 

- Separate heating and cooling control loops; 

- Optional solenoid valve module for cooling control; 

- Motor speed control; 

- High or low power heater switch; 

- Lockout relay and reset for over temperature protection; 

- Optional expansion modules for tachometer, pressure, and high temperature 

alarm. 

With the 4848 Controller, all the expansion modules as well as the primary temperature 

control module are equipped with bidirectional digital communications [RS-485] that 

enable the user to not only log all current readings to a PC, but also to send set points, 

stirrer speeds, and alarm values from the PC to the 4848 Controller. It utilizes a feedback 

control system. Therefore, the desired value for the temperature, for example, is entered 

as a set-point in the controller by the operator. The signal from a thermocouple placed 

into the reactor is compared with the set-point value. In this way the controller can adjust 

the heat rate to maintain the set-point. In the Figure 4.1 the controller is shown: 
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Figure 4.1 - Reactor controller 

The operating limits of the system are reported in the Table 4.2: 

Parameters Operating limit u.o.m. 

Temperature 350 °C 

Pressure 160 bar 

Stirring rate 1500 RPM 

Table 4.2 - Operating limit of Parr 4567 reactor 

Available accessories of reactor include a vessel, a pressure gauge, an internal stirring 

system, a thermocouple, a liquid sampling valve, a gas release valve, a gas inlet valve, a 

safety rupture disk, an electric heater and control system. Some of these are schematized 

in the Figure 4.2. Moreover, the control system is connected to a computer for the storage 

of the collected data. 
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Figure 4.2 - Reactor accessories 

The entire apparatus of the reactor is shown in Figure 4.3: 

 

Figure 4.3 - Reactor apparatus 

4.2.2. Experimental test procedure 

The experimental tests took place according to a procedure whose purpose is to have 

reproducibility of the tests and above all to avoid the formation of explosive hydrogen-

oxygen mixtures that have a flammability field in air at atmospheric pressure in the range 

4% - 74.5%. The reactive system consists of three phases: gas, solid and liquid. 

All the tests were characterized by five main steps: 

- Loading of the reagents into the vessel and reactor inertization (pressure purging); 

- Temperature and stirring speed setting and test start; 
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- Test run; 

- End of the test and cooling at 60°C with gas sampling; 

- Cooling at room-temperature and solid-liquid sampling; 

More in detail, the first step involved a preliminary phase in which the solid and liquid 

reagents were weighted and loaded appropriately into the vessel. Subsequently, the 

reagent system was blanketed by Nitrogen. The number of inerting cycles has been 

calculated with the following formula: 

𝑗𝑗 =  
ln �

𝑦𝑦𝑗𝑗
𝑦𝑦0

�

ln �𝑃𝑃𝑙𝑙
𝑃𝑃ℎ

�
 

where: 

- 𝑦𝑦𝑗𝑗: initial concentration; 

-  𝑦𝑦0: final concentration; 

-  𝑃𝑃𝑙𝑙: pressure prior to inerting; 

- 𝑃𝑃ℎ: pressure following the inerting. 

For the system considered, six inerting cycles were required (5 - 0,3 barg), in order to 

avoid the presence of oxygen inside the reactor.  

The initial operating pressure was fixed at 0,3 barg. Later, the set-point temperature value 

and the desired stirring rate value were manually set. Once the previous operations had 

been completed, the test could start. During the test, it was possible to monitor the time 

dependent evolution of pressure and of temperature. An increase in pressure allows us to 

identify the evaporation of the alcohol and then the formation of products in the gas phase. 

The test was interrupted after about 6 h, i.e., when the pressure-time curve plateau was 

reached. The system was cooled down to 60°C.  

At this temperature, the gas was sampled by using a GC sampling bag. The sampling bag 

was connected to the gas release valve, shown in Figure 4.2 in the previous paragraph, 

and the valve remained open until the pressure inside the reactor became 0 barg, so all 

the gas was removed.  

As regards the gas sampling temperature, for almost all the tests it was 60 ° C, since the 

boiling temperature of ethanol is about 78 ° C. Therefore, 60 ° C is a good compromise 
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temperature to avoid that a lot of ethanol can condense inside the sampling bag. All the 

more reason, it is even better when using glycerol, which instead has a much higher 

boiling temperature (290 °C). Only when methanol was used in the tests, it was decided 

to carry out the gas sampling at 50 ° C since the boiling temperature of the methanol is 

about 64.7 °C. Hence, 60 °C would have been too close and consequently there would 

have been a lot of condensed methanol in the bag. 

Lastly, at room temperature, the reactor was opened, and a residue sample (solid+liquid) 

was taken.  

For subsequent steps in the process, the addition of other reagents is required. These are 

loaded into the vessel through the liquid inlet valve and then the same experimental 

procedure as for the first step, described above, is carried out. 

After the various tests, the residue present in the reactor was usually characterized by a 

solid phase (small particles) dispersed in the liquid phase. For this reason, the treatment 

of the final residue was carried out according to an accurate and structured procedure. 

This procedure includes the following steps: 

- the residue was taken from the reactor and stored in a 50 mL polypropylene 

centrifuge tube; 

- this Falcon tube is subjected to a centrifuge (12500 RPM) for 10 minutes at a 

temperature of 10 °C. In this way the solid phase was separated from the liquid; 

- the liquid was stored in another Falcon tube; 

- the solid sample was dried in a tubular oven (Figure 4.4) in nitrogen stream at 

50°C for five hours. It is not exceeded 50 °C to avoid losing organic substance.  

Finally, all the products (gas, liquid and solid) were analysed through advanced 

techniques: FT-IR (Fourier Transform Infrared Spectroscopy), TGA (Thermogravimetric 

Analysis) and XRD (X-ray diffraction analysis) for solid analysis and GC (Gas 

Chromatography) for the gas analysis. 

4.2.3. Thermo Scientific Lindberg/Blue M Tube Furnaces 

This tubular oven has been used to dry the solid residue. It presents the following 

performance features: 
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- three zones, each of which is set using three programmable controllers (one for 

each zone); 

- a microprocessor-based self-tuning PID control (proportional, integral, 

derivative) that provides optimum thermal process without overshoot; 

- a single program with multiple segments for ramp (up/down) and dwell (timed 

hold) temperature control; 

- an adjustable high-limit over-temperature protection; 

- a simultaneous LED display of temperature and set-point in °C or °F. 

In the Figure 4.4 this tube furnace is shown: 

 

Figure 4.4 - Thermo Scientific Lindberg/Blue M Tube Furnaces 

Specifications are given in the Table 4.3: 

 

Table 4.3 - Specifications of the tubular oven 
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4.3. Material characterization 

4.3.1. FTIR Analysis 

Fourier Transform Infrared Spectroscopy, also known as FTIR Analysis or FTIR 

Spectroscopy, is an analytical technique used to identify organic, polymeric, and, in some 

cases, inorganic materials. 

This method uses infrared light to scan test samples and it is concerned with the vibration 

of molecules. Each functional group has its own discrete vibrational energy, which can 

be used to identify a molecule through the combination of all the functional groups. This 

makes FTIR microscopy ideal for sample ID, multilayer film characterization, and 

particle analysis. 

Infrared spectroscopy works on principle that the molecules vibrate at specific 

frequencies. These frequencies (~ 4000 to ~ 200 cm−1) fall in IR portion of 

electromagnetic spectrum. When IR radiation is incident on a sample, it absorbs radiation 

at frequencies similar to its molecular vibration frequencies and transmits other 

frequencies. Frequencies of absorbed radiation are detected by infrared spectrometer and 

a plot of absorbed energy against frequency, called ‘infrared spectrum’, can be obtained. 

Since dissimilar materials possess dissimilar vibrations and give distinct infrared spectra, 

a particular molecule can be identified.  

Light (radiation) can be thought of both as traveling particles (photons) and as waves. 

The waves consist of magnetic and electric fields, which oscillate perpendicular to each 

other. A wave can be described by its wavelength and frequency. The wavelength is the 

distance between two crests (one complete oscillation) (Figure 4.5-A); light of different 

wavelengths can be categorized into regions of the electromagnetic spectrum (Figure 4.5-

B). 

 

Figure 4.5 - A) Wavelength; B) electromagnetic spectrum 
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The frequency is defined as the number of finished oscillations per second. One hertz 

(Hz) is defined as one oscillation per second. The relationship between wavelength and 

frequency is given below: 

𝜈𝜈 =  
𝑟𝑟
𝜆𝜆

 

where:  

- ν: frequency; 

- c: speed of light (2,998×108 m/s in vacuum); 

- λ: wavelength.  

As equation states, the frequency increases with decreased wavelength. The number of 

oscillations for a defined distance is called the wavenumber and is often given in cm−1 

(number of oscillations per cm). The relationship between wavenumber and wavelength 

is given below: 

𝜈𝜈� =  
1
𝜆𝜆

 

where:  

- 𝜈𝜈�: wavenumber.  

The energy of a photon can be described by the equation: 

𝐸𝐸 = ℎ 𝜈𝜈 

where:  

- h: Planck’s constant (6,626 × 10-34 J‧s).  

By combining these equations, it is obtained: 

𝐸𝐸 = ℎ
𝑟𝑟
𝜆𝜆

= ℎ𝑟𝑟𝜈𝜈� 

The previous equations illustrate that the energy of a wave will increase with decreased 

wavelength, increased frequency or increased wavenumber.   

When radiation strikes a molecule, the molecule can absorb a photon and thereby get 

excited from the ground energy state to a higher energy level. The absorbance (also called 

optical density) can be expressed by the following equation: 
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𝐴𝐴 =  log �
𝐼𝐼0

𝐼𝐼
� 

where: 

- 𝐼𝐼0: intensity of the radiation that strikes the sample;  

- 𝐼𝐼: transmitted light (the remaining part of the light that leaves the sample).  

Thus, absorption of 90 % of the light will give an absorbance of 1; while absorption of 

99 % will give an absorbance of 2.  

Regarding the precision of the spectrophotometer, it is preferable to achieve an 

absorbance approximately between 0,3 and 2.  

Different types of radiation affect the molecules in different ways. For example, when 

visible and ultraviolet radiations are absorbed, electrons will jump to a higher energy 

orbital, while absorption of microwave radiation will stimulate rotation of the molecule.  

Infrared light, which is used in this project, will stimulate vibrations in the molecule. The 

atoms naturally vibrate in different directions in the ground energy state of a molecule. 

The most interesting vibrations are symmetric and asymmetric stretching, and different 

types of bending movements.  

These vibrations are presented in Figure 4.6: 

 

Figure 4.6 - Different types of vibrations 
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The amplitude of the oscillations, and the energy of the molecule, will increase when 

infrared radiation is absorbed. When the molecule goes back to its ground state, it 

converts the energy from the photon to heat.  

The wavelength of the absorbed light depends on the type of vibration and the atoms 

involved. In other words, different amounts of energy are required to increase the 

amplitude of the oscillation for different types of chemical bonds and vibrations. 

Functional groups will therefore absorb infrared light at characteristic frequency ranges. 

Due to this, it is possible to identify the functional groups in a molecule by use of infrared 

spectrophotometry.  

The most useful infrared region is from 4000 to 625 cm-1 since many functional groups 

vibrate with frequencies within this range. 

FTIR analysis is absolutely an excellent technique to recognize the bonds present within 

a substance, but it is not a quantitative technique and often does not allow you to uniquely 

recognize a substance (as in our case). In addition, the intensity of the signal of a certain 

vibration is strongly dependent on the quantity of substance characterized by that type of 

bond in the analysed sample. 

In this work, Nexus FTIR spectrometer equipped with a DTGS KBr (deuterated triglycine 

sulfate with potassium bromide windows) detector was used to perform Fourier transform 

infrared (FTIR) spectroscopy (Figure 4.7). FTIR absorption spectra of all sample were 

recorded in the 4000÷500 cm−1 range at a 2 cm−1 spectral resolution. 

Samples were prepared by mixing 200 mg of KBr and 1 mg of dried samples powders 

and pressing into pellets 13 nm in diameter. The spectrum of each sample was corrected 

for that of blank KBr. 

 

Figure 4.7 - Nexus FTIR spectrometer 
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4.3.2. GC Analysis 

Gas chromatography (GC) is a separation technique capable of separating highly complex 

mixtures based primarily upon differences of boiling point. 

Common gas chromatographic equipment consists of a carrier gas system, injector, gas 

chromatographic column, detector and data processing unit.  

The carrier gas is generally a permanent gas with low or negligible adsorption capacity, 

i.e., hydrogen, helium or nitrogen.  

The nature of the carrier gas may influence the separation characteristics of the GC system 

and can modify the sensitivity of the detection. As the stability and reproducibility of the 

carrier gas flow-rate is a prerequisite of a successful gas chromatographic analysis, they 

considerably influence both the efficacy of separation and the quantification of results. 

Injectors deliver the sample to the head of the GC column. They can be classified into 

two major groups: vaporization and on-column injectors.  

Vaporisation injectors utilise high temperatures (100÷300°C) to vaporise a liquid sample 

rapidly. Usually, a syringe is used to introduce the sample into the thermostated injector. 

In this case the sample rapidly vaporises, mixes with the carrier gas, and is transported 

into the column. On-column injectors deposit the sample directly into the column without 

relying upon vaporization of the sample and its subsequent transport into the column. 

Separation of volatile compounds of the injected sample is performed in the GC column.  

Columns for gas chromatography can be divided into two distinct groups: packed and 

capillary columns of various dimensions. The length, diameter and inner lining of the 

columns may vary. Each column is specially made to be used with different compounds. 

The purpose of the column and furnace is to break down the injected sample into 

individual compounds as it passes through the column. 

The separation and identification of the components of a mixture by the GC is divided 

into three main phases (Figure 4.8): 

1. Injection of a sample into the GC (injector). 

2. Separation of the sample into individual components (in the furnace column). 

3. Identification of the compounds in the sample (in the detector). 
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Figure 4.8 - Physical components of a typical GC system. 

The columns of the GC are placed in a temperature-controlled furnace.  

In the present case, the GC was used to evaluate hydrogen production. The detectors 

identify the presence of the compounds at the exit from the column. When the compounds 

enter the detector, an electrical signal proportional to the amount of compound detected 

is generated. The signal is usually sent to a data analysis system, for example Agilent 

Chem Station, where it is represented as a peak in the chromatogram.  

The output of the chromatographic analysis is the chromatogram, which is characterized 

by the succession of the various peaks, as each substance leaving the column generates a 

signal that is recorded in the form of a 'peak'.  

The chromatogram looks like a diagram (Figure 4.9), in which the response of the detector 

is reported on the ordinate axis and the detention times of the various substances on the 

abscissa axis (in this work, the elution time of hydrogen is about 2 minutes and depends 

on the created method, it is not absolute time). 

Each peak is characterized by: 

- Peak height: the distance between the peak maximum and its base, measured 

perpendicular to the time axis; 

- Peak amplitude: is the segment bounded based on the peak by the intersection 

points of the tangents drawn at the inflection points of both sides; 

- Retention time: this is the time taken between the injection of the sample and the 

recording of the maximum peak. It depends on the nature of the substance, the 

column and the operating conditions. The recognition of the gaseous components 

takes place by comparing the retention time of the various peaks with the retention 

time of the standard reference substances; 
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- Peak area: this is the surface bounded by the contour of the peak and the baseline. 

It depends on the amount of substance output and the characteristics of the 

detector. It is fundamental for quantitative analysis, as the concentration of the 

detected substances takes place based on the comparison of the peak areas with 

the calibration curve of the standard substances. 

 

Figure 4.9 - Example of a chromatogram 

In this thesis, Agilent Technologies 3000A 4-Channel Micro GC G2802A has been used 

(Figure 4.10). The injection temperature is set at 70 °C for each module, while a specific 

analysis temperature is set for each column. The column temperature is 65 °C, 90 °C, 80 

°C and 100 °C for OV-1, Alumina, PLOT U and MS5A column (Agilent columns), 

respectively. In particular, the column OV-1 detects hydrocarbon species as isoC4, 

methyl3butene1, pentene, hexene, etc.; the column Alumina detects species as C4H10, 

C2H2 and propylene; the column PLOT U is used to identify mainly CO2 and ethylene; 

finally, the column MS5A detects the presence or not of H2, O2, N2, CH4 and CO in the 

gas sample. The detector used is a TCD (thermal conductivity detector). It is a non-

specific and non-destructive detector and is based on the principle of thermal conductivity 

which depends upon the composition of the gas. The difference in thermal conductivity 

between the column effluent flow (sample components in carrier gas) and the reference 

flow of carrier gas alone, produces a voltage signal proportional to this difference. The 

signal is proportional to the concentration of the sample components. As for any GCs the 

carrier gas must be inert and may not be adsorbed by the column material. Helium is 

typically used as the carrier gas for the TCD because of its high thermal conductivity. 
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Figure 4.10 - Agilent Technologies 3000A 4-Channel Micro GC G2802A 

Starting from the chromatogram, the software Soprane connected to the instrument 

carried out an integration of the areas underlying the detected peaks. To obtain the 

volumetric compositions of the gases present in the gas pockets, for each detected species 

the value of the area obtained was multiplied by a response factor. The response factor is 

a different number for each species and was determined through calibration lines. In Table 

4.4 are shown all the response factor used:  

Species Response factors 

Butane C4H10 e isoC4 9,39088E-06 

C2H2 1,68685E-05 

butene, methyl3butene1 e isoC5 8,4637E-06 

CO2 0,000138126 

ethylene 0,000145866 

C2H6 0,000133786 

C3H8 5,83095E-05 

H2 0,000125028 

O2 0,001291855 

N2 0,001250105 

CH4 0,000581611 

CO 0,001458263 

Table 4.4 - Response factors of each species for the conversion from area to volumetric composition 
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Then, the sum of the volumetric compositions of all species was calculated. The 

volumetric compositions of N2 (since it is the one inserted before the start of each test to 

inert the reactor) and of O2 were then subtracted. In this way, the normalized sum was 

obtained, i.e. without N2 and O2. Then, to obtain the normalized volumetric compositions, 

for each species its own volumetric composition was divided by the normalized sum. This 

procedure for the calculation of the normalized compositions was used, exactly as it is, 

for all the tests reported in the Chapter 5. 

4.3.3. TG Analysis 

Thermogravimetric analysis (TGA) is an analytical technique used to determine the 

thermal stability of a material and its fraction of volatile components by monitoring the 

weight change that occurs as a sample is heated at a constant rate. This technique allows 

a quantitative thermal analysis of a sample, without however identifying the nature of the 

components, but only by measuring how much weight is lost from the sample at a certain 

temperature. From this analysis graphs of weight loss as a function of temperature are 

obtained. They are known as thermogravimetric curves (see Figure 4.11). 

 

Figure 4.11 - Example of a Thermogravimetric curve 

The main components are the following: 

- Sensitive analytical balance (range between 5 and 20 mg); 

- Furnace (temperature from 25 to 1500 °C); 

- Purge gas system that ensures an inert atmosphere and the diffusion of heat at 

every point; 

- Processor for instrument control, data acquisition and display. 
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TGA is one of the other routine methods for polymer characterizations. It is known how 

the thermal degradation mechanism of polymers can be significantly influenced by the 

experimental conditions in which the heating is performed. Hence, the reproducibility of 

the thermogravimetry data of the polymers requires the control as detailed as possible of 

the operating conditions of the experiment, such as size and shape of the sample, rate of 

heating, type of atmosphere in which the sample is heated. Anyway, the identification of 

the complex reactions that occur as a result of heating cannot be carried out only on the 

basis of the weight variations that they cause (complementary use of thermoanalytical 

techniques, e.g. DSC). 

Thermogravimetric analysis was carried out with the TGA/DSC TA instrument 

Q600SDT, shown in Figure 4.12: 

 

Figure 4.12 - TGA/DSC TA instrument Q600SDT  

The Q600 features a highly reliable horizontal dual-balance mechanism that supports 

precise TGA and DSC measurements. It provides simultaneous measurement of weight 

change (TGA) and differential heat flow (DSC) on the same sample from ambient 

temperature to 1500 ˚C with heating rates from 0.1 to 100 °C/min. 

In Figure 4.13 there is a schematization of the main components of the instrument: 
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Figure 4.13 - Schematization of the main components 

Platinum pans (40 and 110 μL) and ceramic cups (40 and 90 μL) are available for use 

with the Q600 (Figure 4.14). The platinum cups are recommended for operation to 1000 

˚C, and for their general inertness and ease of cleaning. The ceramic cups are advised for 

operation to 1,500 ˚C, and for samples that react with platinum. 

 

Figure 4.14 - Q600 Sample Pans (platinum pans on the left, ceramic cups on the right) 

The specifications of this instrument are given in the following Table 4.5: 

 

Table 4.5 - Specifications of this instrument 



100 
 

In this thesis, TG analysis was carried out in N2 stream at a rate of 10 ⁰C/min to 1000 ⁰C 

using a mass sample of about 8 mg and platinum pans. 

4.3.4. X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a technique used to study the crystalline structure of solids 

through the interaction of atoms with electromagnetic radiation of a wavelength 

comparable to atomic size. 

When an X-ray beam is directed on the solid sample, which can be crystalline or 

amorphous, the affected atoms re-emit part of the X-rays, causing the radiation to be 

scattered in all directions (spherical waves). If the wavelength of the scattered radiation 

is equal to that of the incident radiation scattering is elastic; while if the wavelength of 

the scattered radiation is greater than that of the incident radiation it is inelastic. In the 

first case, the atoms maintain their kinetic energy, in the second the atoms absorb part of 

the energy (Compton Effect). In some directions, the elastically scattered waves are in 

phase and give constructive interference (coherent elastic scattering); while in others, the 

waves are not in phase and give destructive interference. 

Bragg's law considers the reflection of waves (Figure 4.15) and provides the refraction 

conditions, i.e. the ratio between the incident wavelength and the distance between the 

scattering objects (reticular planes in the case of solids crystalline) for which the reflected 

rays are in phase and give constructive interference: 

2𝑦𝑦 sin 𝜃𝜃 = 𝐸𝐸 ∙ 𝜆𝜆 

where: 

- 𝑦𝑦: the interplanar distance; 

- 𝜃𝜃: the angle of incidence whose amplitude is equal to half the diffraction angle; 

- 2𝜃𝜃: the angle between the transmitted and reflected ray; 

- 𝐸𝐸: a whole number (1, 2, ...); 

- 𝜆𝜆: the wavelength of the incident ray. 
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Figure 4.15 - Radiation diffraction by a family of reticular planes 

X-ray diffraction can be used for the analysis of single crystals, polymer fibres, films or 

powders with different methods. A polycrystalline powder sample is ideally an isotropic 

system with crystals, and therefore reticular planes, randomly oriented in all directions. 

The incident radiation is monochromatic and the angle of incidence varies over a specific 

range. For each value of θ, some floor families are in diffraction conditions. The diffracted 

rays are collected by a mobile detector or by a cylindrical photographic film as in the 

traditional Debye-Scherrer method. 

A diffractogram gives the diffraction intensity (relative to the base peak, i.e. the most 

intense peak) as a function of the angle 2θ, which is inversely proportional to the 

interplanar distance, as evidenced by Bragg's law. 

The most relevant information obtainable from this analysis are: 

- nature and relative quantity of the crystalline phases present; 

- properties of the matrix; 

- degree of crystallinity and amorphous phase content; 

- preferred crystal sizes, distortion and orientations; 

- study of the formation of solid solutions, reactions and phase transformation. 

The identification of the crystalline phase of a sample is carried out by comparing its 

experimental diffractogram (Figure 4.16-b) with the PDF (Powder Diffraction File) 

sheets of the International Center for Diffraction Data. It is a database that contains all 

the diffraction profiles of known materials and contains approximately 800,000 datasets. 

The comparison is based on the distance values on the relative intensities of the peaks. 

The scheme of the structure of a diffractometer is shown in Figure 4.16-a: 
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Figure 4.16 - a) Bragg-Brentano focusing geometry; b) Acquired diffractometric spectrum. 

In this work, XRD analysis (X-Ray Diffraction) was carried out through XRD 

diffractometer PANalytical X’Pert Pro using Cu Kα radiation (1.5406 Å). The scanning 

range of 2θ is [5°; 100°] with a step size of 0.013° and a scan step time of 18.87 s.  

It was chosen to use this analysis to see if in the solid residue there was the presence of 

an amorphous phase which would indicate the formation of polymer chains and therefore 

a further confirmation of the presence of the polymer in the solid. 

 

4.4. Modeling and simulation methodology 

4.4.1. Software description for thermodynamic analysis 

In this paragraph, the software used for the thermodynamic study will be described. To 

compare experimental and thermodynamic results, the thermodynamic model was created 

using Aspen Plus V10, a software provided by Aspen Technology. 

The yield, selectivity and conversion degree, together to the mole fractions of the 

products, has been calculated under equilibrium conditions in the outlet flow, using Gibbs 

energy minimisation. 

The simulations are carried out using essentially the following features contained in the 

Aspen Plus package: 

- Type of reactor: RGibbs; 

- Property method: Peng-Robinson 
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As regards the RGibbs reactor, it allows the determination of the thermodynamic 

equilibrium conditions through the minimization of Gibbs free energy; this model can be 

used for the following types of equilibria: 

- Single phases (liquid or vapour); 

- Vapour phase with several liquid phases; 

- Solid phases in solution; 

- Conventional solid components in fluid phases. 

The property method chosen for the model, Peng-Robinson, is commonly used for the 

thermodynamic analysis of polar and non-polar mixtures and in particular for 

hydrocarbons and light gases.  

The Figure 4.17 shows an image of the Aspen Plus program interface with the RGibbs 

reactor used. 

 

Figure 4.17 - Aspen Plus V10 program interface 

The components that were considered to be always present at thermodynamic equilibrium 

were: CH4, CO2, CO, H2, H2O and C. 

Moreover, other species have been added to the equilibrium according to the reaction 

pathways found in the literature and mentioned in the Chapter 2 for each fuel. However, 

it was noted that, for the operating conditions we have chosen, their presence at 

equilibrium is almost negligible. 
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4.4.2. Minimization of Gibbs free energy 

The minimization of total Gibbs free energy is a suitable method to calculate the 

equilibrium compositions of any reacting system. The total Gibbs free energy of a system 

is given by the sum of ith species: 

𝑊𝑊𝑤𝑤 = � 𝐸𝐸𝑖𝑖𝑊𝑊𝑖𝑖 =
𝑁𝑁

𝑖𝑖=1

 � 𝐸𝐸𝑖𝑖𝜇𝜇𝑖𝑖 =
𝑁𝑁

𝑖𝑖=1

� 𝐸𝐸𝑖𝑖𝑊𝑊𝑖𝑖
0 + 𝑅𝑅𝑅𝑅 � 𝐸𝐸𝑖𝑖 ln

𝑅𝑅𝑖𝑖

𝑅𝑅𝑖𝑖
0     (1) 

where: 

- 𝑊𝑊𝑤𝑤: total Gibbs free energy; 

- 𝑊𝑊𝑖𝑖: partial molar Gibbs free energy of species 𝐸𝐸; 

-  𝑊𝑊𝑖𝑖
0 =  ∆𝑊𝑊𝑜𝑜𝑖𝑖

0 : standard Gibbs free energy for reaction equilibria in gas phase; 

-  𝜇𝜇𝑖𝑖: chemical potential; 

- 𝑅𝑅: molar gas constant; 

- 𝑅𝑅: temperature of system; 

- P: pressure of system; 

- 𝑅𝑅𝑖𝑖 =  𝑦𝑦𝑖𝑖𝜑𝜑𝑖𝑖𝑃𝑃: fugacity in system (for reaction equilibria in gas phase); 

- 𝑅𝑅𝑖𝑖
0 =  𝑃𝑃0: standard-state fugacity (for reaction equilibria in gas phase); 

- 𝐸𝐸𝑖𝑖: mole of species 𝐸𝐸. 

By using the Lagrange multiplier method, the minimum Gibbs free energy of each 

gaseous species and that of the total system can be expressed as the following two 

Equations, respectively: 

∆𝑊𝑊𝑜𝑜𝑖𝑖
0 + 𝑅𝑅𝑅𝑅 ln

𝑦𝑦𝑖𝑖𝜑𝜑𝑖𝑖𝑃𝑃
𝑃𝑃0 +  � 𝜆𝜆𝑘𝑘𝐸𝐸𝑖𝑖𝑘𝑘

𝑘𝑘

= 0       (2) 

� 𝐸𝐸𝑖𝑖 �∆𝑊𝑊𝑜𝑜𝑖𝑖
0 + 𝑅𝑅𝑅𝑅 ln

𝑦𝑦𝑖𝑖𝜑𝜑𝑖𝑖𝑃𝑃
𝑃𝑃0 +  � 𝜆𝜆𝑘𝑘𝐸𝐸𝑖𝑖𝑘𝑘

𝑘𝑘

�
𝑁𝑁

𝑖𝑖=1

= 0    (3)      

with the constraining equation: 

� 𝐸𝐸𝑖𝑖𝐸𝐸𝑖𝑖𝑘𝑘
𝑖𝑖

=  𝐴𝐴𝑘𝑘      (4) 

where: 
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- ∆𝑊𝑊𝑜𝑜𝐶𝐶(𝑠𝑠)
0  : standard Gibbs function of formation of species 𝐸𝐸; 

- 𝑃𝑃0: standard-state pressure of 101.3 kPa; 

- 𝑦𝑦𝑖𝑖: gas phase mole fraction; 

-  𝜑𝜑𝑖𝑖: fugacity coefficient of species 𝐸𝐸; 

- 𝜆𝜆𝑘𝑘: Lagrange multiplier; 

- 𝐸𝐸𝑖𝑖𝑘𝑘: number of atoms of the kth element present in each molecule of species 𝐸𝐸; 

- 𝐴𝐴𝑘𝑘: total mass of kth element in the feed. 

When solid carbon (graphite) is involved in the system, exploiting the vapor–solid phase 

equilibrium is applied to the Gibbs energy of carbon as shown below: 

𝑊𝑊𝐶𝐶(𝑔𝑔) = 𝑊𝑊𝐶𝐶(𝑠𝑠) ≅ ∆𝑊𝑊𝑜𝑜𝐶𝐶(𝑠𝑠)
0 = 0      (5) 

Substituting Equation (1) into Equation (2) for gaseous species and into Equation (5) for 

solid species gives the minimization function of Gibbs energy as follows: 

� 𝐸𝐸𝑖𝑖 �∆𝑊𝑊𝑜𝑜𝑖𝑖
0 + 𝑅𝑅𝑅𝑅 ln

𝑦𝑦𝑖𝑖𝜑𝜑𝑖𝑖𝑃𝑃
𝑃𝑃0 +  � 𝜆𝜆𝑘𝑘𝐸𝐸𝑖𝑖𝑘𝑘

𝑘𝑘

�
𝑁𝑁−1

𝑖𝑖=1

+  𝐸𝐸𝐶𝐶∆𝑊𝑊𝑜𝑜𝐶𝐶(𝑠𝑠)
0 = 0     (6) 

where 𝑊𝑊𝐶𝐶(𝑔𝑔), 𝑊𝑊𝐶𝐶(𝑠𝑠), ∆𝑊𝑊𝑜𝑜𝐶𝐶(𝑠𝑠)
0   and 𝐸𝐸𝐶𝐶  are the partial molar Gibbs free energy of gas carbon, 

that of solid carbon, the molar Gibbs free energy of solid carbon, the standard Gibbs 

function of formation of solid carbon and mole of carbon, respectively. 

4.4.3. Operating conditions of simulation 

As mentioned above, the equilibrium calculations employing the Gibbs energy 

minimization were done with Aspen Plus V10 software package. To evaluate the 

thermodynamics properties, it was used the “PENG ROB” method; while it was chosen 

“RGIBBS” as reactor to perform the thermodynamics analysis.  

 In "RGIBBS", phase equilibrium and chemical equilibrium were chosen as calculation 

options, and a pressure of 30 bar and a temperature of 850°C were chosen as operating 

conditions. Then, through a sensitivity, it was decided to vary the temperature between 

25 °C and 1000 °C and the pressure in the range 1÷40 bar. Moreover, the water-to-fuel 

ratio was varied in the range of 1÷10. 
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The equilibrium conversions of the various fuels and their hydrogen yield are defined as 

follows: 

𝑋𝑋𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙 =  
𝐹𝐹𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙,𝑖𝑖𝑛𝑛 −  𝐹𝐹𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙,𝑜𝑜𝑓𝑓𝑤𝑤

𝐹𝐹𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙,𝑖𝑖𝑛𝑛
 

𝑌𝑌𝐻𝐻 =  
 𝐹𝐹𝐻𝐻,𝑜𝑜𝑓𝑓𝑤𝑤

𝜈𝜈𝐻𝐻2  ∙ 𝐹𝐹𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙,𝑖𝑖𝑛𝑛
 

where: 

- 𝑋𝑋𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙: equilibrium conversion of the fuel; 

- 𝑌𝑌𝐻𝐻: yield of hydrogen; 

- 𝐹𝐹𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙,𝑖𝑖𝑛𝑛: molar flow rates of the fuel at inlet; 

- 𝐹𝐹𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙,𝑜𝑜𝑓𝑓𝑤𝑤: molar flow rates of the fuel at outlet; 

- 𝐹𝐹𝐻𝐻,𝑜𝑜𝑓𝑓𝑤𝑤: molar flow rate of hydrogen at outlet; 

- 𝜈𝜈𝐻𝐻2: stoichiometric coefficient of hydrogen in the overall steam reforming reaction of 

the fuel (it is: 4 for methane and biogas, 10 for propane, 3 for methanol, 6 for ethanol, 7 

for glycerol); 

- 𝜈𝜈𝐻𝐻2  ∙ 𝐹𝐹𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙,𝑖𝑖𝑛𝑛: theoretical mole ratio of fuel feed and hydrogen produced. 

Furthermore, selectivity has also been defined as follows but only for methane and biogas 

because for all the other fuels selectivity was equal to the yield as the degree of conversion 

was unitary: 

𝜒𝜒𝐻𝐻 =  
 𝐹𝐹𝐻𝐻,𝑜𝑜𝑓𝑓𝑤𝑤

𝜈𝜈𝐻𝐻2  ∙ (𝐹𝐹𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙,𝑖𝑖𝑛𝑛 − 𝐹𝐹𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙,𝑜𝑜𝑓𝑓𝑤𝑤)
 

where: 

- 𝜒𝜒𝐻𝐻: selectivity of hydrogen. 

The operating conditions that have been examined are summarized in the Table 4.6: 

Parameters Values u.o.m. 

Pressure 1÷40 bar 

Temperature 25÷1000 °C 

Feed ratio H2O/fuel 1÷10 / 

Table 4.6 - Ranges of investigated parameters 



107 
 

However, in Chapter 5, only the hydrogen yield will be represented since it will be used 

for the final comparison between experimental and simulation results. In fact, the 

selectivity, except for methane and biogas, has always been equal to the yield. 

 

Chapter 5 

5. Results and discussion 

5.1. Thermodynamic analysis 

For a chemical process to take place, two aspects must be examined: 

- Kinetic; 

- Thermodynamic. 

Thermodynamics describes the overall properties, behaviour and equilibrium 

composition of a system; while kinetics studies the reaction rate and the factors that 

influence it, describing the mechanisms involved in the formation of the final products. 

In this paragraph, the thermodynamic aspect will be described because it is fundamental 

to explore the limits of operability of a chemical process. 

In real reactive systems, there is often a quite complex network of chemical reactions. It 

is difficult for a reagent system to provide a single chemical reaction during operation, 

but it is possible to ensure that the desired reactions - i.e. those that generate the product 

of interest - are accelerated with respect to the others, leading overall to a mixture of a 

very precise composition. To design and operate an industrial process, it is always 

advisable to start from an analysis of the thermodynamics of the process itself. The latter, 

thanks to the methodological tools available and to the models developed to describe the 

behaviour of the substances, allows to establish the limit values for some quantities of 

interest (degree of conversion of the fuel, yield to hydrogen, etc.), as a function of 

manipulable operative variables of the process, such as pressure, temperature and feed 

ratio. 
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5.2. Thermodynamic analysis of SRE 

In this paragraph, thermodynamic analysis of SRE is analysed in more detail, because 

ethanol is the fuel used largely in our laboratory experiments. 

5.2.1. Reaction pathways of SRE 

Thermodynamic aspects of ethanol steam reforming (SRE) have been extensively 

analysed in the literature. The reaction pathways and thermodynamics of SRE have been 

studied recently [201, 202, 203]. The possible reaction pathways of SRE can be described 

by Equations (1) ÷ (20).  

The reaction with sufficient steam supply, Equation (1), is strongly endothermic and 

produces only hydrogen and carbon dioxide if ethanol reacts in the most desirable way. 

It is an ideal pathway by which the highest hydrogen is produced: 

C2H5OH + 3H2O ↔ 2CO2 + 6H2             (1) 

Lower hydrogen production and undesirable products, such as carbon monoxide and 

methane, are formed during insufficient steam supply reactions: 

C2H5OH + H2O ↔ 2CO + 4H2                   (2) 

C2H5OH + 2H2 ↔ 2CH4 + H2O                 (3) 

C2H5OH + H2O ↔ CH3COOH + 2H2         (4) 

Ethanol can dehydrogenize to acetaldehyde through the following equation: 

C2H5OH ↔ CH3CHO + H2       (5) 

Acetaldehyde can decompose to methane and carbon monoxide or transform into 

hydrogen and carbon monoxide through Equation (6) or Equation (7), respectively: 

CH3CHO ↔ CH4 + CO     (6) 

CH3CHO + H2O ↔ 3H2 + 2CO     (7) 

Ethanol can dehydrate to ethylene or ether according to Equation (8) or Equation (9), 

respectively: 

C2H5OH ↔ C2H4 + H2O              (8) 

C2H5OH ↔ 1/2 C2H5OC2H5 + 1/2 H2O          (9) 

A possible route for the formation of carbon is ethylene polymerization (Equation (10)): 
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C2H4 ↔ polymers ↔ 2C + 2H2      (10) 

Ethanol can decompose into carbon monoxide, methane, carbon dioxide, hydrogen, and 

acetone through Equations (11) ÷ (13): 

C2H5OH ↔ CO + CH4 + H2      (11) 

C2H5OH↔ 1/2 CO2 + 3/2 CH4     (12) 

C2H5OH↔ 1/2 CH3COCH3 + 1/2 CO + 3/2 H2     (13) 

Carbon monoxide and carbon dioxide could transform into methane through methanation 

reactions (Equations (14) and (15)): 

CO + 3H2 ↔ CH4 + H2O            (14) 

CO2 + 4H2 ↔ CH4 + 2H2O        (15) 

Coke formation may occur through methane decomposition reaction (Equation (16)) and 

Boudouard reaction (Equation (17)): 

CH4 ↔ 2H2 + C                   (16) 

CO ↔ 1/2 CO2 + 1/2 C     (17) 

Water gas shift reaction (WGSR), Equation (18), is exothermic and reversible and hence 

the equilibrium shifts to the right and favours the formation of H2 and CO2 at lower 

temperatures: 

CO + H2O ↔ CO2 + H2     (18) 

Reduction of carbon oxides may also lead to carbon formation through the following 

equations: 

CO + H2 ↔ C + H2O          (19) 

CO2 + 2H2 ↔ C + 2H2O    (20) 

Hydrogen production varies significantly with different reaction pathways. To maximize 

hydrogen production, it is crucial to ensure sufficient supply of steam and to minimize 

ethanol dehydration and decomposition. 

5.2.2. Calculation of equilibrium constants 

In this sub-paragraph, through the calculation of the equilibrium constants as a function 

of the temperature,  𝑅𝑅∆𝐺𝐺0=0 will be obtained for each reaction. 
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Hence, thermodynamic study of this path of reactions was carried out by calculating the 

equilibrium constant for each chemical reaction.  

It can be expressed as follows:  

𝐾𝐾𝑤𝑤𝑒𝑒(𝑅𝑅) = exp �−
∆𝑊𝑊0

𝑅𝑅𝑅𝑅
� 

where: 

- ∆𝑊𝑊0 is the Gibbs free energy; 

- R is the universal gas constant; 

- T is the temperature (in Kelvin). 

The Gibbs free energy can be calculated as: 

∆𝑊𝑊0 =  ∆𝐶𝐶𝑤𝑤
0 − 𝑅𝑅 ∆𝑊𝑊𝑤𝑤

0 

where: 

- ∆𝐶𝐶𝑤𝑤
0 is the enthalpy of the reaction and it is equal to: 

∆𝐶𝐶𝑤𝑤
0 = � 𝜈𝜈𝑝𝑝 ∙  𝐶𝐶𝑜𝑜,𝑝𝑝𝑤𝑤𝑜𝑜𝑝𝑝𝑓𝑓𝑝𝑝𝑤𝑤𝑠𝑠

0 −  � 𝜈𝜈𝑤𝑤 ∙  𝐶𝐶𝑜𝑜,𝑤𝑤𝑤𝑤𝑤𝑤𝑔𝑔𝑤𝑤𝑛𝑛𝑤𝑤𝑠𝑠
0   

- ∆𝑊𝑊𝑤𝑤
0 is the entropy of the reaction that is equal to: 

∆𝑊𝑊𝑤𝑤
0 = � 𝜈𝜈𝑝𝑝 ∙  𝑊𝑊𝑜𝑜,𝑝𝑝𝑤𝑤𝑜𝑜𝑝𝑝𝑓𝑓𝑝𝑝𝑤𝑤𝑠𝑠

0 −  � 𝜈𝜈𝑤𝑤 ∙  𝑊𝑊𝑜𝑜,𝑤𝑤𝑤𝑤𝑤𝑤𝑔𝑔𝑤𝑤𝑛𝑛𝑤𝑤𝑠𝑠
0  

The thermodynamic data used to calculate the enthalpies and the entropies of formation 

of the single chemical species (𝐶𝐶𝑜𝑜
0,  𝑊𝑊𝑜𝑜 

0) are taken from Perry's Chemical Engineers' 

handbook at the temperature of 298 K. Data not available in the manual is taken from 

National Institute of Standards and Technology (NIST) [204]. After calculating the 

previous thermodynamic quantities, the equilibrium constant was calculated for each 

reaction in the temperature range of 300÷1500 K, remembering that 𝐾𝐾𝑤𝑤𝑒𝑒 depends on 

temperature (both in the exponential and in the ∆𝑊𝑊0). In this way, the evolution of the 

equilibrium constants as function of the temperature has been plotted. Since the reading 

of the graph is made difficult by too many curves represented on the same graph, it was 

decided to plot five curves at a time. The results are shown in the Figure 5.1-5.4: 
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Figure 5.1 - The temperature dependent evolution of the equilibrium constants (R1-R5) 

 

Figure 5.2 - The temperature dependent evolution of the equilibrium constants (R6-R10) 
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Figure 5.3 - The temperature dependent evolution of the equilibrium constants (R11-R15) 

 

Figure 5.4 - The temperature dependent evolution of the equilibrium constants (R16-R20) 
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Reaction no. ΔH298K (kJ mol-1) ΔS298K (kJ mol-1 K-1 ) TΔG0=0 (K) 

R1 173,7 0,36317 480 

R2 256 0,44721 560 

R3 -156,3 0,01797 very high 

R4 38,9 0,07337 540 

R5 69,1 0,11268 610 

R6 -19,2 0,11991 very high 

R7 186,9 0,33453 560 

R8 45,7 0,12615 360 

R9 -11,9 -0,01649 725 

R10 -52,3 0,05324 very high 

R11 49,9 0,23259 very low 

R12 -73,8 0,10427 very high 

R13 71,7 0,16494 440 

R14 -206,1 -0,21462 960 

R15 -165 -0,1726 960 

R16 74,8 0,08071 930 

R17 -86,2 -0,08797 980 

R18 -41,2 -0,04202 990 

R19 -131,3 -0,13391 980 

R20 -90,1 -0,09189 980 

 

Table 5.1 - ∆𝐶𝐶𝑤𝑤
0 , ∆𝑊𝑊𝑤𝑤

0 and 𝑅𝑅∆𝐺𝐺0=0 for all the reaction examinated 

In this way, 𝑅𝑅∆𝐺𝐺0=0 was obtained for each reaction.  

For the reactions R3, R6, R10, R11 and R12 it was not possible to derive it because it was 

either too high or too low with respect to the temperature ranges investigated. This means 
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that, in this temperature ranges, we can consider them as always favoured reactions from 

a thermodynamic point of view. 

Since the operating conditions used in this thesis work are usually variable between 25 

°C and 300 °C, the thermodynamic analysis is focused on this range of temperature to 

better see which reactions are favoured thermodynamically in those temperature ranges. 

The results are showed in the Table 5.2: 

Temperature (K) Favourite reactions 

300 R3, R6, R9, R10, R11, R12, R14, R15, R17, R18, R19, R20 

350 R3, R6, R9, R10, R11, R12, R14, R15, R17, R18, R19, R20 

400 R3, R6, R8, R9, R10, R11, R12, R14, R15, R17, R18, R19, 
R20 

450 R3, R6, R8, R9, R10, R11, R12, R13, R14, R15, R17, R18, 
R19, R20 

500 R1, R3, R6, R8, R9, R10, R11, R12, R13, R14, R15, R17, 
R18, R19, R20 

550 R1, R3, R4, R6, R8, R9, R10, R11, R12, R13, R14, R15, R17, 
R18, R19, R20 

600 R1, R2, R3, R4, R6, R7, R8, R9, R10, R11, R12, R13, R14, 
R15, R17, R18, R19, R20 

 
Table 5.2 - Thermodynamic analysis results: favourite reactions in the range 300K÷600 K 

At this point, through the minimization of the Gibbs free energy, reactions are no longer 

taken into consideration but now the aim is to identify the species present at 

thermodynamic equilibrium in particular conditions of temperature and pressure, 

described in Chapter 4. Then it will be possible to calculate yield and selectivity of 

hydrogen for steam reforming of ethanol. All this was done with the help of the software 

Aspen Plus. Particularly, diagrams of hydrogen yield and molar fractions of the products 

in the output stream at equilibrium versus pressure as the feed ratio changes will be 

reported. 

It was decided to represent the graphs at the temperature of 300 °C and with the pressure 

varying between 1 bar and 40 bar, since these are the operating conditions of our 

experiments. Therefore, it will be useful to make a comparison at the end. 
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As for the hydrogen yield, it decreases as the pressure increases (see Figure 5.5), in 

accordance with the endothermicity of the steam reforming reaction, which is favoured 

at low pressures and grows with increasing feed ratio �𝐸𝐸 = 𝐻𝐻2𝑂𝑂
𝑜𝑜𝑓𝑓𝑤𝑤𝑙𝑙

� because the fuel 

becomes sub-stoichiometric compared to water and reacts completely. 

 

Figure 5.5 - Hydrogen yield vs pressure as function of feed ratio at 300 °C 

Below, however, only the molar fractions of H2, CO2 and CH4 in output stream versus 

pressure are shown because the molar fraction of all the other considered compounds at 

equilibrium was negligible. As shown in the graph, H2 molar fraction decreases when the 

pressure increases because the reaction is shifted to the left (see the formula of K(T)): 

𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 + 3𝐶𝐶2𝑂𝑂 ⇆ 2𝐶𝐶𝑂𝑂2 + 6𝐶𝐶2 

𝐾𝐾(𝑅𝑅) =  
𝐸𝐸𝐶𝐶𝑂𝑂2

2 ∗  𝐸𝐸𝐶𝐶2
6 

𝐸𝐸𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 ∗  𝐸𝐸𝐶𝐶2𝑂𝑂3 
∗  

𝑃𝑃4

𝐸𝐸𝑤𝑤𝑜𝑜𝑤𝑤
4 

Moreover, H2 molar fraction grows when n increases because it is, precisely, H2 yield that 

increases (Figure 5.6). 

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

0 10 20 30 40 50

H
2

yi
el

d

Pressure (bar)

n=1

n=3

n=6

n=8

n=10



116 
 

 

Figure 5.6 - Hydrogen molar fraction vs pressure as function of feed ratio at 300 °C 

Regarding CO2 and CH4 molar fraction, they decrease with increasing of n, but they are 

not influenced by the variation of the pressure and remain almost constant (Figure 

5.7÷5.8): 

 

Figure 5.7 - CO2 molar fraction vs pressure as function of feed ratio at 300 °C 
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Figure 5.8 - CH4 molar fraction vs pressure as function of feed ratio at 300 °C 

Hence, in the operating conditions of our experiments (at 300 °C), according to 

thermodynamics, the maximum yield occurs for n = 10 and P = 1 bar and is approximately 

13 % with: yH2 = 0,06, yCO2 = 0,05 and yCH4 = 0,1. The remaining fraction is all water, 

being in excess of water. 

5.3. Thermodynamic analysis of steam reforming of different 
fuels using Gibbs free energy minimization method 

This paragraph shows the results obtained from the thermodynamic analysis using the 

software Aspen Plus V10 and the operating conditions described in the previous chapter. 

In this work, it was decided to carry out a thermodynamic analysis of the following fuels: 
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detail. In fact, it is believed that they are the most significant for a subsequent comparison 

with the experimental results carried out. For simplicity, from now on, the letter "n" will 

indicate the water-to-fuel feed ratio. 

5.3.1. H2 yield vs pressure at the same temperature (T=300, 500, 700 °C) 
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1, the three temperatures of 300 °C, 500°C and 700 °C were chosen. Then, in order to 

better visualize and understand the effect of excess or not of water compared to the fuel, 

the same diagrams were repeated also for a water-to-fuel feed ratio equal to 10 and after 

that again equal to the stoichiometric value, which is different for each reaction. 

First of all, for all the temperatures and water-to-fuel feed ratio analysed in this sub-

section: 

- hydrogen yield decreases with increasing pressure. This happens because the 

steam reforming reactions occur with an increase in the number of moles. 

Therefore, it is obvious that an increase in pressure disfavours the steam reforming 

reaction by moving it to the reagents.  

By way of example, to better understand what has just been said, the formula for 

the equilibrium constant of methane steam reforming is given below, together 

with the overall methane steam reforming reaction: 

𝐶𝐶𝐶𝐶4 + 2 𝐶𝐶2𝑂𝑂 ⇆ 𝐶𝐶𝑂𝑂2 + 4 𝐶𝐶2 

 

𝐾𝐾(𝑅𝑅) =  
𝐸𝐸𝐶𝐶𝑂𝑂2 ∗  𝐸𝐸𝐶𝐶2

4 
𝐸𝐸𝐶𝐶𝐶𝐶4 ∗  𝐸𝐸𝐶𝐶2𝑂𝑂2 

∗  
𝑃𝑃2

𝐸𝐸𝑤𝑤𝑜𝑜𝑤𝑤
2 

Therefore, an increase in pressure results in an increase in the numerator. To 

balance the equilibrium, hence, the denominator must increase. This means that 

the moles of methane and water have to increase. Thus, the reaction must 

inevitably shift to the left. The same can be said for all the other fuels too. 

- at 300 °C hydrogen yield is very low for all the fuels: in fact, since steam 

reforming is an endothermic reaction, it is favoured at high temperatures (greater 

than 𝑅𝑅∆𝐺𝐺0=0); 

- by increasing the temperature, the yield increases significantly until reaching the 

highest values at 700 °C. 

Analysing the diagrams with n = 1 (Figure 5.9÷5.11), it can be inferred that: 

- propane is always the fuel with the worst yield: this happens because, at n = 1, the 

water is sub-stoichiometric compared to the propane fed (being nstoic = 6). 

Therefore, water is the limiting reactant and a lot of unconverted propane remains;  

- at 300 °C methane has the best yield (although under 10%), followed by methanol 

and biogas; while ethanol and glycerol, instead, are almost the same; 
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- at 500 °C there is an inversion between methane and methanol; 

- at 700 °C glycerol becomes better than ethanol. 

 

Figure 5.9 - Hydrogen yield vs pressure as function of fuel (T=300°C and n=1) 

 

 

Figure 5.10 - Hydrogen yield vs pressure as function of fuel (T=500°C and n=1) 
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Figure 5.11 - Hydrogen yield vs pressure as function of fuel (T=700°C and n=1) 
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Figure 5.12 - Hydrogen yield vs pressure as function of fuel (T=300°C and n=10) 

 

Figure 5.13 - Hydrogen yield vs pressure as function of fuel (T=500°C and n=10) 

 

Figure 5.14 - Hydrogen yield vs pressure as function of fuel (T=700°C and n=10) 
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For completeness, it has been decided to compare the various fuels at the stoichiometric 

value of n (nstoic) which obviously differs according to the fuel. In the Table 5.3, it is 

represented the overall steam reforming reaction with the respective nstoich for each fuel: 

Fuel Overall steam reforming reaction nstoich 

Methane 𝐶𝐶𝐶𝐶4 + 2𝐶𝐶2𝑂𝑂 ⇆ 𝐶𝐶𝑂𝑂2 + 4𝐶𝐶2 2 

Biogas 𝐶𝐶𝐶𝐶4 + 2𝐶𝐶2𝑂𝑂 ⇆ 𝐶𝐶𝑂𝑂2 + 4𝐶𝐶2 2 

Propane 𝐶𝐶3𝐶𝐶8 + 6𝐶𝐶2𝑂𝑂 ⇆ 3𝐶𝐶𝑂𝑂2 + 10𝐶𝐶2 6 

Methanol 𝐶𝐶𝐶𝐶3𝑂𝑂𝐶𝐶 + 𝐶𝐶2𝑂𝑂 ⇆ 𝐶𝐶𝑂𝑂2 + 3𝐶𝐶2 1 

Ethanol 𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 + 3𝐶𝐶2𝑂𝑂 ⇆ 2𝐶𝐶𝑂𝑂2 + 6𝐶𝐶2 3 

Glycerol 𝐶𝐶3𝐶𝐶8𝑂𝑂3 + 3𝐶𝐶2𝑂𝑂 ⇆ 3𝐶𝐶𝑂𝑂2 + 7𝐶𝐶2 3 

Table 5.3 - Overall steam reforming reactions 

 

The graphs with a water-to-fuel feed ratio equal to the stoichiometric value of the overall 

steam reforming reaction (n = nstoich) are shown in Figure 5.15÷5.17. 

At 300 °C, except for methane, all the others have almost the same values. Increasing the 

temperature, methane also gets closer to the others and, in fact, at 700 °C, both the trend 

and the values are practically similar. 

Moreover, using nstoic, propane is inferior only to methane. This confirm the motivation 

given above on the bad yield of propane for n = 1 unlike all the other fuel, namely that it 

is a problem of water sub-stoichiometric. 
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Figure 5.15 - Hydrogen yield vs pressure as function of fuel (T=300 °C and n=nstoic) 

 

Figure 5.16 - Hydrogen yield vs pressure as function of fuel (T=500 °C and n=nstoic) 

 

Figure 5.17 - Hydrogen yield vs pressure as function of fuel (T=700 °C and n=nstoic) 
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5.3.2. H2 yield vs temperature at the same pressure (P=1, 30 bar) and 
feed ratio (H2O/fuel=1, 10, stoichiometric) 

In this sub-paragraph, hydrogen yield as a function of the temperature at different 

pressures and feed ratios, are plotted. At first, with a water-to-fuel feed ratio equal to 1, 

the two pressures of 1 bar and 30 bar were chosen. Then, as previously done, the same 

diagrams were repeated also for a water-to-fuel feed ratio equal to 10 and equal to the 

stoichiometric value. 

As regards the graph at n = 1 and P = 1 bar (Figure 5.18), all fuels have a yield trend that 

increases with increasing temperature up to a maximum value. This latter then, for 

methanol and glycerol, decreases slightly, settling at a stationary value. Clearly, 

depending on the fuel, the position of this peak changes (for methanol is placed at 

temperatures around 700 ° C, slightly lower than glycerol). The maximum yield value 

achieved, obviously at different temperatures for each fuel, is also different (75% for 

methanol at 700 ° C, followed by 74% for methane but at 1000 ° C and then by all the 

others up to 12% of propane, which appears to be, as already said several times, the 

worst). It should be noted that, exceeding 830 °C, ethanol outperforms glycerol in 

hydrogen yield. 

 

Figure 5.18 - Hydrogen yield vs temperature as function of fuel (P=1 bar and n=1) 

As was to be expected, by increasing the pressure (P=30 bar), the yield decreases 

significantly (Figure 5.19). The curves flatten and therefore it is necessary to move to 

much higher temperatures to obtain higher yields. This confirms the fact that steam 

reforming reactions are favoured at high temperatures and low pressures. 
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Figure 5.19 - Hydrogen yield vs temperature as function of fuel (P=30 bar and n=1) 

By increasing the feed ratio to n = 10, as mentioned above, higher yields are obtained. 

For n = 10 and P = 1 bar (Figure 5.20), all fuels show the same trend with a peak and then 

a slight decrease until reaching the stationary value. Unlike the same graph for n = 1, here 

the peaks, where the yield is maximum, are shifted to lower temperatures. This means 

that, increasing the water content in the feed, higher yields could be achieved at lower 

temperatures (96% at about 570 °C for methanol, 94% at 600 °C for methane and biogas, 

90% for ethanol and 86% for glycerol at 630 °C, 84% for propane at 730 °C). 

 

Figure 5.20 - Hydrogen yield vs temperature as function of fuel (P=1 bar and n=10) 

By increasing the pressure, as already mentioned, the yields decrease, even if slightly, 

and the maximum value is reached for higher temperatures (Figure 5.21). 
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Figure 5.21 - Hydrogen yield vs temperature as function of fuel (P=30 bar and n=10) 

Typically, ethanol steam reforming is carried out at 1 bar and has a good yield already at 

low temperatures (at temperatures below 600 °C it already has a yield of 80%); instead, 

methane steam reforming is typically carried out at higher pressures and, therefore, higher 

temperatures must be used. In fact, at 600 °C the methane has a yield of 50% and, for 

higher yields, it is necessary to reach 700÷800 °C. 

At the value of n = nstoich, the yield trend differs lightly between the various fuels only at 

1 bar and for temperatures greater than 800 °C. In any case, at n = nstoic, more than 80% 

cannot be obtained from thermodynamics and the hydrogen yield is always lower in the 

case of P=30 bar (Figure 5.22÷5.23). 

 

Figure 5.22 - Hydrogen yield vs temperature as function of fuel (P=1 bar and n=nstoic) 
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Figure 5.23 - Hydrogen yield vs temperature as function of fuel (P=30 bar and n=nstoic) 

As seen in both paragraphs 5.3.1 and 5.3.2, biogas has hydrogen yields lower than 

methane or at the most similar to it. This is due to the non-negligible percentage of CO2 

in the feed. This CO2, simultaneously, reacts with H2 to form CO and H2O. Thus, the 

water-gas-shift reaction is reversed because it is disadvantaged and so hydrogen yield 

decreases. In the operating conditions used to perform this thermodynamic analysis, the 

best parameters to have the highest yields (approximately 80% - 90%) for each fuel are 

the following: 

- pressure equal to 1 bar; 

- n = 10; 

- temperature between 570 °C and 730 °C, depending on the fuel. 

In these conditions the scale of the fuels from the best to the worst in terms of hydrogen 

yield is reported: 

𝑅𝑅𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅𝑚𝑚 > 𝑅𝑅𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅 > 𝑦𝑦𝐸𝐸𝑅𝑅𝑔𝑔𝐸𝐸𝑔𝑔 > 𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅𝑚𝑚 > 𝑔𝑔𝑚𝑚𝑦𝑦𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅𝑚𝑚 > 𝑎𝑎𝑅𝑅𝑅𝑅𝑎𝑎𝐸𝐸𝐸𝐸𝑅𝑅 

Since our process takes place at 300 ° C, it is also necessary to report the comparison 

between the fuels relative to this temperature. For n=1 (Figure 5.9), the scale of the fuels 

from the best to the worst in terms of hydrogen yield is the following: 

𝑅𝑅𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅 > 𝑅𝑅𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅𝑚𝑚 > 𝑦𝑦𝐸𝐸𝑅𝑅𝑔𝑔𝐸𝐸𝑔𝑔 > 𝑔𝑔𝑚𝑚𝑦𝑦𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅𝑚𝑚 > 𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅𝑚𝑚 > 𝑎𝑎𝑅𝑅𝑅𝑅𝑎𝑎𝐸𝐸𝐸𝐸𝑅𝑅 

When n=10 (Figure 5.12), instead, there is only an inversion between ethanol and glycerol 

as seen below: 

𝑅𝑅𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅 > 𝑅𝑅𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅𝑚𝑚 > 𝑦𝑦𝐸𝐸𝑅𝑅𝑔𝑔𝐸𝐸𝑔𝑔 > 𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅𝑚𝑚 > 𝑔𝑔𝑚𝑚𝑦𝑦𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅𝑚𝑚 > 𝑎𝑎𝑅𝑅𝑅𝑅𝑎𝑎𝐸𝐸𝐸𝐸𝑅𝑅 
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5.4. Cyan hydrogen production: process scheme 

In this paragraph, the system tested for hydrogen production will be discussed in detail. 

It is based on double cycles of liquid alcohol and water, alternatively fed to the system 

and added to NaBO2∙4H2O, in order to exploit the co-catalytic effect of sodium 

metaborate to release hydrogen.  

The test is schematized in Figure 5.24: 

 

Figure 5.24 – Process Diagram 

The tests are all performed in the PARR reactor, described in the Chapter 4. Being a 

closed system, the pressure increases indicating the formation of substances in the 

gaseous state. Therefore, the evolution of the reaction is investigated, using the increase 

in pressure over time as its indicative parameter. The pressure trend does not change. It 

is in all the tests increasing over time and reaches a different plateau value at each step. 

The reason why at some point the curve P-t reaches a plateau could be due to the 

achievement of the thermodynamic equilibrium of one of the reactions that evolve in the 

system. 

In this work, the operating conditions that will always remain the same for each test and 

for each step are the following: 

- Temperature: 300 °C; 

- Stirring speed: 500 RPM; 

- Mass of NaBO2 ∙ 4H2O in the I step: 2 g; 

- Reaction time: 6 h; 
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- Gas sampling temperature: 50 °C (in the test with methanol); 60 °C (for all the 

other tests). 

In the following paragraphs, the other operating conditions - such as initial pressure, 

volume of the alcohol in the I and III step (depending on the alcohol chosen) and volume 

of water in the II and IV step - will be changed one at a time to verify their effect on the 

final results and to try to optimize the process in terms of hydrogen yield. 

5.5. Standard double cycle ethanol-water 

In this paragraph, the test carried out using ethanol as alcohol to be fed to the system is 

described. It is the test starting from which one operating condition will be changed at a 

time. Therefore, it will be used as the basis for all the following comparisons. 

In this test, the operating conditions of each step are shown in Table 5.4: 

Variables I step II step III step IV step 

Temperature 300°C 300°C 300°C 300°C 

Gas sampling temperature 60°C 60°C 60°C 60°C 

Initial pressure (N2) 0,3 barg 0,3 barg 0,3 barg 0,3 barg 

Final pressure 12,9 barg 33,9 barg 39,4 barg 62,4 barg 

Gas sampling pressure 0,5 barg 0,8 barg 0,8 barg 0,8 barg 

Mass of NaBO2 ∙ 4H2O (IN) 2 g / / / 

Volume of EtOH (IN) 5 mL / 5 mL / 

Volume of H2O (IN) / 10 mL / 10 mL 

Stirring speed 500 RPM 500 RPM 500 RPM 500 RPM 

Reaction time 6 h 6 h  6 h 6 h 

Table 5.4 – Operating conditions of the standard double cycle EtOH-water 

As shown in Figure 5.25, the pressure trend is always similar, i.e., it increases and then 

reaches a plateau value. This one is different in each step and increases going from step I 
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to step IV. The final pressures reached at the end of steps I, II, III and IV are respectively: 

12,9 barg, 33,9 barg, 39,4 barg and 62,4 barg.  

Each step has been interrupted after about six hours, as it was seen that it is a time 

necessary to reach a constant pressure value for an extended time, the so-called plateau, 

which is an indirect indication of gas production stop. 

 

Figure 5.25 - Curve pressure-time for each step for standard double cycle EtOH-water 

5.5.1. GC Analysis 

The gases withdrawn at the end of each step were analysed in microGC. Only the 

volumetric compositions as a percentage of the compounds present in larger quantities 

(i.e., H2, CO2 and sometimes CH4), normalized as explained below, are reported. 

In the Table 5.5, normalized volumetric compositions (%) of the gas samples at each step 

are shown: 

 H2 (%) CO2 (%) Other (%) 

I step 97,42 2,41 0,18 

II step 98,17 1,57 0,26 

III step 99,42 0,31 0,27 

IV step 92,16 1,52 6,32 

Table 5.5 - Normalized volumetric compositions (%) of the gases leaving the reactor at each step 
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The compositions shown in the table do not include the inert, as mentioned above. The 

results show that there is a considerable production of hydrogen. Hydrogen obviously 

must always be purified, since the presence of impurities greatly reduces the application 

efficiency, but the gas stream produced already has a high degree of purity. This means 

that the ethanol exploits the co-catalytic effect of sodium metaborate in order to release 

hydrogen at a low temperature (300°C) compared to the multiple methods developed. 

Another relevant aspect lies in the fact that the reaction that evolves, under the operating 

conditions listed above, produces a minimum amount of CO2. Some advantages of this 

process will be listed below. They justify the launch of an experimental campaign in order 

to investigate all aspects and optimize the operating conditions. The reactants are sodium 

metaborate tetrahydrate, which is a cheaper raw material and a waste by-product of some 

industrial operations and is also the by-product of NaBH4 hydrolysis and the ethanol that 

can be produced from biomass. Another advantage concerns the fact that the operating 

temperature is relatively low compared to many hydrogen production methods. 

Moreover, a minimum amount of carbon dioxide is produced. Ethanol includes carbon 

atoms, for this reason if the composition of CO2 is so low, due to a mass balance, the 

carbon atoms will be incorporated into the solid and/or liquid phase, or another possible 

explanation could be that carbon dioxide is consumed, participating in a reactive step. 

Therefore, it is very important to analyse the solid phase and the liquid phase taken at the 

end of the test. 

5.5.2. Analysis of solid phase 

At the end of IV step, the solid residue has been treated in accordance with the procedure 

explained in the Chapter 4 and subjected to FTIR analysis. 

The spectrum is reported in Figure 5.26: 
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Figure 5.26 – FTIR spectrum of standard double cycle EtOH-H2O 

FTIR spectrum is quite similar to that of sodium tetraborate (Na2B4O7 ∙ H2O) taken from 

NIST data (Figure 5.27).  

 

Figure 5.27 - FTIR of sodium tetraborate from NIST; Source: [205] 

From literature data, a spectrum belonging to Na2B4O7 ∙ 10 H2O was found that is similar 

to that of the solid residue. It is shown in Figure 5.28: 
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Figure 5.28 - FTIR spectrum of sodium tetraborate; Source: [206] 

 

The assignment of the bands to the various functional groups is reported in the Table 5.6: 

Band (cm-1) Assignment 

3400 Stretching mode of OH 

1650 Bending mode of H-O-H 

1432 Asymmetric stretching of B–O bond in BO3 

1344 Asymmetric stretching of B–O bond in BO3 

1258 Asymmetric stretching of B–O bond in BO3 

1130 Asymmetric stretching of B–O bond in BO4 

1076 Asymmetric stretching of B–O bond in BO4 

944 Symmetric stretching of B–O in BO3 

826 Symmetric stretching of B–O in BO4 

710 Out-of plane bending of B–O in BO3 

500 O–B–O ring bending in the structure 

454 O–B–O ring bending in the structure 

Table 5.6 - Assignment of the absorption bands of the Na2B4O7 ∙ 10 H2O; Source: [206] 
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The band at about 1650 cm-1 and the broad band at 3400 cm-1 shows that this compound 

contains water molecules. This could probably indicate that the solid residue would have 

needed more time to dry better. 

So, the B-O bonds typical of borates, which are present in the low wavenumbers zone, 

would suggest the presence of this compound as main component in the solid residue. 

However, there is evidence of an organic phase in the residue. Organic peaks 

corresponding to C-H bonds in the range of 3000 cm-1-2800 cm-1 are not clearly visible 

in the FTIR analysis because the bands are overlapping. However, the presence of the 

organic phase is evident in the solid residue through TG analysis, molecular weight 

analysis etc. but some organic phase is also present in the liquid residues (aromatic and 

aliphatic) [147]. 

Moreover, comparing the FTIR spectrum of the solid residue with that of sodium 

metaborate tetrahydrate (Figure 5.29), there do not seem to be any bands belonging to the 

metaborate, suggesting its complete conversion into Na2B4O7 ∙ 10 H2O. 

 

Figure 5.29 - FTIR spectrum of NaBO2∙4H2O (red); FTIR spectrum of standard double cycle EtOH-H2O 
(green) 

To investigate the thermal properties of the samples taken, a TG analysis in nitrogen flow 

was conducted. The results are reported in the Figure 5.30: 
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Figure 5.30 – TG (in N2) analysis results (standard double cycle EtOH-H2O) 

As can be seen, the overall weight loss is 20% and occurs in a single step. The weight 

loss up to 200 °C corresponds to the desorption of water on the surface and the desorption 

of volatile compounds. Of major interest is the weight loss from 200 °C to 400 °C. In this 

range of temperature, the weight loss has been of about 10%. This degradation zone 

corresponds to full decomposition of the organic compounds, which are therefore 

estimated to be about 10% of the solid residue. Furthermore, the weight percentage 

change curve does not reach a plateau but continues to decrease slightly at the maximum 

temperature reached during the analysis, indicating possible decomposition at 

temperatures above 1000°C. 

 

5.6. Double cycle ethanol-water: effect of the fed water 

Here, it has been decided to change the quantity of water to be fed at the II and IV steps, 

in order to investigate the effect that water has in the success of the process. In particular, 

three double cycles were carried out, progressively decreasing the water content to avoid 

high dilution of the liquid residue. In the first of the three double cycle, 5 mL of water 

has been injected at the II step and IV step, in the second one 2,5 mL of water and in the 

last one 1,1 mL of water. 
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The operating conditions of each test are shown in the Table 5.7÷5.9: 

Variables I step II step III step IV step 

Temperature 300°C 300°C 300°C 300°C 

Gas sampling temperature 60°C 60°C 60°C 60°C 

Initial pressure (N2) 0,3 barg 0,3 barg 0,3 barg 0,3 barg 

Final pressure 11,7 barg 24,3 barg 22,4 barg 36,4 barg 

Gas sampling pressure 0,9 barg 0,9 barg 0,9 barg 0,9 barg 

Mass of NaBO2 ∙ 4H2O (IN) 2 g / / / 

Volume of EtOH (IN) 5 mL / 5 mL / 

Volume of H2O (IN) / 5 mL / 5 mL 

Stirring speed 500 RPM 500 RPM 500 RPM 500 RPM 

Reaction time 6 h 19’ 6 h 32’  7 h 15’ 6 h 20’ 

Table 5.7 - Operating conditions of Double cycle EtOH-H2O: 5 mL H2O 

 

Variables I step II step III step IV step 

Temperature 300°C 300°C 300°C 300°C 

Gas sampling temperature 60°C 60°C 60°C 60°C 

Initial pressure (N2) 0,3 barg 0,3 barg 0,3 barg 0,3 barg 

Final pressure 12,7 barg 18,4 barg 23,3 barg 27,9 barg 

Gas sampling pressure 0,8 barg 0,9 barg 1 barg 0,9 barg 

Mass of NaBO2 ∙ 4H2O (IN) 2 g / / / 

Volume of EtOH (IN) 5 mL / 5 mL / 

Volume of H2O (IN) / 2,5 mL / 2,5 mL 

Stirring speed 500 RPM 500 RPM 500 RPM 500 RPM 

Reaction time 6 h 6 h 6 h 22’ 7 h 09’ 

Table 5.8 - Operating conditions of Double cycle EtOH-H2O: 2,5 mL H2O 
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Variables I step II step III step IV step 

Temperature 300°C 300°C 300°C 300°C 

Gas sampling temperature 60°C 60°C 60°C 60°C 

Initial pressure (N2) 0,3 barg 0,3 barg 0,3 barg 0,3 barg 

Final pressure 14,4 barg 18,9 barg 18,6 barg 18,8 barg 

Gas sampling pressure 0,7 barg 0,9 barg 0,8 barg 0,8 barg 

Mass of NaBO2 ∙ 4H2O (IN) 2 g / / / 

Volume of EtOH (IN) 5 mL / 5 mL / 

Volume of H2O (IN) / 1,1 mL / 1,1 mL 

Stirring speed 500 RPM 500 RPM 500 RPM 500 RPM 

Reaction time 6 h 2’ 6 h 2’  6 h 1’ 6 h 11’ 

Table 5.9 - Operating conditions of Double cycle EtOH-H2O: 1,1 mL H2O 

The pressure trends over time, for each test, are reported in the Figure 5.31-5.33: 

  

Figure 5.31 - Curve pressure-time for each step for double cycle EtOH-water with 5 mL H2O (the trend of 
curve grey is not growing monotone due to some experimental fluctuations) 
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Figure 5.32 - Curve pressure-time for each step for double cycle EtOH-water with 2,5 mL H2O (the trend 
of curve yellow is not growing monotone due to some experimental fluctuations) 

 

Figure 5.33 - Curve pressure-time for each step for double cycle EtOH-water with 1,1 mL H2O 

The P-t trends always have the same qualitative trend, except for the III step of the test 

with 5 mL of water and the IV step of the test with 2.5 mL of water for experimental 

fluctuations. 

As can be seen from the graphs above, in the first step the final pressure reached is more 

or less always the same, demonstrating a good reproducibility of I step that is always the 

same in all three tests. In the test with 1.1 mL of water, the trend of the II, III and IV steps 

are almost identical. This could be attributed to the fact that the amount of water fed was 

very low. 
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5.6.1. GC Analysis 

The gas samples at each step are subjected to GC analyses. In the Table 5.10÷5.12, 

normalized volumetric compositions (%) of the gases leaving the reactor at each step for 

the three tests are shown: 

 H2 (%) CO2 (%) CH4 (%) Other (%) 

I step 92,85 0,18 3,93 3,04 

II step 88,03 0,14 4,22 7,62 

III step 58,01 39,89 0,00 2,10 

IV step 93,26 0,27 1,06 5,40 

Table 5.10 - Normalized volumetric compositions (%) of the gases leaving the reactor at each step: test 
with 5 mL H2O 

 H2 (%) CO2 (%) CH4 (%) Other (%) 

I step 94,88 0,20 0,00 4,91 

II step 95,14 0,31 1,04 3,52 

III step 94,46 0,24 0,74 4,56 

IV step 25,79 71,66 0,00 2,54 

Table 5.11 - Normalized volumetric compositions (%) of the gases leaving the reactor at each step: test 
with 2,5 mL H2O 

 H2 (%) CO2 (%) CH4 (%) Other (%) 

I step 93,77% 0,81% 0,77% 4,65% 

II step 91,39% 0,37% 0,72% 7,52% 

III step 96,62% 1,15% 0,81% 1,41% 

IV step 95,54% 0,30% 1,02% 3,14% 

Table 5.12 - Normalized volumetric compositions (%) of the gases leaving the reactor at each step: test 
with 1,1 mL H2O 
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The results show that changing the water content has minimal influence on the hydrogen 

production. In fact, it slightly decreases by a few percentage points compared to the 

standard double cycle with 10 mL of water, as does the volumetric composition of CO2. 

Consequently, the volumetric composition of other species present rises slightly. Among 

others, in fact, the presence of methane is highlighted. It is not present in the double cycle 

with 10 mL, probably due to the excess of water with respect to the fed ethanol, which 

results sub-stoichiometric. 

It should be noted that the lower percentage of hydrogen at step III of the test with 5 mL 

of water and at step IV of the test with 2,5 mL of water is most likely due to the 

experimental drawbacks discussed above. 

5.6.2. Analysis of solid phase 

The solid residues collected at the end of each test were dried as described in chapter 4 

and subjected to FTIR analysis. In the Figure 5.34, the spectra of each test are shown 

compared with the spectrum of the reagent NaBO2 ∙4H2O: 

 

Figure 5.34 – FTIR spectrum of double cycle with 5 mL H2O (blue), FTIR spectrum of double cycle with 
2,5 mL H2O (green); FTIR spectrum of double cycle with 1,1 mL H2O (pink); FTIR spectrum of NaBO2 

∙4H2O (red) 

Even by decreasing the amount of water in the tests, in the range 3000 cm-1 - 2800 cm-1, 

organic peaks are not easily appreciated. 
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As can be seen, the spectra appear to be identical in the position of the peaks but also in 

intensity. All three spectra are completely coincident with that of the metaborate, 

probably due to the high quantity of NaBO2∙4H2O present in the solid residue. The 

interpretation of this result is not easy to understand. It was enough to halve the quantity 

of water to be fed to find some metaborate unconverted at the end of the process. 

Therefore, further investigations should be carried out, perhaps trying to carry out other 

tests using a quantity of water between 10 mL (where it was seen that the spectrum was 

different from the metaborate) and 5mL, to try to find the optimal condition between not 

having too much dilution in water and not having too much unconverted metaborate. 

In order to investigate the thermal properties of the samples, a TG analysis was conducted. 

Nitrogen was fluxed as purge gas and the sample was heated at a rate of 10 °C min-1 to 

1000°C. TG curves are shown in Figure 5.35÷5.37. 

The TG curves of the tests with 5 mL, 2,5 mL and 1,1 mL exhibit an overall weight loss 

of 50 %, 40 % and 52 % respectively. For all samples, the weight loss up to 200 °C 

corresponds to the desorption of water on the surface and the desorption of volatile 

compounds. Of major interest is the weight loss from 200 °C to 400 °C. This degradation 

zone corresponds to full decomposition of the organic compounds.  

In the tests with 5 mL and 2,5 mL, a weight loss of only a few percentage points is noted 

between 200 ° C and 400 ° C, while in the test with 1.1 mL the weight loss in that 

temperature range is much greater (about 13%). Furthermore, in the thermogram of the 

latter, three different changes in the slope of the curve can be seen in the temperature 

range 350÷450 °C, whereas for the residues of the tests with a higher water content, only 

two changes can be seen. Therefore, a percentage of 13% of the solid residue of the test 

with 1.1 mL is attributable to organic compounds. 
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Figure 5.35 – TG (in N2) analysis results (test with 5 mL H2O) 

 

Figure 5.36 - TG (in N2) analysis results (test with 2,5 mL H2O) 

 

Figure 5.37 - TG (in N2) analysis results (test with 1,1 mL H2O) 
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To better visualize the differences, TG curves of the three tests are shown all on the same 

graph in Figure 5.38: 

  

Figure 5.38 - TG (in N2) analysis results (blue: test with 5 mL H2O; green:  test with 2,5 mL H2O; pink: 
test with 1,1 mL H2O) 

As can be seen, when the water content in the feed stream varies, the curves have different 

slopes. In particular, in the test with 5 mL of water there is a unique slope that reaches the 

plateau; in the test with 2,5 mL of water a small difference in slope begins to be seen at 

intermediate temperatures; in the test with 1,1 mL there are two slopes totally separated. 

Having different slopes means that different species are decomposing with different rates 

of decomposition.  

In the case of the test with 1,1 mL of water, the end decomposition temperature is shifted 

to 400 °C, indicating a more complex organic species. By increasing the water content in 

the feed stream, the decomposition ends at lower and lower temperatures. In fact, the end 

decomposition temperature decreases until it reaches about 250 ° C for the test with 5 mL 

of water. 

5.7. Double cycle ethanol-water: effect of starting pressure 

Subsequently, a test was also carried out by increasing the initial pressure of N2 at the 

beginning of each step to see how an increase in pressure could influence the hydrogen 

yield but also the formation of a possible polymer in the final residue, knowing that the 

formation of polymers is favoured at high pressure. It was decided to use 5 barg of inert 

gas as the initial pressure. For safety reasons, it was decided not to increase the initial 

pressure too much due to the operating limits of the reactor used. 
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The operating conditions of the test are shown in the Table 5.13: 

Variables I step II step III step IV step 

Temperature 300°C 300°C 300°C 300°C 

Gas sampling temperature 60°C 60°C 60°C 60°C 

Initial pressure (N2) 5 barg 5 barg 5 barg 5 barg 

Final pressure 20,2 barg 44,6 barg 40,1 barg 66,1 barg 

Gas sampling pressure 
From 6,1  

to 4,1 barg 
From 6 to 4 

barg 
From 6,1 to 

4,6 barg 
From 6,1 to 

4,4 barg 

Mass of NaBO2 ∙ 4H2O (IN) 2 g / / / 

Volume of EtOH (IN) 5 mL / 5 mL / 

Volume of H2O (IN) / 10 mL / 10 mL 

Stirring speed 500 RPM 500 RPM 500 RPM 500 RPM 

Reaction time 6 h 1’ 6 h 5 h 57’ 6 h 

 

Table 5.13 - Operating conditions of Double cycle EtOH-H2O: 5 barg 

As shown in Table 5.13, the pressure was still high at the time of gas sampling (about 6 

barg). Hence, it was decided to take only a certain amount in order not to break the gas 

sampling bag. The remaining gas was vented under the hood. 

The trend of the P-t curve for each step is shown in Figure 5.39: 
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Figure 5.39 - Curve pressure-time for each step for double cycle EtOH-water at 5 barg 

The final pressure value reached at each step is higher than that reached in the standard 

double cycle but not as much as we could have expected. Furthermore, a difference can 

be observed with respect to all the other tests, namely the fact that the final pressure 

reached in the III step is lower than that in the II step. 

5.7.1. GC Analysis 

The gas withdrawals at each step are subjected to GC analyses and the results are shown 

in Table 5.14: 

 H2 (%) CO2 (%) Other (%) 

I step 90,84 0,62 8,54 

II step 91,64 1,25 7,12 

III step 95,33 0,82 3,84 

IV step 90,10 0,50 9,40 

 

Table 5.14 - Normalized volumetric compositions (%) of the gases leaving the reactor at each step: test 
with starting pressure of 5 barg 

Compared to the standard double cycle, the increase in pressure causes a lowering of the 

volumetric composition of hydrogen in favour of other species. This could suggest that 
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what happens in the reactor is very similar to the steam reforming reaction, which is also 

disadvantaged at high pressures. Obviously, it cannot be said with certainty that what 

happens is steam reforming or not. Further investigations should be made. However, 

already the fact that hydrogen is produced at significantly lower temperatures than steam 

reforming makes this process very promising also because it is possible to produce 

minimal quantities of CO2. 

5.7.2. Analysis of solid phase 

The solid residue obtained at the end of the double cycle with an initial pressure of 5 barg 

was also subjected to FTIR analysis. The resulting spectrum is provided in the Figure 

5.40: 

 

Figure 5.40 - FTIR spectrum of double cycle with 5 bar (blue), FTIR spectrum of standard double cycle 
with 0,3 bar (green); FTIR spectrum of NaBO2 ∙4H2O (red) 

From the comparison with the spectrum of NaBO2∙4H2O, some similarities of peaks in 

the range between 1750 cm-1 and 800 cm-1 can be seen, in particular at wavenumber of 

1750 cm-1, 1500 cm-1, 1200 cm-1, 1100cm-1 and 850 cm-1. The range between 1300 cm-1 

and 500 cm-1 is the so-called fingerprint zone, which is the area whose peaks are typical 

and characteristic signals of the molecule. It makes sure that it is not possible for different 

molecules to have the same infrared spectrum. Although in the test with an initial pressure 

of 5 bar in this area the peaks are not very evident (especially between 800cm-1 and 

500cm-1), they are in any case at the same wavenumbers. At higher wavenumbers it is not 

possible to give an evaluation because the peaks, if they exist, cannot be appreciated well. 
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Thus, it could be assumed that these higher-pressure conditions could disadvantage the 

process and leave some metaborate unconverted. However, further investigations should 

be made to confirm this hypothesis, perhaps even increasing the initial pressure a little 

more before each step. 

To investigate the thermal properties of the sample, TG analysis was conducted. Nitrogen 

was fluxed as purge gas and the sample was heated at a rate of 10°C min-1 to 1000°C. The 

TG curve is shown in the Figure 5.41: 

 

Figure 5.41 - TG (in N2) analysis results (test with starting pressure of 5 bar) 

The result indicates that the overall weight loss is 45 %. The weight loss of major interest 

is that from 200 °C and 400 °C and corresponds to 3 %, so a percentage of 3 % of the 

solid residue is ascribable to organic compounds. Being a very low percentage, it is 

normal that in the FTIR spectrum it is not possible to appreciate any organic peak. 

5.8. Double cycle alcohol-water: effect of different (bio)alcohols 

Finally, other tests were carried out by changing the alcohol fed to the I step and III step 

to see if and how this could affect the hydrogen yield. In particular, methanol and glycerol 

were chosen as two other alcohols to compare with ethanol. 

Different volumes of alcohol have been fed compared to the double standard EtOH-water 

cycle, ensuring that the moles fed to the system are always the same. The calculation of 

the volumes to be fed is explained below. 
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Knowing the density and molecular weight of ethanol, the moles of ethanol injected with 

5mL are calculated below: 

𝐸𝐸𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻 =
𝑅𝑅𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻

𝑀𝑀𝑊𝑊𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻
=

𝜌𝜌𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻 ∙ 𝑉𝑉𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻

𝑀𝑀𝑊𝑊𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻
=

0,789 𝑔𝑔
𝑅𝑅𝑚𝑚 ∙ 5𝑅𝑅𝑚𝑚

46,07 𝑔𝑔
𝑅𝑅𝑅𝑅𝑚𝑚

= 0,085 𝑅𝑅𝑅𝑅𝑚𝑚 

It was chosen to inject the same moles for each alcohol used, namely: 

𝐸𝐸𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻 = 𝐸𝐸𝑀𝑀𝑤𝑤𝑤𝑤𝑂𝑂𝐻𝐻 = 𝐸𝐸𝐺𝐺𝑙𝑙𝐺𝐺𝑝𝑝𝑤𝑤𝑤𝑤𝑜𝑜𝑙𝑙 = 0,085 𝑅𝑅𝑅𝑅𝑚𝑚 

Then, it is necessary to calculate the volume to be injected respectively of methanol and 

glycerol so that this number of moles are injected for both: 

𝑉𝑉𝑀𝑀𝑤𝑤𝑤𝑤𝑂𝑂𝐻𝐻 =
𝑅𝑅𝑀𝑀𝑤𝑤𝑤𝑤𝑂𝑂𝐻𝐻

𝜌𝜌𝑀𝑀𝑤𝑤𝑤𝑤𝑂𝑂𝐻𝐻
=

𝐸𝐸𝑀𝑀𝑤𝑤𝑤𝑤𝑂𝑂𝐻𝐻 ∙ 𝑀𝑀𝑊𝑊𝑀𝑀𝑤𝑤𝑤𝑤𝑂𝑂𝐻𝐻

𝜌𝜌𝑀𝑀𝑤𝑤𝑤𝑤𝑂𝑂𝐻𝐻
=

0,085𝑅𝑅𝑅𝑅𝑚𝑚 ∙ 32,04 𝑔𝑔
𝑅𝑅𝑅𝑅𝑚𝑚

0,792 𝑔𝑔
𝑅𝑅𝑚𝑚

= 3,5 𝑅𝑅𝑚𝑚 

𝑉𝑉𝐺𝐺𝑙𝑙𝐺𝐺𝑝𝑝𝑤𝑤𝑤𝑤𝑜𝑜𝑙𝑙 =
𝑅𝑅𝐺𝐺𝑙𝑙𝐺𝐺𝑝𝑝𝑤𝑤𝑤𝑤𝑜𝑜𝑙𝑙

𝜌𝜌𝐺𝐺𝑙𝑙𝐺𝐺𝑝𝑝𝑤𝑤𝑤𝑤𝑜𝑜𝑙𝑙
=

𝐸𝐸𝐺𝐺𝑙𝑙𝐺𝐺𝑝𝑝𝑤𝑤𝑤𝑤𝑜𝑜𝑙𝑙 ∙ 𝑀𝑀𝑊𝑊𝐺𝐺𝑙𝑙𝐺𝐺𝑝𝑝𝑤𝑤𝑤𝑤𝑜𝑜𝑙𝑙

𝜌𝜌𝐺𝐺𝑙𝑙𝐺𝐺𝑝𝑝𝑤𝑤𝑤𝑤𝑜𝑜𝑙𝑙
=

0,085𝑅𝑅𝑅𝑅𝑚𝑚 ∙ 92,09 𝑔𝑔
𝑅𝑅𝑅𝑅𝑚𝑚

1,26 𝑔𝑔
𝑅𝑅𝑚𝑚

= 6,2 𝑅𝑅𝑚𝑚 

The molecular weight and density of each alcohol used for these calculations are shown 

in the Table 5.15: 

 Molecular Weight (g/mol) Density (g/mL) 

Ethanol 46,07 0,789 

Methanol 32,04 0,792 

Glycerol 92,09 1,26 

 

Table 5.15 – Molecular weight and density of the alcohols  
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The operating conditions of each test are shown in the Table 5.16÷5.17: 

Variables I step II step III step IV step 

Temperature 300°C 300°C 300°C 300°C 

Gas sampling temperature 50°C 50°C 50°C 50°C 

Initial pressure (N2) 0,3 barg 0,3 barg 0,3 barg 0,3 barg 

Final pressure 13,6 barg 43,7 barg 33,3 barg 55,2 barg 

Gas sampling pressure 0,8 barg 0,7 barg 0,8 barg 0,8 barg 

Mass of NaBO2 ∙ 4H2O (IN) 2 g / / / 

Volume of MetOH (IN) 3,5 mL / 3,5 mL / 

Volume of H2O (IN) / 10 mL / 10 mL 

Stirring speed 500 RPM 500 RPM 500 RPM 500 RPM 

Reaction time 5 h 47’ 6 h 9’ 6 h 10’ 5 h 45’ 

Table 5.16 - Operating conditions of Double cycle MetOH-H2O 

 

Variables I step II step III step IV step 

Temperature 300°C 300°C 300°C 300°C 

Gas sampling temperature 60°C 60°C 60°C 60°C 

Initial pressure (N2) 0,3 barg 0,3 barg 0,3 barg 0,3 barg 

Final pressure 13,2 barg 32,4 barg 30,8 barg 50,9 barg 

Gas sampling pressure 1,9 barg 0,8 barg 0,9 barg 0,8 barg 

Mass of NaBO2 ∙ 4H2O (IN) 2 g / / / 

Volume of Glycerol (IN) 6,2 mL / 6,2 mL / 

Volume of H2O (IN) / 10 mL / 10 mL 

Stirring speed 500 RPM 500 RPM 500 RPM 500 RPM 

Reaction time 5 h 59’ 6 h  6 h 6 h 

Table 5.17 - Operating conditions of Double cycle Glycerol-H2O 
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The pressure trends over time, for each test, are reported in the Figure 5.42÷5.43, which 

refer to methanol and glycerol double cycle respectively: 

 

Figure 5.42 - Curve pressure-time for each step for methanol double cycle 

 

 

Figure 5.43 - Curve pressure-time for each step for glycerol double cycle 

In the first step, the plateau value of the pressure is almost similar for all reagent tested. 

In step II, however, it is still similar for ethanol and glycerol, while it is about ten bars 

higher for methanol. Furthermore, the pressure-time curve referring to methanol reaches 

the plateau value in about three hours, while for the other reagents the plateau is reached 

after about 1 hour. In step III, the pressure plateau value is a bit higher for ethanol as well 

0

10

20

30

40

50

60

0 2 4 6 8

Pr
es

su
re

 (b
ar

)

Time (h)

I step

II step

III step

IV step

0

10

20

30

40

50

60

0 2 4 6 8

Pr
es

su
re

 (b
ar

)

Time (h)

I step

II step

III step

IV step



151 
 

as for step IV. It should be noted, however, that during the first step of the test with 

glycerol, the final plateau value was not well reached in the 6 hours of the test. On the 

graph, it is not possible to appreciate this well for a matter of scale. Most likely, more 

time would have taken because the boiling point of glycerol is 290 °C. Hence, as long as 

290 ° C is not exceeded, the glycerol is still liquid. 

5.8.1. GC Analysis 

The gas withdrawals at each step are subjected to GC analyses and the results are shown 

in Table 5.18÷5.19: 

 H2 (%) CO2 (%) CH4 (%) Other (%) 

I step 27,87 69,59 0,00 2,54 

II step 96,15 0,17 0,37 3,32 

III step 98,30 0,11 0,71 0,88 

IV step 97,86 0,30 0,21 1,63 

 

Table 5.18 - Normalized volumetric compositions (%) of the gases leaving the reactor at each step: test 
with methanol 

 H2 (%) CO2 (%) CH4 (%) Other (%) 

I step 56,20 37,73 4,89 1,19 

II step 49,28 47,07 2,77 0,88 

III step 52,97 41,97 3,64 1,42 

IV step 45,66 49,94 2,84 1,55 

Table 5.19 - Normalized volumetric compositions (%) of the gases leaving the reactor at each step: test 
with glycerol 

As regards methanol, a very low production of hydrogen (below 30%) is observed in the 

step I if compared with the step I of the test with ethanol and also an excessive production 

of CO2. From the step II onwards, the yield to hydrogen assumes values that are entirely 
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similar to those of the test with ethanol. Even at the step IV, the hydrogen composition is 

even higher. 

In the test with glycerol, the observed hydrogen yields are much lower. In fact, an 

excessive production of CO2 and an appreciable presence of CH4 is observed compared 

to methanol and ethanol. Therefore, only from the analysis of the gases, it would seem 

that the use of glycerol goes against the objectives of our process namely H2 production 

while producing little CO2. However, it is also necessary to analyse the solid and liquid 

residue to have further indications about its use. In fact, if it were possible to produce a 

high added value polymer using glycerol, which is a waste material, and in addition it 

was also able to produce hydrogen, it would still be a stimulating process even if the 

hydrogen yields were not really very high. 

5.8.2. Analysis of solid phase 

As regards the solid residue, it is appropriate to compare the spectra of the FTIR analysis 

of the various tests with different alcohols used. The FTIR spectra are shown in the Figure 

5.44: 

 

Figure 5.44 - FTIR spectrum of double cycle with glycerol (blue), FTIR spectrum of standard double 
cycle with ethanol (green); FTIR spectrum of double cycle with methanol (pink); FTIR spectrum of 

NaBO2 ∙4H2O (red) 

At first glance, it can be seen immediately that all three spectra differ almost entirely from 

the spectrum of sodium metaborate. This proves the fact that it reacted almost completely 

in the system. In the test with glycerol, it can be seen immediately that two weak bands 
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are present in the area between 2800 cm-1 and 3000 cm-1. These bands are due to C-H 

stretching. This result is very promising as this could be indicative of the formation of a 

polymer. The broad band in the range (3500÷3000 cm-1) is instead associated with the 

OH stretching.  

A comparison between FTIR spectrum of test with glycerol with FTIR spectrum of 

different polymers is shown in Figure 5.45:  

  

Figure 5.45 - FTIR spectrum of PP (green); FTIR spectrum of LDPE (black); FTIR spectrum of 
PEG2000 (yellow); FTIR spectrum of test with glycerol (blue) 

In particular, the peaks in the range (2800 cm-1 ÷ 3000 cm-1), typical of C-H stretching, 

are very similar to FTIR spectrum of PE. Another peak in common with the PE can be 

found at wavenumbers of about 1500 cm-1. The band at around 1500 cm-1 it is also typical 

of the PEG and PP. 

However, what has just been said are only suppositions. Anyway, other different analyses 

will have to be made to affirm with certainty the nature of polymer formed. 

As for the FTIR spectrum of the test with methanol, its reading is difficult to understand 

as it appears with very wide and poorly defined peaks. Hence, it was not easy to give 

precise evaluations about the functional groups present in the solid residue. What is 

certain is that in both the test with methanol and the test with ethanol, the vibration peaks 

between 2800 cm-1 and 3000 cm-1 are not present. Therefore, these alcohols used in the 

process under examination may not favour the formation of the polymer. This result could 
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be attributed to the fact that they are species with a low number of carbon atoms and that 

perhaps, by using species with an increasing number of carbon atoms, the formation of 

the polymer could be even more favoured. However, further investigations should be 

made to ascertain this with greater certainty. 

To investigate the thermal properties of the samples taken, a TG analysis in nitrogen flow 

was conducted exactly as performed for the tests described in the previous paragraphs. 

The results are reported in the Figure 5.46÷5.47: 

 

Figure 5.46 - TG (N2) analysis results (test with methanol) 

 

Figure 5.47 - TG (N2) analysis results (test with glycerol) 

In the test with methanol, the overall weight loss is 20% and occurs in a single step; in 

the test with glycerol, on the other hand, the overall weight loss is 60% but occurs in two 

steps and the loss between 200 ° C and 400 ° C is very high (about 25%). Therefore, this 
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is a further confirmation of the high presence of organic substance in the solid residue, 

i.e., about 25%.  

To better visualize the differences, TG curves of the three tests of different fuels are all 

shown on the same graph in Figure 5.48: 

 

Figure 5.48 - TG (N2) analysis results (pink: test with methanol; blue: test with glycerol; green: test with 
ethanol) 

As can be seen, TG curves of the test with methanol and the test with ethanol are almost 

overlapping. This means that the organic content present in the residues of the two tests 

is approximately identical. Moreover, there is a unique slope that reaches the plateau. 

On the other hand, the case of the test with glycerol the TG curve has two different slopes. 

In this case, the decomposition is shifted to higher temperature. In fact, rather than starting 

at 200 ° C, it starts at 450 ° C. 

Since the decomposition temperature is higher, it can be deduced that the organic species 

that decomposes is more complex in the case of the test with glycerol than in those with 

other fuels. For this reason, being more complex, it decomposes at higher temperatures. 

To confirm what has just been said about the formation of the polymer in the test with 

glycerol, the results of the XRD analysis of the three tests are provided in order to have 

information on both the nature of the solids recovered from the reactor and the size of the 

crystals. The diffraction profiles of the solid samples recovered at the end of each double 

cycle test are shown in Figure 5.49÷5.51: 
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Figure 5.49 - XRD analysis (test with methanol) 

 

Figure 5.50 - XRD analysis (test with ethanol) 

 

Figure 5.51 - XRD analysis (test with glycerol) 

By analysing the diffractograms, it is possible to verify the evolution of the sample as the 

kind of alcohol used varies. It is observed that in the diffractogram performed on the 
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sample of the test with glycerol, a wide band appears for 2θ values between 5 ° and 30 °. 

It is dominant with respect to the narrow reflections of the crystalline component. This 

suggests the formation of an amorphous phase. These signals are not noticed in the tests 

with methanol and ethanol. In particular, the XRD profile of the sample with ethanol has 

well-defined peaks on an almost flat bottom, indicating the quite high degree of 

crystallinity of the solid. The XRD analysis of the test with ethanol exhibits very narrow 

peaks and a very straight base similar to that of the sodium metaborate tetrahydrate shown 

in Figure 5.52: 

 

Figure 5.52 - XRD analysis of NaBO2 ∙4H2O 

Therefore, the amorphous band observed in the glycerol test confirms the formation of 

polymer chains with low crystallinity, already highlighted by the FTIR spectra. 

However, for further confirmation of the nature of the polymer, subsequent investigations 

will be required in the future, together with the analysis of the liquids obtained after 

separation with the solid. 

5.9. Comparison between simulation and experimental results 

To get an idea of how much the process experimented in this work is placed above the 

steam reforming processes of the various fuels analysed in the thermodynamic study, it 

was decided to make a comparison. 

It has been chosen to compare the count of hydrogen yield of the steam reforming process 

of the different fuels, made through thermodynamic analysis, with the calculation of the 

hydrogen yield obtained in our experiments. 
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In order for the comparison to be meaningful, the temperature was set at 300 ° C (as in 

all our experiments) and a water / fuel feed ratio (n) was chosen equal to the overall one 

of the standard double cycle with ethanol, i.e. equal to 6,83  (which is the same feed ratio 

that we also have in the double cycle with methanol and glycerol since the moles fed to 

the system are the same). The calculation of the feed ratio n is explained below: 

𝐸𝐸𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻,𝑜𝑜𝑤𝑤𝑤𝑤𝑝𝑝 = 𝐸𝐸𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻
𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 + 𝐸𝐸𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻

𝐼𝐼𝐼𝐼𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 = 0,08563 𝑅𝑅𝑅𝑅𝑚𝑚 + 0,08563 𝑅𝑅𝑅𝑅𝑚𝑚 = 0,17126 𝑅𝑅𝑅𝑅𝑚𝑚 

𝐸𝐸𝐻𝐻2𝑂𝑂,𝑜𝑜𝑤𝑤𝑤𝑤𝑝𝑝 = 𝐸𝐸𝐻𝐻2𝑂𝑂
𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 + 𝐸𝐸𝐻𝐻2𝑂𝑂

𝐼𝐼𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 + 𝐸𝐸𝐻𝐻2𝑂𝑂
𝐼𝐼𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 = 0,05803 𝑅𝑅𝑅𝑅𝑚𝑚 + 0,55555 𝑅𝑅𝑅𝑅𝑚𝑚 + 0,55555 𝑅𝑅𝑅𝑅𝑚𝑚

= 1,16913 𝑅𝑅𝑅𝑅𝑚𝑚 

𝐸𝐸 = 𝑅𝑅𝑅𝑅𝑅𝑅𝑦𝑦 𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅 =
𝐸𝐸𝐻𝐻2𝑂𝑂,𝑜𝑜𝑤𝑤𝑤𝑤𝑝𝑝

𝐸𝐸𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻,𝑜𝑜𝑤𝑤𝑤𝑤𝑝𝑝
=

1,16913 𝑅𝑅𝑅𝑅𝑚𝑚
0,17126 𝑅𝑅𝑅𝑅𝑚𝑚

= 6,83 

Therefore, the simulations were carried out on Aspen for the calculation of the hydrogen 

yield of the various fuels in these conditions (n = 6.83 and T = 300 ° C) and the graph of 

the hydrogen yield vs the pressure as the fuels varies is represented in Figure 5.53: 

  

Figure 5.53 – H2 yield vs pressure as fuel varies (n=6,83 and T=300°C) 

The hydrogen yield considered in the simulations was defined in Chapter 4. 

As regards the definition of the yield of our experiments, it was chosen to define it as the 

sum of the moles of hydrogen produced at the end of the four steps divided by the 

theoretical moles of hydrogen that could be formed at most from the respective alcohol 

(not considering the water), namely: 
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𝐶𝐶2 𝑦𝑦𝐸𝐸𝑅𝑅𝑚𝑚𝑦𝑦𝑤𝑤𝑒𝑒𝑝𝑝𝑤𝑤𝑤𝑤𝑖𝑖𝑚𝑚𝑤𝑤𝑛𝑛𝑤𝑤𝑤𝑤𝑙𝑙 =  
∑ 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤

𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝑖𝑖4
𝑖𝑖=1

3 ∗ �𝐸𝐸𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻,𝑖𝑖𝑛𝑛
𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 + 𝐸𝐸𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻,𝑖𝑖𝑛𝑛

𝐼𝐼𝐼𝐼𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 �
   (𝑦𝑦𝑅𝑅𝐸𝐸𝑦𝑦𝑚𝑚𝑅𝑅 𝑟𝑟𝑦𝑦𝑟𝑟𝑚𝑚𝑅𝑅 𝑔𝑔𝐸𝐸𝐸𝐸𝐸𝐸𝑦𝑦𝐸𝐸𝑅𝑅𝑦𝑦 𝑤𝑤𝐸𝐸𝐸𝐸ℎ 𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅𝑚𝑚)  

𝐶𝐶2 𝑦𝑦𝐸𝐸𝑅𝑅𝑚𝑚𝑦𝑦𝑤𝑤𝑒𝑒𝑝𝑝𝑤𝑤𝑤𝑤𝑖𝑖𝑚𝑚𝑤𝑤𝑛𝑛𝑤𝑤𝑤𝑤𝑙𝑙 =  
∑ 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤

𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝑖𝑖4
𝑖𝑖=1

2 ∗ �𝐸𝐸𝑀𝑀𝑤𝑤𝑤𝑤𝑂𝑂𝐻𝐻,𝑖𝑖𝑛𝑛
𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 + 𝐸𝐸𝑀𝑀𝑤𝑤𝑤𝑤𝑂𝑂𝐻𝐻,𝑖𝑖𝑛𝑛

𝐼𝐼𝐼𝐼𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 �
  (𝑦𝑦𝑅𝑅𝐸𝐸𝑦𝑦𝑚𝑚𝑅𝑅 𝑟𝑟𝑦𝑦𝑟𝑟𝑚𝑚𝑅𝑅 𝑤𝑤𝐸𝐸𝐸𝐸ℎ 𝑅𝑅𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅𝑚𝑚) 

𝐶𝐶2 𝑦𝑦𝐸𝐸𝑅𝑅𝑚𝑚𝑦𝑦𝑤𝑤𝑒𝑒𝑝𝑝𝑤𝑤𝑤𝑤𝑖𝑖𝑚𝑚𝑤𝑤𝑛𝑛𝑤𝑤𝑤𝑤𝑙𝑙 =  
∑ 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤

𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝑖𝑖4
𝑖𝑖=1

4 ∗ �𝐸𝐸𝐺𝐺𝑙𝑙𝐺𝐺𝑝𝑝,𝑖𝑖𝑛𝑛
𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 + 𝐸𝐸𝐺𝐺𝑙𝑙𝐺𝐺𝑝𝑝,𝑖𝑖𝑛𝑛

𝐼𝐼𝐼𝐼𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝�
   (𝑦𝑦𝑅𝑅𝐸𝐸𝑦𝑦𝑚𝑚𝑅𝑅 𝑟𝑟𝑦𝑦𝑟𝑟𝑚𝑚𝑅𝑅 𝑤𝑤𝐸𝐸𝐸𝐸ℎ 𝑔𝑔𝑚𝑚𝑦𝑦𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅𝑚𝑚) 

The theoretical moles of hydrogen present in the denominator were chosen by simply 

considering the formula of the alcohol molecule. In fact, 2, 3 and 4 theoretical hydrogen 

molecules (H2) can be obtained at most respectively from methanol, ethanol and glycerol 

in the feed. 

Therefore, the calculation of the experimental hydrogen yield for the double cycles with 

ethanol, methanol and glycerol are shown below: 

 

𝐶𝐶2 𝑦𝑦𝐸𝐸𝑅𝑅𝑚𝑚𝑦𝑦𝑤𝑤𝑒𝑒𝑝𝑝𝑤𝑤𝑤𝑤𝑖𝑖𝑚𝑚𝑤𝑤𝑛𝑛𝑤𝑤𝑤𝑤𝑙𝑙 =  
𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤

𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼 + 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤
𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼𝐼𝐼 + 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤

𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼𝐼𝐼𝐼𝐼 + 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤
𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼𝐼𝐼

3 ∗ �𝐸𝐸𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻,𝑖𝑖𝑛𝑛
𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 + 𝐸𝐸𝐸𝐸𝑤𝑤𝑂𝑂𝐻𝐻,𝑖𝑖𝑛𝑛

𝐼𝐼𝐼𝐼𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 �

=
0,0079 + 0,0127 + 0,0129 + 0,0119

3 ∗ (0,08563 + 0,08563)
= 0,089 

𝐶𝐶2 𝑦𝑦𝐸𝐸𝑅𝑅𝑚𝑚𝑦𝑦𝑤𝑤𝑒𝑒𝑝𝑝𝑤𝑤𝑤𝑤𝑖𝑖𝑚𝑚𝑤𝑤𝑛𝑛𝑤𝑤𝑤𝑤𝑙𝑙 =  
𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤

𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼 + 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤
𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼𝐼𝐼 + 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤

𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼𝐼𝐼𝐼𝐼 + 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤
𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼𝐼𝐼

2 ∗ �𝐸𝐸𝑀𝑀𝑤𝑤𝑤𝑤𝑂𝑂𝐻𝐻,𝑖𝑖𝑛𝑛
𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 + 𝐸𝐸𝑀𝑀𝑤𝑤𝑤𝑤𝑂𝑂𝐻𝐻,𝑖𝑖𝑛𝑛

𝐼𝐼𝐼𝐼𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 �

=
0,0037 + 0,0113 + 0,0132 + 0,0131

2 ∗ (0,08563 + 0,08563)
= 0,12 

𝐶𝐶2 𝑦𝑦𝐸𝐸𝑅𝑅𝑚𝑚𝑦𝑦𝑤𝑤𝑒𝑒𝑝𝑝𝑤𝑤𝑤𝑤𝑖𝑖𝑚𝑚𝑤𝑤𝑛𝑛𝑤𝑤𝑤𝑤𝑙𝑙 =  
𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤

𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼 + 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤
𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼𝐼𝐼 + 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤

𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼𝐼𝐼𝐼𝐼 + 𝐸𝐸𝐻𝐻2,𝑜𝑜𝑓𝑓𝑤𝑤
𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 𝐼𝐼𝐼𝐼

4 ∗ �𝐸𝐸𝐺𝐺𝑙𝑙𝐺𝐺𝑝𝑝,𝑖𝑖𝑛𝑛
𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝 + 𝐸𝐸𝐺𝐺𝑙𝑙𝐺𝐺𝑝𝑝,𝑖𝑖𝑛𝑛

𝐼𝐼𝐼𝐼𝐼𝐼 𝑠𝑠𝑤𝑤𝑤𝑤𝑝𝑝�

=
0,018 + 0,0066 + 0,008 + 0,006

4 ∗ (0,08563 + 0,08563)
= 0,056 

 

The Figure 5.54 shows the comparison between the yields calculated through the 

simulation for the different fuels and the experimental yields obtained from the innovative 

process proposed in this work to better visualize where this process is positioned with 

respect to the steam reforming of the various fuels in the same operating conditions: 
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Figure 5.54 - H2 yield vs pressure as fuel varies: comparison between simulation and experimental 
results 

Wanting to think conservatively, since from the simulation data of steam reforming the 

yield increases as the pressure decreases, the experimental results can be compared with 

the simulation ones at the lowest possible pressures reached in our experimental system, 

so as to consider the highest possible yields in the simulations to compare. Considering 

the fact that, in our experimental process, the lowest plateau pressures are almost always 

found at step I and are never lower than 13 barg, we carry out the comparison considering 

the yields of the simulation data at 10 bar. 

As can be seen in the comparison between simulation and experimental data, the yields 

obtained from the process proposed in this thesis are far above the yields obtained with 

the calculation of the steam reforming processes. 

So, without a doubt, our process is very stimulating and promising and certainly requires 

further optimization processes in the future. 
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Chapter 6 

CONCLUSION 
In this thesis, a novel method for hydrogen production has been studied. The is based on 

double cycle and the raw materials of the process are metaborate, a low-value by-product, 

and bio-alcohols, typically obtained from biomass, thus no fossil-based raw material is 

used. 

First of all, a thermodynamic study was carried out first only on the steam reforming of 

ethanol and then on the comparison of the steam reforming of different fuels. 

As regards the steam reforming of ethanol, a reaction path has been found in the literature 

that considers twenty possible reactions that can occur. Their 𝑅𝑅∆𝐺𝐺0=0 were calculated to 

identify the temperature ranges in which each is favoured. Subsequently, the hydrogen 

yield was calculated as a function of pressure at various feed ratios and at a temperature 

of 300 ° C (equal to that of experiments). It has been found that in these conditions the 

maximum possible yield achievable by thermodynamics is equal to about 0,12, obtained 

for the feed ratio n equal to 10 (the largest considered in the analysis) and for pressure 

equal to 1 bar. 

As regards instead the comparison with other fuels, it has been seen that the highest 

possible yields are always obtained for n = 10 and P = 1 bar and at 300 °C the scale of the 

fuels from the best to the worst in terms of hydrogen yield is the following: 

𝑅𝑅𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅 > 𝑅𝑅𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅𝑚𝑚 > 𝑦𝑦𝐸𝐸𝑅𝑅𝑔𝑔𝐸𝐸𝑔𝑔 > 𝑅𝑅𝐸𝐸ℎ𝐸𝐸𝐸𝐸𝑅𝑅𝑚𝑚 > 𝑔𝑔𝑚𝑚𝑦𝑦𝑟𝑟𝑅𝑅𝑅𝑅𝑅𝑅𝑚𝑚 > 𝑎𝑎𝑅𝑅𝑅𝑅𝑎𝑎𝐸𝐸𝐸𝐸𝑅𝑅 

In the second place, experiments were carried out to improve a highly innovative process 

present in previous thesis works [146, 147] through which it is possible to obtain a very 

pure current in hydrogen and very low concentrations of CO2 in the output stream.  

In particular, some parameters were changed to try to find the optimal operating 

conditions of the process. The parameters involved in the process can be multiple. To 

optimize the process, it was decided to investigate the effect of the water fed at II and IV 

step, of the bio-alcohol fed and of the starting pressure. 

By changing the quantity of water to be fed, a difference of mainly compared to the typical 

compositions obtainable with SRE only a few percentage points less were noted as 

regards the composition of hydrogen in the outlet stream. As regards, instead, the solid 
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residue, it has been noted that by lowering the water content in the feed stream, the organic 

content increases. 

Even by increasing the pressure, a slight decrease in hydrogen production is noted, 

demonstrating how this hydrogen production process is disadvantaged at high pressures, 

as is the case for steam reforming processes. 

On the other hand, by carrying out the tests with various fuels, a very similar production 

of hydrogen is noted between the test with ethanol and that with methanol, confirming 

the fact that, only considering the gas phase, the role of the fuel in this process is not 

attributable to a single compound but probably to its class (bio-alcohol). Also the 

composition of carbon dioxide does not present significant variations between the test 

with ethanol and with methanol. 

As regards the case with glycerol, however, a significant decrease in hydrogen production 

was observed, compared to the previous two. In addition, a large amount of CO2 was 

detected in the output stream. However, a considerable quantity of organic was present in 

the solid residue, which immediately led to think of the formation of a high-value-added 

polymer and whose nature is to be ascertained in future analyses. If the latter confirmed 

this, it would be an excellent result as it would be possible to produce hydrogen from 

waste material and biomass at low temperature and at the same time a polymer to be used 

in various applications. In future works, it could therefore be thought of continuing to 

carry out tests with glycerol, perhaps trying to optimize the conditions in order to have a 

good yield of hydrogen, capture as much CO2 as possible and form a very useful polymer. 

Finally, the simulation results were compared with the experimental ones. It has been 

seen that much higher hydrogen yields are obtained through the experimental process, 

object of this thesis, respect than the steam reforming of the various fuels in the same 

conditions of feed ratio (n = 6,83) and temperature (300 °C). 

Therefore, a colour has been given to the hydrogen production process investigated in 

this thesis, namely cyan, as shown in Figure 6.1: 
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Figure 6.1- Cyan Hydrogen: a new colour of hydrogen 

The cyan colour was chosen among the various shades of blue as the process aims to 

produce an almost pure hydrogen stream as "pseudo" steam reforming at very low 

temperatures (300°C) and starting from green raw materials and not from fossil fuels that 

are currently used in steam reforming. 

In summary, the advantages of this innovative process are: 

- production of an almost pure hydrogen stream at low temperature (as already 

mentioned) which results in the high competitiveness of the process and the low 

purification costs; 

- use of waste raw materials and bio-based materials; 

- production of a high-added value polymer capturing the carbon dioxide. 

Future investigations will focus on the optimization of the other operating conditions of 

the process such as the quantity of bio-alcohol and/or diol fed, the increase in the number 

of cycles, the use of techniques for the analysis also of the liquid residue and the use of 

advanced techniques to identify with certainty the nature of the polymer. 
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