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EXPERIMENTAL STUDY OF AVAILABILITY OF USING OF
CO, COMING FROM EXHAUST IN HYDROGEN
PRODUCTION TECHNOLOGY OF NaBH4

ABSTRACT

It has been extensively studied over the last years on hydrogen-containing chemical
compounds to produce hydrogen on demand, and in the amount needed. Especially,
sodium borohydride is a preferred compound because of its excellent characteristics
for hydrogen production. Aqueous alkaline sodium borohydride solution is safely

stored and transported as it is stable at room temperature.

Expensive compounds such as containing, nickel, ruthenium and cobalt are generally
used to produce hydrogen from aqueous alkaline sodium borohydride solution as
catalysts. But, some studies have shown that there is a direct correlation between pH
value and stability of sodium borohydride solutions. Carbon dioxide gas having

acidic effect has potential to easily change pH value of solutions.

In this study, hydrogen was obtained from alkaline sodium borohydride solutions by
using the new method described above. Hydrolysis experiments were carried out at
different temperatures by sending carbon dioxidegas to sodium borohydride solution
containing potassium hydroxide for one minute. Solution concentration, solution
temperature, amount of sodium borohydride, and flow rate of carbon dioxide gas
were selected as variable. Thus, the effects of solution concentration, solution
temperature, amount of sodium borohydride, flow rate of carbon dioxide gas and pH

value of solution to rate of obtained hydrogen were investigated experimentally.

As a result of this study, it has been considered that a system can be designed that
allows to be produced hydrogen without using of expensive catalysts by changing pH
value of solutions through carbon dioxide gas generated at the end of combustion in
systems where fossil fuels are used. It has been thought that combustion efficiency
will increase, and fuel consumption and amount of waste gas will decrease by

transferring the obtained hydrogen to combustion system.

Keywords: Hydrogen production, sodium borohydride solution, carbon dioxide gas,

pH value, fuel saving.



EGZOZDAN GELEN CO>’IN NaBHs’DEN HIDROJEN URETIM
TEKNOLOJISINDE KULLANILABILIRLIGININ DENEYSEL
ARASTIRILMASI
oz
Hidrojeni ihtiya¢ aninda ve ihtiya¢ miktar1 kadar iiretmek i¢in son yillarda hidrojen
iceren kimyasal bilesikler {izerinde yogun olarak calisilmaktadir. Sahip oldugu
miikemmel 6zelliklerinden dolay1 6zellikle sodyum bor hidriir hidrojen iiretimi igin
tercih edilen bir bilesiktir. Sulu bazik sodyum bor hidriir ¢6zeltisi oda sicaklifinda

kararli oldugu i¢in emniyetli bir sekilde depolanabilmekte ve tasinabilmektedir.

Bazik sodyum bor hidriir ¢ozeltisinden hidrojen iiretmek igin genellikle nikel,
rutenyum ve kobalt iceren bilesikler gibi pahali katalizorler kullanilmaktadir. Ancak,
yapilan baz1 calismalar pH degeri ile sodyum bor hidriir ¢ozeltilerinin kararlilig
arasinda dogru bir orant1 oldugunu gostermistir. Asidik etkiye sahip karbon dioksit

gazi, ¢ozeltilerin pH degerini kolaylikla degistirme potansiyeline sahiptir.

Bu c¢alismada; potasyum hidroksit i¢eren sodyum bor hidriir ¢ozeltilerine bir
dakikalik siireyle karbon dioksit gazi gonderilerek farkli sicakliklarda hidroliz
deneyleri yapilmistir. Cozelti derigimi, ¢ozelti sicakligi, sodyum bor hidriir miktar
ve karbon dioksit gazinin debisi degisken olarak secilmistir. Boylece; ¢ozelti
derisiminin, ¢ozelti sicakliginin, sodyum bor hidriir miktarinin, karbon dioksit gazi
debisinin ve ¢ozeltinin pH degerinin hidrojen elde etme hizina etkileri deneysel

olarak incelenmistir.

Bu calisma sonucunda; fosil yakitlarin kullanildigi sistemlerde, yanma sonunda
olusan karbon dioksit gazi kullanilarak ilgili ¢6zeltilerin pH degerinin degistirilmesi
ve boylece pahali katalizorler kullanilmadan da hidrojen iiretilebilmesine imkan
veren bir sistemin tasarlanabilecegi degerlendirilmektedir. Elde edilecek hidrojenin
yakma sistemine gonderilmesiyle de yanma veriminde artig saglanarak yakit

tilketiminde ve atik gaz miktarinda azalma saglanacag diistiniilmektedir.

Anahtar Kelimeler: Hidrojen iiretimi, Sodyum bor hidriir ¢6zeltisi, karbon dioksit

gaz1, pH degeri, yakit tasarrufu.

Vi
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CHAPTER 1

INTRODUCTION

Many subjects such as economic growth, prosperity and the quality of life are based
on energy. The requirement for energy increases in parallel with developments in
technology, the population growth in the world and the diversity of basic human
needs. It is not difficult to foresee that our need for energy will continue to increase

for the progression.

Hydrocarbon fossil fuels such as coal, fuel oil, natural gas and petroleum are used as
the primary energy source to meet energy needs. According to the data given by
International Energy Agency, if current energy production and consumption habits
are maintained, it is estimated that the world’s need for energy will increase by
21.5% from 2015 to 2035 and about 73.7% of this need for energy will be met from
fossil fuels [1].

But on the other hand, the main cause of climate change is carbon dioxide (CO2) gas
formed when fossil fuels are burned. The quantity of CO2 in the atmosphere will
continue to increase if the use of fossil fuels commonly continues to meet the need
for energy. Lackner [2] stated that the CO2 content of the atmosphere has now risen
by more than a third since the beginning of the industrial revolution, from 280 parts
per million by volume (ppm) to 385 ppm today and rising by 2 ppm per year. The
CO- content of the atmosphere will reach 450 ppm, the critical threshold for global

warming, after about 30 years with current rates of increase.

Therefore, there are a great number of studies about on the use of alternative energy
sources, such as renewable energy sources, can be replaced fossil fuels in order to
reduce CO2 emissions in the literature. According to the Ministry of Energy and
Natural Resources Directorate General of Renewable Energy, the development and
utilization of renewable energy sources such as bioenergy, solar energy, geothermal
energy, hydroelectricity, wave energy and wind energy, which have gained

momentum in recent years, will reduce CO2 emissions [3].



Also, there are many studies evaluated that hydrogen could be an alternative energy
source to be replaced fossil fuels such as renewable energy sources in the literature.
Shasby [4] expressed in his M.Sc. thesis that hydrogen is almost the perfect fuel. It
has the highest energy content by weigh of any fuel. It has no emissions when burned
and used in a fuel cell the only by-product is water. Hydrogen is very abundant and is
found readily in many compounds on earth. It is also the only viable fuel identified

for the future when current stores of fossil fuels run out.

There are in large quantities studies on the methods of hydrogen production.
According to these studies, almost all of the hydrogen is produced from hydrocarbon
that consist of hydrogen and carbon (natural gas, coal, oil and its derivatives) and the
most commonly used method is steam reforming. Roussiere [5] is stated in his Ph.D.
thesis that steam methane reforming (SMR) process performs in the range of 500-
900 °C, above 20 bar and in two steps. He explained that the first step is the
reforming reaction, which is strongly endothermic (Ah=+206.16 kJ/mole), the second
step is the water gas shift (WGS) reaction, which is slightly exothermic (Ah=—41
kJ/mole).

Another method of producing hydrogen from hydrocarbon is partial oxidation (POX)
of methane (CH4). The studies show that POX process could be replaced the SMR
process at producing of syngas, which a kind of a gas that consists of H> and carbon
monoxide (CO), due to its advantages. Yaying et al. [6] expressed that when air is
used instead of oxygen (O2) as oxidant and rhodium (Rh)-coated monolith catalysts
in auto thermal reactors, the conversion of CH4 to CO and H: is above 90%, the air-
separation process for O> production is not required, which can greatly reduce the
investment for the POX and can avoid an explosion danger at low methane to oxygen

ratios, in particular, under high pressures.

Gasification process is another method used to obtain hydrogen from hydrocarbons.
Higman and Burgt [7] put forward in their studies that gasification might be played
an important role in the transition from fossil fuels to a fully renewable world.
According to them, polygeneration energy systems, producing both power and
hydrogen used at gasification process could be transformed to hydrogen production
units with low cost. Also, they expressed that gasification process is a key



technology to generate more efficient energy from coal and heavy oils with the best
environmentally friendly method.

Kvaerner method [8], a process began using recently, is the newest way of obtaining
hydrogen from hydrocarbon. Hydrogen has been produced without CO2 emissions
through this concept (also known Kvaerner Carbon Black and Hydrogen Process)
developed by Kvaerner Engineering S. A. of Norway since the early 1980s. A pilot
plant that has been operating in Canada since 1992 uses 1000 mn®/h natural gas and
2100 kWe electrical energy to generate 1000 kW hot steam, about 500 kg/h activated
carbon and 2 000 mn®/h of hydrogen. Taking into consideration all the useable
products, the plant achieves an efficiency of 93%.

All hydrogen production methods based on hydrocarbons adversely affect the
environment as they use fossil fuels. The electrolysis of water, producing hydrogen
from water by using appropriate catalysts and electric power, is a completely
environmental method. However, this method has a very little share in hydrogen
production methods since catalysts (platinum, ruthenium etc.) as well as electric
power are expensive. Recently, a great number of studies have been researched to
reduce the costs of electrolysis. The Grid-Shift Process developed by Dopp [9] has
been promising hope most of all. Dopp made the metallic electrodes to three-
dimensional (3D) shape by coating all their surfaces with nano powders, which has
excellent electrical conductivity in his experimental study. He observed that nano-
coated 3D electrodes have high rate per surface area and so they can be smaller for
the same hydrogen output. Also, he expressed that the costs of catalyst will reduce

remarkable since no need to use expensive material like platinum as catalyst.

The other way to generate hydrogen without using fossil fuel source is thermolysis
(the thermal splitting of water). Water is split into its components which form itself,
hydrogen and oxygen, when it heats over 1400°C. But, this is very expensive method
because of the heating of water to these degrees needs very huge energy. Therefore,
there are various studies in literature about the thermal splitting of water at lower
degrees. Agrafiotis et al. [10] achieved to decrease the heat of thermolysis to 800°C

and split the eighty percent of water used, by using an iron-oxide-based redox pair



system in their experimental studies. So, the amount of energy needed to split water
decreased, as well as was obtained much hydrogen due to rising system efficiency.

One of the main cause of not to widespread of utilizing hydrogen adequately is
storage problems since the storing of hydrogen is hard because of its chemistry and
physical characteristics, as well as high costs. The most commonly used storage
technique of hydrogen is to store it in pressured tanks as gas. Hydrogen is generally
filled in tanks between 150 and 300 bar. The obligation of the tanks to be made from
highly resistant materials to withstand such high pressures, the tanks become very
heavy as a result of this and the use of some of the energy to be taken from the
hydrogen in the pressurization of the gas are the biggest obstacles of this method.
Klebanoff [11] stated in his theoretical study that when the compression pressure
rises up, the amount of stored hydrogen in the tank increases. For example, at 350
bar, the molar volume of hydrogen is 22% larger than predicted by the ideal behavior
due to intermolecular repulsion of the hydrogen molecules. But, it means that a

heavier tank and much more energy need for compression.

There are many studies in the literature that hydrogen can also be stored in the
pressured tanks as liquid. Hirscher [12] expressed that hydrogen liquefies at -253°C
and higher storage densities are possible with liquid hydrogen according to gas form
of hydrogen in his theatrical study. He is also stated that its very low boiling point at
-253°C means that the generation of liquid hydrogen is complex and requires 20% to
30% of its energy content, the storage of liquid hydrogen is technically challenging
and containers with high levels of insulation are used, expensive and consisting of an

inner tank and an outer container with an insulating vacuum between them.

A great number of studies have been conducted on new hydrogen storage techniques
in recent times since storage of hydrogen in pressurized tanks brings many
challenges such as cost, safety and weight. One of them is to store the hydrogen in
micro-sized glass spheres (HGMS - Hollow Glass Microspheres). This method is
based on to be stored of hydrogen under high pressure and temperature into glass
spheres of very small size. When the glass sphere is cooled, the hydrogen is trapped
in the sphere. To be reheated of the glass sphere is sufficient to recover the hydrogen.
Shelby [13] used glass spheres made of FeO and CoO in an experiment and filled



them with hydrogen gas under the pressure of 35 MPa and 69 MPa. He achieved to
recover the hydrogen in the glass spheres by using a light source with a wavelength
of 1500-2300 nm as a heater. As a result of the experiment; he determined that the
amount of hydrogen stored in the glass spheres is proportional to the pressure, the
amount of hydrogen recovered is equal to about 2.2% of the glass spheres, and that
glass spheres can be used repeatedly for this process.

Carbonaceous materials, which are one of the most suitable materials for gas storage
due to its physical and chemical properties, have been recently begun to be used as
hydrogen storage material. Especially, many researches have been made on carbon
nanotubes (CNT) discovered by lijima in 1991. Ziittel et al. [14] showed in a study
they conducted that the amount of hydrogen to be stored in carbon nanotubes and
retrieved later depends on temperature and pressure. They found that a mass of 5.5%
hydrogen could be stored at -196°C in a nanotube, while it dropped to 0.6% at room
temperature (25°C). In addition, they determined that only 2% of the hydrogen stored
at room temperature could be recovered because the carbon and hydrogen atoms
forms a covalent bond between them, and the temperature has to be increased above

77°C in order to get more hydrogen.

Some metals and alloys can be absorbed hydrogen like sponges. These materials,
called metal hydrides, have been begun to be used for hydrogen storage in recent
times. Heat must be supplied for storage. During the recovery of hydrogen, heat is
spread in the environment. Sherif et al. [15] stated in their study that the metal
hydride method could be compared with the liquid hydrogen storage method as the
amount of stored hydrogen and with the pressurized gas hydrogen method as total
weight. In addition, they expressed that the best metal hydrides are MgH2 with a
H>/kg hydrogen storage rate of 7%.

Due to the heavy weight of metal hydrides, great deals of researches have been
carried out in recent years on the method of obtaining hydrogen from chemical
hydrides. The greatest advantage of systems using chemical hydrides for hydrogen
production is that hydrogen is not stored but produced when needed. All the risks and

difficulties of hydrogen storage and transportation are eliminated with this system.



Studies have been focused on borohydrides, especially on sodium borohydride
(NaBHa), because it has a promising potential of using hydrogen energy in vehicles.

The pure NaBHs contains 10.8% by weight of hydrogen. Studies on which the
hydrogen is obtained from the aqueous alkaline NaBH4 solution by using catalyst are
the majority in literature. In an experimental study, Sim and Kim [16] generated
hydrogen from solid-state NaBHa4 existing in a reacting chamber by using sodium
bicarbonate (NaHCO3) solution as a catalytic. They injected the NaHCOs solution
into the reactor when the hydrogen was needed. They measured the hydrogen
generation rate according as various conditions such as temperature, the
concentration and injection speed of NaHCOs solution. They noticed that the
hydrogen generation initiated immediately when the NaHCO3 solution was injected.
They observed that the hydrogen generation rate and NaBHa4 conversion increased
with increasing the NaHCOsz concentration but decreased with increasing the
injection speed of NaHCO3 solution. They concluded that NaBO> forming the result
of hydrolysis, covers on the catalyst surface and it causes the loss of catalytic

properties.

Aiello et al. [17] aimed to develop a new method producing H: for using in hand-
portable fuel cells. They obtained pure H2 by reacting the water in the liquid or vapor
phase with NaBH4 in an experimental study. The reaction was carried out in an
isothermal semi-batch reactor. They worked between 110 and 180°C and compared
the measured hydrogen yield with the theoretical efficiency. While the theoretical
yield was 100% at 110 °C, it fell below 50% after 140 °C. Experimentally, they
reached a hydrogen production rate of 0.33 L Hz/min and a yield of 99% at 110°C.
They observed that while the hydrogen yield strongly depends on the temperature,
the steam flow rate has little effect. They also found that insoluble layer on the
surface of the reactant prevented the reaction by constituting a film between water
vapor and NaBHjs.

Marrero-Alfonso et al. [18] have carried out an experimental study and reported that
when sodium borohydride reacts with vapor, Hz gas and NaBO> form. They filled the
reactor with solid NaBH4 and reacted it with steam. They detected H: at the outlet of
the reactor. They performed thermo gravimetric analysis (TGA) and x-ray diffraction



(XRD) analysis to detect water loss and formed solid products. Unlike the reaction in
liquid water, they produced hydrogen from the reaction of sodium borohydride with
steam without a catalyst with about a yield of 95% at 140°C. They noticed that the
addition of 1% mole of methanol and acetic acid (liquid regulator) did not enhance
the reaction rate, although acetic acid improved the reaction yield of slightly. As a
result of this study, they emphasized that hydrolysis efficiency is high in acidic

medium.

Marrero-Alfonso et al. [19] investigated the effect of water on NaBO: in the
hydrolysis of NaBH4 with steam by changing the amount of water in another
experimental study. The gravimetric and volumetric energy densities that can be
obtained from the hydrolysis of chemical hydrides largely depend on the amount of
water required for the process. They investigated this situation for steam hydrolysis
of NaBHs. They also investigated the thermal stability of commercial NaBO2.2H,O
and NaBO..4H>0. The standard NaBO,.2H>O was stable up to 100 °C, although it
leaved all the crystal water in its structure between 100°C and 350°C. The standard
NaBO..4H>0 started to decay continuously from 40°C, although it leaved all of the

crystal water in its structure above 400°C.

Beaird et al. [20] investigated the hydrolysis of NaBH4 with water vapor in different
humidity ranges at 110°C with visual technic. For this, they placed a borescope video
camera on a glass reactor and used the nitrogen (N2) gas as a humidifier. They found
that the hydrolysis reaction did not start above the humidity value of 21.7% in studies
conducted at 19-40% humidity range. In study, they observed that solid NaBH4
firstly absorbed the moisture at low humidity, then it passed to the saturated liquid
phase, and hydrolysis reaction initiated as foaming when it passed completely to the
liquid phase. They reported that the H. output ended in 22th minutes at 110°C and
was reached the 90% conversion with 32% humidity. They also observed that
NaBO,, formed by foaming in the reaction, covered on the walls of the reactor as a
thin film.

Minkina et al. [21] did experiments on the stability of NaBHa4. In their experiments,
they prepared an alkaline aqueous solution by adding sodium hydroxide (NaOH) into
the water. Then, they observed the reaction rate at 25°C, 40°C and 80°C and at



different concentrations by adding NaBHy into this alkaline solution. They found that
when the concentration of NaOH increases (the alkalinity of the solution increases, in
other words the pH value of concentration increases) and the temperature decreases,
the hydrolysis rate slows down, so the hydrogen production decreases. They came up
with that the hydrolysis rate of NaBHys is very small such as 0.01% per hour at room
temperature (25°C) and in the NAOH alkaline aqueous of 1.0N, so that NaBHj is

very good hydrogen storage and can be safely transported even at room temperature.

Akdim et al. [22] investigated the effect of acetic acid (CH3COOH) and hydrochloric
acid (HCI) on the hydrolysis of NaBHa4. They put NaBH4 into a reactor, and then
added acid solution. They worked at reactor temperatures between 20°C and 80°C.
The experiment did with the HCI solution ended in a shorter time than the
experiment did with the CH3COOH. They stated that the efficiency of hydrogen
production was 100% at all temperatures which mole ratio of HCI/NaBH4 was 1 and
2. It was also determined that the hydrolysis yield was 100% at all temperatures
which mole ratio of CH3COOH/NaBH4 was 2.

Javed and Subramanian [23] investigated the effect of physicochemical parameters
on hydrogen production at the hydrolysis of NaBHs with acid solution. They
investigated the effect of the temperature (0-60 °C), the acid concentration, the
amount of NaBH4 and the flow rate on hydrogen production in experiments carried
out in a reactor. The obtained results indicated that 80% of theoretical hydrogen
might be generated from 2 mg (0.053 mM) of NaBHa by using a 6 N HCI solution at
a flow rate of 1 pul/min at 60°C as the most highly efficiently. It was stated that the
hydrolysis by-products were NaBO and NaCl. One of the critical importance of this
work was that it was emphasized that the ratio of acid/NaBH4/H20 was effective in
the composition of by-products. They carried out the characterization processes in
XRD and SEM.

Prosini and Gislon [24] carried out a study on obtaining hydrogen from NaBH in
acidic medium. They designed a prototype reactor to provide hydrogen for the fuel
cell. They obtained hydrogen from solid NaBH4 with the aid of HCI acid solution at
room temperature. They observed that the reaction stopped when the acid solution
was removed. The hydrogen capacity of the system was 2.5% by weight and



hydrogen was produced up to 92% of the theoretical hydrogen production. They
were obtained about 720 Wh/kg of energy in a fuel cell operating at 0.8 V with this
amount of hydrogen. This means that it is 4 times more energy than commercial high

energy density lithium-ion batteries.

Murugesan et al. [25] conducted experimental studies on hydrogen production for
small portable applications. They were carried out hydrogen production with the
reaction of solid NaBH4 and HCI acid solution. They also investigated the effect of
horizontal and vertical position of 5 mm? volume reactor on hydrogen production. In
the hydrolysis of NaBHs, they examined the effect of several mineral and organic
weak acids on hydrogen yield by using them. Among the mineral acids examined,
HCI generated a maximum hydrogen yield of 97% of the theoretical yield at 3N
concentration at the vertical position of reactor Formic acid gave 87% of the
hydrogen yield at 12N concentration. Characterization of the reaction products was
carried out in SEM and XRD.

Liu et al. [26] examined the parameters affecting the reaction efficiency at high
temperature (150°C, 180°C and 200°C) and pressure (30 psi) in the hydrolysis of
NaBHs with steam. They have designed a batch reactor for this purpose. Solid
NaBH4 was put into the inner compartment of the reactor and water was put into the
outer compartment. TGA and XRD analyzes were performed in the characterization
process. They reached the conclusion that it needs to the low temperature or

increased the amount of water fed for increasing the hydrolysis rate of NaBHa.

Amendola et al. [27] carried out experiments to obtain hydrogen from alkaline
NaBHjs solution by using Ru catalyst. They examined the effect of the concentrations
of NaOH and NaBH4, and temperature on hydrogen production. Hydrolysis
experiments of 30 mL of NaBH4 solution, containing 1, 5 and 10% by weight NaOH
and 1% NaBHa, with 5% by weight resin, containing Ru, were carried out at 25°C.
They observed that when the concentration of the NaOH solution decreases, the
hydrolysis rate of the hydrolysis reaction increases. They explained that; free OH"
ions present in the medium strongly complex with water. This reduces the amount of
water and so the reaction rate reduces. They have also examined the solubility of
NaBO: in NaOH solutions at different concentrations. They observed that if the
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concentration of NaOH increases, the solubility of NaBO: decreases. They
emphasized that this situation is effective on the decreasing of hydrogen production.

Hua et al. [28] tried a nickel boride catalyst (NixB) at the catalytic hydrolysis of the
alkaline NaBH4 solution. They chose the temperature and NaOH concentration as
variable parameters. At room temperature (25°C), they realized the hydrolysis of 20
ml of NaBHs solution (1.5% by weight) at by weight of 0%, 10% and 20% NaOH
concentrations used 0.1 g of catalyst. They observed that when the concentration of
NaOH increases, the duration of the hydrolysis reaction increases. Water is
stoichiometrically consumed during hydrolysis. The reaction time is prolonged
because if the amount of NaOH increases, the amount of water decreases. This
situation also reduces the hydrolysis efficiency. They found that the hydrogen
storage capacities of NaBH4 solutions containing 0%, 10% and 20% NaOH by
weight as 7.1%, 6.75% and 6% respectively.

Ye et al. [29] tested the y-Al.O3 supported Co catalyst in catalytic hydrolysis of the
alkaline NaBHa solution. Hydrolysis experiments were studied from 5% NaBHs +
x%NaOH solutions (x=1, 5, 10, 15) at 303K using 50 mg of catalyst by measuring
the cumulative volumes of hydrogen periodically. Fluctuation was observed at the
reaction rate during the hydrolysis reaction. They observed that when the NaOH
concentration decreases, the reaction rate increases. The highest hydrolysis yield was
obtained with 85% in the solution containing by weight of 5% NaBH. and 5% by
weight of NaOH.

Ingersoll et al. [30] tested the Ni-Co-B catalyst they prepared in the catalytic
hydrolysis of the alkaline NaBH4 solution. They investigated the effect of the
parameters such as the concentration of NaOH and NaBHs and temperature on
hydrogen production in the hydrolysis of the alkaline NaBHa4 solution with Ni-Co-B
catalyst. They hydrolyzed the 5 mL of alkaline NaBHa4 solution containing 1, 5, 8,
10, 15, 20 and 25% by weight of NaOH and 0.16 g of NaBH4 using 0.1 g of catalyst
at 28 °C. They reached the highest hydrogen production in the NaBH4 solution
containing 15% NaOH and observed the anomalies based on catalyst under and
above this concentration. They explained the reason of this that catalysts containing
Ni-Co interact with OH" ions. They stressed that the hydrogen production efficiency
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in the NaBHa solutions containing NaOH at high concentration is low because of the

low water solubility of NaBO2 and low water activity.

Walter et al. [31] performed catheteric hydrolysis experiments of the alkaline NaBH4
solution with NisB, CosB and Ru catalysts at 60 °C. They selected NaBH4
concentration (2.5-30% by weight) and NaOH concentration (2.5-30% by weight) as
variable parameters. They expressed that when the NaOH concentration increased,
the reaction rate of the Ru catalyst decreased while the reaction rate of the boron
catalysts increased. They observed that the catalysts formed a strong bond with
hydrogen. When the concentration of the hydroxide increased, some catalysts (such
as NizB, CosB) released the hydrogen quickly. This situation reflected as an increase
in hydrogen production rate. The maximum hydrogen production rate at hydrolysis
of by weight of 5% NaOH and 5% NaBH4 solution was found as 18.6, 6 and 1.3
L/min for Ru, CozB and NizB catalysts, respectively at 60°C.

The studies, worked on fuel cell, have a significant share at studies on hydrogen
energy in the literature. Fuel cells convert the chemical energy in hydrogen directly
into electricity and heat. As a result of this cycle, only water comes out as a by-
product. A conventional combustion-based power plant typically generates electricity
at efficiencies of 33 to 35%, while fuel cell systems can generate electricity at
efficiencies of up to 60%. In normal driving, the gasoline engine in a conventional
car is less than 20% efficient in converting the chemical energy in gasoline into
power that moves the vehicle. Hydrogen fuel cell vehicles, which use electric motors,

are much more energy efficient and use up to 60% of the fuel’s energy [32].

Recently, studies have been made on the use of hydrogen in internal combustion
engines as a fuel. Ganesh et al. [33] conducted an empirical study comparing
gasoline and hydrogen as fuels at the Madras Institute of Technology. For this
purpose, a single-cylinder spark ignition engine was adapted that it would inject
hydrogen from the intake manifold. At the end of the study; it was observed that the
emissions of unburned hydrocarbons (UHC) was almost zero when hydrogen was
used as fuels, but that emissions formed over the 2500 rpm when gasoline was used
as fuels. However, emissions of nitrogen oxides (NOx) have been found to be higher
in hydrogen burning (8000 ppm at hydrogen burning, 2000 ppm at gasoline burning).
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In addition, since hydrogen has low ignition energy and a wide range of
flammability, lower air/fuel mixture ratio (0.85) is required, while gasoline requires
higher mixture ratio (1.03). It has been also found that hydrogen could be reached

about 80% of the power of gasoline as engine output power.

Escalante et al. [34] linked the high NOx values, forming as a result of combustion of
air/hydrogen mixtures in internal combustion engines, to high temperatures and high
flame velocities that hydrogen has compared to other fuels such as gasoline in their
studies. They stated that if the sprays time decreases and the spark ignition delays,
NOx emissions forming in hydrogen engines could be reduced. They emphasized that
three points should be taken into consideration when hydrogen is used as fuel in
internal combustion engines working with gasoline. Initially, injectors having higher
volumetric capacity should be used because of the lower density of hydrogen. It has
been determined at studies carried out that natural gas injectors are suitable for this
purpose. Secondly, temperature control needs to be improved because of the high
burning rate of hydrogen according to other fuels. New cooling techniques have to be
developed for the valve, spark plug and cylinder heads. Finally, the initial
combustion should be started with a mixture of hydrocarbon (gasoline, diesel, natural
gas) with poor hydrogenation (5-10%).

In recent years, studies have been made to use hydrogen in combination together
existing hydrocarbon fuels at a certain mix ratio. Akansu et al., [35] made a study on
a hydrogen/natural gas mixture at an internal combustion engine with spark ignition
in Erciyes University. Different mixing ratios and ignition times were taken as
criteria at the study. They obtained about 50% efficiency in the mixture containing
40% hydrogen at 0.8 air/fuel mixture ratios. They also compared NOx emissions,
forming from the combustion of the hydrogen/nature gas mixture and only the
resulting from the natural gas combustion. They found that the emissions of

combustion of the hydrogen/natural gas mixture were significantly lower.

Another experimental study on the hydrogen/natural gas mixture was carried out at
the Norwegian University of Science and Technology. Bysveen [36] used an engine
that it was three-cylinder, 2.7 L volume, compression ratio 11:1, spark plug ignition
and operating with natural gas. He located thermocouples to the intake manifold, the
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cooling system and the exhaust. He compared the values of emissions, power and
efficiencies of natural gas (99.5% methane) and hydrogen/natural gas mixtures (29%
hydrogen). As a result of the study, he obtained the lower NOx emission values, 30%
efficiency and 20 kW power in the hydrogen/natural gas mixture. He observed that
the yield and power values obtained combustion of hydrogen/natural gas mixture
were higher than the values obtained combustion of only from natural gas.

Another study used hydrogen as a fuel mixture was carried out in a single-cylinder
and direct-injection diesel engine at Anna University in India. In this experimental
work done by Saravanan [37], it was found that the yield of hydrogen/ diesel mixture
reached 27.5%. While the high NOyx emission values were achieved in the
hydrogen/diesel mixture above 2500 rpm, it was observed that when diesel was used

a 25% reduction in the unburned hydrocarbon emission values.

Greenwood et al. [38] conducted a research to determine the effect of hydrogen
enrichment on ethanol. For his purpose, they modified a 2-cylinder, spark-ignition
internal combustion engine with a volume of 0.745 L to operate with both ethanol
and hydrogen. They obtained data on emission quantities, power, exhaust gas
temperature, thermal efficiency, volumetric efficiency, fuel consumption by carrying
out experiments at stable engine ratios and fuel mixtures containing 0%, 15% and
30% hydrogen. According to these data, when ethanol is enriched with hydrogen,
NOx emission decreases and combustion process accelerates. Particularly, in
mixtures with a hydrogen content of 15% and 30%, they found that NOx emissions
decreased more than 95% compared with stoichiometric gasoline combustion, but
power, thermal efficiency and volumetric efficiency did not change at these mixture

ratios.

In this study; it has been aimed to be produced when hydrogen is needed by reducing
the pH value of the aqueous alkaline solution of NaBHj that is a good storage agent
for hydrogen and can be carried safely. To reduce the pH value of the alkaline
solution, CO- gas, which has acidic effect, will be used. When the pH-value drops,
the stability of the solution will decrease and the hydrogen stored in NaBH4 will be

released and produced hydrogen. Thus, it is estimated that hydrogen production costs
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will be reduced, as there is no need to use expensive catalysts used to obtain
hydrogen from NaBHjs.

Especially, it has been evaluating that the pH value could be decreased by sending
the CO; gas, forming the result of the burning of the fossil fuels, into the aqueous
alkaline NaBH3 stored in a tank at the time of need, so that the stored hydrogen in the
NaBH. can be released. So, the efficiency of the fuel used will increase and fuel

consumption will decrease by sending this hydrogen into the combustion system.
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CHAPTER 2

ENERGY

Energy that has vital importance for survival of living beings is one of the
indispensable elements for people and states. Especially, it has strategic importance
in many areas such as heating, defense, transportation, lighting, communication, etc.
In other words, human beings can’t produce, travel, and defend himself without
energy, in short, can’t live. For these reasons, the addiction to energy for mankind

will never end.

The environment is affected by each result, which occurs during the production and
use of the energy. Because of the influence of energy on the environment, the living
world is also affected by this situation. Increased energy production and utilization
have caused to environmental issues, such as air pollution, global warming and
climate changes, directly affect people’s lives. The main reason for this is that

nowadays most of the energy needed have been met from fossil fuels.

The first thing to do to deal with these problems is to get rid of fossil fuel
dependence. So, different energy sources such as renewable energy sources should
be used. It is known that fossil fuels will run out in the very short period of time
because their reserves are limited. For this reason, human beings will have to turn to

different energy sources for their needs in the near future even if they do not want.
2.1 The Demand for Energy

With increasing world population and developing technology, the need for energy
has been continuously increasing. For example, between 1850 and 1970, the number
of living on Earth more than tripled [39] and so the amount of the energy required
increased naturally. As can be seen from Table 2.1, it is foreseen that global energy
consumption will increase by 21.5% from 2015 to 2035, and assumed that the energy
demand will increase from 13776 Mtoe to 16 748 Mtoe [1].
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Table 2.1 World primary energy demand by fuel in the New Policies Scenario (Mtoe) [1].

Fuel kind 1980 2008 2015 2020 2030 2035 2008-2035"
Coal 1792 3315 3892 3966 3984 3934 0.6%
Qil 3107 4059 4252 4346 4550 4662 0.5%
Gas 1234 2 596 2919 3132 3550 3748 1.4%
Nuclear 186 712 818 968 1178 1273 2.2%
Hydro 148 276 331 376 450 476 2.0%
Biomass and waste 749 1225 1385 1501 1780 1957 1.7%
Other renewables 12 89 178 268 521 699 7.9%
Total 7229 12271 13776 14556 16014 16748 1.2%

“Compound average annual growth rate.

The differences in population growth, economic growth and living standards of the

countries cause different energy needs. Table 2.2 shows the global distribution of

annual energy demand [40].

Table 2.2 The increase in energy need [40].

The annual
Countries demand
increase (%)
The world average 2.4
Developed countries average <2.0
In emerging countries average 4.1
Turkey 6-8

2.2 Today’s Energy Sources

Energy resources used today are classified according to whether they are renewable

or not. While fossil fuels such as coal, oil and gas, with nuclear energy are classified

as non-renewable energy sources, solar energy, wind energy, wave energy, bioenergy

and geothermal energy are classified as renewable energy sources.

As can be seen in Figure 2.1, when it is looked at the distribution of energy

consumption according to sources in the world in 2014, it is seen that the

consumption is met from fossil sources at a great rate of (86.3%) [41].
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Figure 2.1 The world energy consumption according to resources [41].

2.3 The Environmental Impacts of Energy Usage

According to Table 2.1, it has been predicted that fossil fuels will continue to meet
the vast majority of energy consumption between 2015 and 2035. Even the share of
fossil fuels in energy production in 2035 is estimated to decrease from 86.3% to
73.7% compared to 2014; they will continue to remain a dominant energy source.

However, fossil fuels, which have limited reserves, are the greatest source of CO>
gases that cause greenhouse gases. Because, when carbon-based fossil fuels burn,

CO2 and water form. This reaction for methane is as in Eq. 2.1 [42];
CH4 + 202 — CO2 + 2H20 + 55.5 MJ/kg (2.1)

As long as dependence on fossil fuels continues, greenhouse gas levels will continue
to increase and the world will continue to warm up. Therefore, the greatest problem
of the 21st century is global warming according to many scientists. It is very

important to move to alternative energy sources in order to solve this problem.
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CHAPTER 3

HYDROGEN

3.1 Characteristics

Hydrogen, constituting 80% by mass of the universe, is the most abundant element.
For this reason, it can be said that hydrogen is the main energy source of the
universe. Hydrogen, which is placed 1st element of the periodic table, is also the
simplest element. Because the hydrogen atom has a proton and an electron as shown
in Figure 3.1 and it does not contain neutron except isotopes. These isotopes are;
deuterium, which founds small amount of quantity (one proton and one neutron), and
tritium that are produced as synthetic since it does naturally not found (one proton

and two neutron) [43].

Figure 3.1 The hydrogen atom [44].

Hydrogen is found as molecule (compound) form in nature, not free form. As known,
a molecule is formed by the combination of two atoms. The hydrogen molecule is
also composed of two hydrogen atoms having one electron (Hz). However, hydrogen
molecule is found extremely rare in nature because it reacts with oxygen atom very

easily. As seen in Eg. 3.1, as a result of this reaction water is formed [45].

2H* + 02 — 2H,0 (3.1)



19

Hydrogen was described as “Hydrogéne” by the French chemist Lavoisier in 1782,
since it is formed water together with the oxygen atom. Because, hydror is means

water and génes is means constituent in Latin.

Hydrogen, existing in the state of gaseous form at room conditions (at 25 °C
temperature and 1 atm pressure conditions), is colorless, odorless, non-poison and
the lightest gas (14.4 times lighter than air). Hydrogen, which has a very low boiling
temperature, turns into liquid form from gaseous form at -253°C. Helium is the only
gas that boiling point is lower than hydrogen (-270 °C). The volume of liquid
hydrogen is 1/700 times the volume of the state of gas. Table 3.1 shows some
chemical and physical properties of hydrogen [46].

Table 3.1 Some physical and chemical properties of hydrogen [46].

Symbol H
Atomic number 1
Atomic mass 1.00794 g/mole
Under normal room conditions Known, colorless and the
(25 °C - 298 K) lightest gas
Non-metal

Chemical properties Electronic configuration 1s1
Shell structure 1
Electronic interest 72.8 ki/mole
Electronegativity 2.20
Atomic radius 25 pm
lonization energy 1312 kJ/mole
Oxidation number 1
Density 0.0899 kg/m?®
Melting point -259.14 °C (14.01 K)
Boiling point -252.87 °C (20.28 K)

. . Molar volume 11.42 mL/mole

Physical properties Thermal conductivity (at 300 K) | 0.1815 W/(m-K)
Specific heat 14314 ) g-1 K?
Evaporation enthalpy 0.452 kJmol*
Atomization enthalpy 218 kJmol*

Hydrogen has the highest energy content per unit mass in all fuels (140.9 MJ/kg). 1
kg hydrogen gas contains as much energy as 2.1 kg natural gas or 2.8 kg gasoline.
The energy content per unit mass of known fuels is compared with the energy
content per unit mass of hydrogen at Figure 3.2 [47].
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Figure 3.2 The energy content per unit mass of some combustibles (MJ/kg) [47].

When hydrogen is used as fuel, emission gas is not emitted to the environment
because only water is generated at the end of combustion. This makes hydrogen a

serious alternative fuel to fossil fuels.
3.2 Production

Since hydrogen does not exist as pure state in nature, there is need an external
energy, which will be produced from primary energy sources, to generate hydrogen.
Today, almost all of this external energy is derived from carbon-based fossil fuels for
economic reasons. However, the use of fossil fuels, which is known the damages to
the environment, is illogical to produce hydrogen, which is harmless to the
environment. Because, the use of hydrogen as a clean energy source will not
contribute to the prevention of environmental disasters in this case. For this reason, it
is imperative to develop new economic methods to reduce the share of fossil fuels in

hydrogen production.
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3.2.1 Hydrogen Production from Fossil Fuels

As shown in Figure 3.3, at the present time, global crude hydrogen production relies
almost exclusively on processes that extract hydrogen from fossil fuel feedstock [48].
But, this situation increases the dependence on fossil resources and causes air

pollution at the same time.

Electrolysis
4%

Natural
48%

Figure 3.3 Feedstocks used in the current global production of hydrogen [48].

3.2.1.1 Steam Methane Reforming (SMR)

Among the hydrogen production methods, SMR is the most preferred and
economical method with a 50% share. Basically, this method, having 80% efficiency,
is based on the reaction of natural gas (CHa), a fossil fuel based on carbon, with
steam at high temperature [45]. A typical steam reforming method, shown in Figure

3.4, consists of four main steps [49];

e The removing of sulfur from CHa,
e The production of the synthesis gas (H2 and CO),
e The conversion of CO to COg,

e The purification of hydrogen.
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Figure 3.4 A schematic of hydrogen production by SMR [50].

Firstly, the sulfur in methane gas is removed from the system thanks to the nickel
wires used as the catalyst. Then, this gas is reacted with steam at high temperature

(700-1000°C). The equation of this reaction is the same as in Eq. 3.2.
CHs + H.0 — CO + 3H2 (3.2)

The synthesis gas (H2 and CO) formed in the result of reaction is reacted again with
steam (shift reaction) at a lower temperature to obtain additional hydrogen and

convert CO to COz. The equation of the reaction is given in Eq. 3.3.

CO + H20 — CO2 + Hz (3.3)
These two reactions can be generalized as in Eq. 3.4,

CHs + 2H,0 — CO2 + 4H> (3.4)

In the last step, the obtained hydrogen is purified by applying pressure change and
so, hydrogen is separated from the undesired components [50].
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3.2.1.2 Partial Oxidation (POX)

In this method, it is provided that partial combustion of hydrocarbon-based fossil fuel
by water vapor with the limited quantities of Oz in a closed combustion chamber.
The flame temperature is between 1300 °C and 1500 °C. At the end of the reaction,
synthesis gas (H and CO mixture) is produced. The advantage of the partial oxidation
process according to the steam reforming is that it allows the use of even low quality
fossil fuels containing sulfur as it does not require catalyst [51]. In other words, this
method has great flexibility because there is no need for desulfurization. However,

since 95-99% pure O is used in this method, providing this is a challenge.

Partial oxidation of methane carried out through the following reactions [52]. The

reaction is not catalytic and the total reaction is exothermic.

The reaction steps;

CHs4 + 202 — CO2 + 2H20 (exothermic) (3.5)
CHs + CO2 — 2CO + 2H2 (endothermic) (3.6)
CHs + H20 — CO + 3H20 (endothermic) (3.7

The total reaction;
CHs + 1/202 — CO + 2H2 (exothermic) (3.8)

The reactions in Eq. 3.6 and 3.7 are endothermic and the heat required for these
reactions comes from the heat generated in the reaction in Eq. 3.5. The compound of
the obtained gas depends on the ratio of C/H in the starting material and the amount

of water vapor added.

Approximately, 25% of the total hydrogen production is made with this method and
a schematic picture of the partial oxidation method, having 70% vyields, is shown in
Figure 3.5.
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Figure 3.5 The general diagram of the partial oxidation process [53].

3.2.1.3 Gasification

Gasification is a flexible, reliable, and commercial technology that can turn a
variety of low-value feed stocks into high-value products, help reduce a country's
dependence on imported oil and natural gas, and can provide a clean alternative
source of baseload electricity, fertilizers, fuels, and chemicals [54].

Coal (especially, low-calorie coals), fuel oil containing high sulfur, biomasses and
wastes (hazardous wastes, domestic wastes etc.) are generally used as feedstock in
gasification. These feed stocks are processed with steam and oxygen in a gasifier
which has high temperature (1000-1400°C) and low oxygen content. Synthetic gas
containing CO, Hz, CH4 and CO: is obtained at the end of the process. The synthetic
gas obtained can be used to generate electric by sending direct to a turbine, either to
produce chemicals such as hydrogen and fertilizer after some processes. As a result
of the gasification process, non-gasificated substances are taken as slag under the

gasifier and this slag is used as an additive in the construction industry.
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Gasification has been used more and more in recent years, because of innovations in
gasification technology, limited reserves of fossil fuels and their negative effects on
the environment and gasification is an environmentally friendly way of producing

energy [55]. Figure 3.6 shows the process of gasification system.
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Figure 3.6 The process of gasification system [56].

3.2.1.4 Kvaerner Process

This method is called Kvaerner Process or Kvaerner Carbon Black & Hydrogen
Process (CB & H), which is named after Kvaerner, a Norwegian company. The
company started to work on the process in 1990 and the first plant was established
working with this process in 1992 [57].

Kvaerner process is a method of producing activated carbon and hydrogen from
hydrocarbons such as natural gas and oil by using electric current. The process is a
completely endothermic reaction and takes place in an oxygen-free medium. Because
the process, which carries out at about 1600°C, does not have oxygen, it does not
occur a combustion. Therefore, CO2 gas does not form in the reaction (Eq. 3.9) and

hydrocarbons used as raw materials are separated to carbon and hydrogen.

CnHm + energy — nC + m/2 H; (endothermic) (3.9
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The energy required to initiate the reaction is provided by the use of hydrogen,
obtained from the process, as the plasma gas. As a result, Kvaerner method is a
process that does not require anything other than hydrocarbons used as raw materials
and electric current that will ignite the plasma gas. The process has the following
advantages according to other hydrogen production methods (steam reforming,
partial oxidation and gasification;

e The yield of the process is close to 100% (48% hydrogen, 10% hot steam,
40% activated carbon).

e The purity of the obtained hydrogen is very high.

e The cost of hydrogen production is lower.

e All hydrocarbon-containing materials, from light gasses to heavy petroleum
products, can be used as raw materials [57].

3.2.2 Hydrogen Production from Electrolysis of Water

The richest materials in terms of hydrogen content are fossil fuels such as natural
gas, coal, oil, biomass and water. Hydrogen production from water is the most
promising method because the reserves of other materials are limited and their
damages to the environment, also water will never end and there is no harm to the

environment.

The water molecule consists of two hydrogen atoms and one oxygen atom. As shown
in Figure 3.7, two electrons in the outer orbital of the oxygen atom fill the positions
of electrons that are empty in the outer orbits of the two hydrogen atoms.

Hydrogen Oxygen Hydragen

Figure 3.7 Covalent bonds between hydrogen and oxygen in a H,O molecule [58].
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The bond forming by using the electrons of each other jointly is called covalent
bond. The molecules consisting of covalent bonds such as water are highly stable and
strong. For this reason, the covalent bonds do not break away from themselves,

required a high energy of 50-110 kcal/mole for breaking [59].

Water electrolysis is the process of separating water into its basic constituents,
hydrogen and oxygen, by using electric current. The reaction is given in Eq. 3.10;

H20 + electrical current — Hz + 1/2 Oz (3.10)

Simple electrolysis system consists of two electrodes, called anodes and cathodes,
which do not enter the reaction, a conductive liquid which these electrodes are
immersed in it and referred to as electrolyte, and a direct current source. When
current is applied to the electrodes, there will be a flow from the positive electrode
(anode) to the negative electrode (cathode). As a result, the water is separated into its
basic components and oxygen gas is accumulated at the positive electrode and
hydrogen gas is accumulated at the negative electrode [60]. Figure 3.8 shows an

electrolysis system.

0,(9) ~O\ (O Ha(@)

Figure 3.8 The electrolysis of water [61].

Since pure water has a high electrical resistance (100 ohm/cm), a great deal of
current is required for the electrolysis process to carry out. This causes to the fact
that the electrolysis process is very expensive and has only 4% a share of in

hydrogen production as seen in Figure 3.3. The required voltage is 1.24 volts at 25°C
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and 1 atm of pressure for the electrolysis of water. The minimum amount of energy
required for electrolysis of one mole of water is 65.3 watts-hour and the minimum
amount of energy required to produce 1 m® of hydrogen is 4.8 kwWh. Accordingly, the
yield of the electrolysis process is about 70%. In order to reduce the cost of the
method, it is necessary to reduce the electrical resistance of the water, in other words
to increase the conductivity. For this, the water temperature should be increased to
700-1000°C, or substances increasing the conductivity for the water such as salt and

potassium hydroxide (KOH) and nickel-coated steel electrodes should be used [62].
3.2.3 Thermal Decomposition of Water (Thermolysis)

The breakdown of molecules into atoms, forming themselves, by heat is called
thermal decomposition. When the water vapor is heated above 1400°C, the water
molecule decomposes into its basic constituents, hydrogen and oxygen atoms. If the
temperature increases, the decomposing of the rate of water vapor molecules
increases. A system called heliostat is used to raise the water vapor to these extents.
This system consists of a mirror, that directs the incoming sun rays to a specific
target and keeps it at a target, and a setting system that allows the sun rays to always
be directed to a fixed target by moving this mirror according to the movement of the
sun [63]. After the water vapor is decomposed, the gases formed by a ceramic
membrane are separated from each other. The disadvantage of this system is that the
materials used in the system can’t withstand such high temperatures for a long time.

Figure 3.9 shows a heliostat system.

Figure 3.9 The heliostat system.
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Since very high temperatures are needed for thermal decomposing of water, this
situation increases both costs and some material problems arise. For this reason,
various chemicals are used for thermal decomposition of water at lower
temperatures. According to the investigations made, the most suitable chemicals to
be used in the thermolysis process are sulfur and iodine. The thermochemical cycle is
called that the thermolysis process in which the chemical substances are used, and
the sulfur-iodine thermochemical cycle is called that the cycle used the sulfur-iodine

as the chemical substance [64].
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Figure 3.10 Overview of the sulfur-iodine process.

The sulfur-iodine cycle shown in Figure 3.10 consists of a three-stage reaction;

1. At this stage, sulfuric acid and hydrogen iodide, required for the cycle, are
produced and the obtained oxygen gas is separated as product. The reaction at this

stage is a totally exothermic and a heat is given to medium about 100°C.
2H,0 + SO2 + I, — 2HI + H2S04 (exothermic) (3.11)

2. The step at which the sulfuric acid components are separated. At this stage, the
reaction is endothermic and heat is given to the cycle about 900°C from outside. The

equation of the reaction is as follows;
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H2S04 — SO2 + H20 + 1/20, (endothermic) (3.12)

3. The step at which the hydrogen iodide is separated into the own components. Also
at this stage, the reaction is endothermic and the temperature is about 400°C. The

equation of the reaction is as follows;
2HI — 12 + H2 (endothermic) (3.13)
3.2.4 Hydrogen Production by Biochemical Methods

The puppy bacteria belonging to rodospirillum rumrum, which live in the deep parts
of the lakes in the forest, can produce about 3m* hydrogen per kilogram per day.
Some of the bubbles that form on the surface of lakes are arisen from this hydrogen
that is formed. These bacteria release hydrogen as a result of an equilibrium reaction
in their cells after they have taken as much nutrients as needed through the sunlight

and have met their nitrogen needs [45].

It does not have a large share at hydrogen production, because it can’t allow the
production hydrogen at large quantities and complex systems and devices needed for

production that are quite expensive.
3.3 Storage

Although hydrogen has very high energy content by weight (it has more energy
about three times than the same weight of gasoline), it has very low energy content
by volume. Hydrogen in the form of gas takes up 3000 times more space than a gas,
which has the same amount of energy content, at room temperature and pressure.
Consequently, the physical and chemical properties of the hydrogen gas create great
difficulties in its storage [65].

As shown in Figure 3.11, the main hydrogen storage methods are as follows;

e (Gas phase,
e Liquid phase,
e Metal hydrides

e Carbon nanotubes,



e Glass microspheres,

e Chemical hydrides.

The main hydrogen storage
methods
1
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Figure 3.11 The main hydrogen storage methods [65].

Chemical
hydrides

Table 3.2 shows the energy amounts and energy densities of hydrogen storage

methods.

Table 3.2 Energy amounts and energy densities of hydrogen storage methods [65].

Storage medium ﬁg](?rlcj)g[eﬁf Volumetric dezr;sity* Energy gensity

(mass %) (H/) (x10%) MJ/kg MJ/I
Gas phase 100 0.50 141.9 1.20
Liquid Hy (-253°C) 100 4.20 141.9 9.92
MgH> 7.65 6.70 9.92 14.32
VH; 2.10 11.4 - -
MgoNiH4 3.60 5.90 4.48 11.49
TiFeH1.95 1.95 5.50 2.47 13.56
LaNisHs.7 1.50 7.60 1.94 12.77
NaAlH. 7.40 - - 8.25
NaBHj, (solid) 10.6 6.80 - -
NaBH, -20 solution 4.40 - 44.0 -
NaBHj, -35 solution 7.70 - 77.0 -
Nanotubes 1-10 - - -
Gasoline - - 47.27 6.6-9.9
Methanol - - 22.69 5.9-8.9
*“ Tank weight is not included in these values.
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3.3.1 Storage at Gas Phase

The most common and simplest method of hydrogen storage is compression of the

gas phase at high pressure (> 200 bar) [66].

The only equipment it requires is a compressor and a pressure vessel. The main
problem with gaseous hydrogen is that it has poor energy density by volume and
therefore it needs larger tank for storage. The capital and operating costs are directly
proportional to the storage pressure. Thus, higher the storage pressure, higher is the
capital and operational costs. Also, one of the major concerns with large storage
vessels is the cushion gas that remains in the empty vessel at the end of the discharge
cycle. A large variety of vessels are in operation today. The size of these vessels is
limited by its materialistic characteristic to withstand high pressure as the thickness

of the walls increases with increase in volume of the vessel [67].

Hydrogen is stored 1-7% by weight depending on the weight and the type of tank at
compressed gas storage. About 20% of the energy content of the hydrogen is spent to

compress the hydrogen gas [68].

The disadvantages of the storage tank for compressed hydrogen gas, shown in Figure

3.12, can be listed as follows;

e The high energy requirement for the pressurization of H gas,

e Heating of the gas due to the inverse Joule-Thomson effect at fast
compression and to be compressed less hydrogen gas at the presumed
pressure [69],

e The penetrating possibility of gas hydrogen into the composite materials,

e High material costs,

e They must be kept at 200 times the pressure of the atmosphere and present
danger [70].
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Figure 3.12 Storage tank for compressed hydrogen gas [66].

Storage of hydrogen in gas is also carried out in underground caverns, where natural
gas is depleted, other than pressure vessels. These caves allow hydrogen gas to be
stored cheaply and easily in large quantities. The hydrogen gas pressures in
underground caverns are between 80 and 160 bar. Despite the fact that hydrogen is
leakier than other gases, leakage is not a big problem with this technigue.
Approximately 1-3% of stored hydrogen in caves disappears every year due to
leakage. (It has been storing significant amounts of hydrogen in a cave, at a depth of
1330 m, since 1971 in Kiel, Germany [69].

3.3.2 Storage at Liquid Phase

This method, which base on passing hydrogen from gas phase to liquid phase at -253
°C (20K), requires very well insulated tanks for storage. The liquid hydrogen
contains 3 times more energy than equivalent amount of oil by weight, but requires
2.7 times more volume at equivalent amount of energy [69]. The most important
issue is the thermal insulation of the tank (LH2) on storing hydrogen in the liquid
phase. Since the storage of hydrogen in tanks is carried out at low temperatures, the
fuel tanks to be used must have good thermal insulation. In this technique, hydrogen
can be stored up to 16% of the total tank weight. In addition, 28% of the energy

content of the fuel is used for fluidization. Hydrogen is used extensively in the space
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and aeronautical space, where liquidation costs in space crafts and rockets are
ignored, even though the energy used for liquefaction is excess because hydrogen

consists of much higher energy than other known fuels per unit weight.

Due to the heat transfer in the tank despite the isolation, some of the hydrogen
evaporates when it passes from gas state to liquid state. For this reason, the phase
change must be taken place rapidly [71]. Also, if liquid hydrogen is stored in large
tanks, approximately 0.06 percent of hydrogen, if it is stored in small tanks,
approximately three percent of hydrogen is lost by evaporating per day. Reduction of
these rates depends on the insulation [65]. Figure 3.13 shows the internal structure of
a liquid hydrogen tank.
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Figure 3.13 Liquid hydrogen storage tank.

3.3.3 Storage in Glass Micro Spheres

In this method, glass spheres, which are small, hollow and have ~1 um wall
thicknesses and in diameter between 25 and 500 pum, are used in hydrogen storage.
The glass microspheres, shown in Figure 3.14, are filled with hydrogen gas at high
pressures and high temperatures such as 200-400°C. At high temperatures, the glass
walls become permeable and hydrogen begins into fill the micro spheres. When the
glass is cooled to room temperature, the hydrogen is trapped in the spheres. When

the hydrogen is used, the spheres are reheated to release the hydrogen gas. The
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storage capacity of the glass spheres is around 5-6% under 200-490 bar pressure
[65].

Figure 3.14 Hydrogen storage in glass micro spheres [65].

The main disadvantages of this system can be listed as follows;

e Low volumetric density,

Very high pressures required during filling,

Very slowly gas leaks from spheres at room temperature,

They can be broken during refilling,

For the release of hydrogen gas is required higher temperatures (~ 300 °C)
than operating temperatures of PEM fuel cells (70-80°C) [70].

3.3.4 Storage in Carbon Nanotubes

Carbon materials have recently been used as hydrogen absorbers because of their
light weight, their high surface area, their chemical stability, and their attraction force
between carbon atoms and gas molecules, making them one of the most convenient
materials for gas storage. As can be seen in Figure 3.15, this method is based on to
storage the hydrogen on highly porous, super-active carbon surface under pressure.
Due to their reliability and their ability to store hydrogen at high levels, a great deal
of study has been done in this area over the last years [72].
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Figure 3.15 Hydrogen gas (red) adsorbed in an array of carbon nanotubes (grey) [66].

The carbon nanotubes, discovered by Dr. Sumio lijima in 1991, are graphite sheets in
tubular form as seen in Figure 3.16. Their diameters are between 20 nanometers and

a few nanometers and their lengths are micron levels [73].

2D graphene

3D graphite

Figure 3.16 2D Graphene can be transformed into CNTSs, graphite or fullerenes [66].

Hydrogen can be stored in nanotubes in two forms as physical and chemical;

e Physical storage is a storage, which weak Van der Waals forces are active,
and stored hydrogen is recovered again by removing active forces. Storage

and recovery operations can be repeated continuously.
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e Covalent bonds are formed between atoms in chemical storage, in order to
recover the loaded hydrogen is needed breaking these bonds, so high

temperatures [74].

Nanotubes can be produced as single-walled or multi-walled tubes. Carbon
nanotubes can store 4-14% by weight of hydrogen. Hydrogen storage capacity of
carbon nanotubes depends on the kind of the nanotubes (single-walled, multi-
walled), whether the tubes are closed or open, their dimensions (tube diameter and
length etc.) and the activity of the tube surfaces [75].

3.3.5 Storage in Metal Hydrides

Some metals and alloys have absorbent properties to absorb the hydrogen such as a
sponge at normal pressure and temperature. At the end of this absorption process,
hydride compounds occur. In other words, hydrides are chemical substances
containing hydrogen with one or more other elements. In the storage technique with
the metal hydride system, hydrogen is stored in the space between the hydrogen

metal atoms [43].
Hydrogen absorption in metals occurs in six stages as shown in Figure 3.17 [76].

e The first stage: Molecular hydrogen gas and metal are not yet interacting with
each other.

e The second stage: Hydrogen molecules begin to physically adhere to the
metal surface at normal temperature and pressure.

e The third stage: Hydrogen molecules are separated into their atoms and
formed bonds with the atoms on the metal surface (chemical adhesion).

e The fourth stage: Hydrogen atoms begin to move between cavities in the
metal.

o The fifth stage: Hydrogen atoms continue to diffuse through the voids in the
metal until not the gap remains (alpha phase).

e The sixth stage: Hydrogen atoms fill all the gaps in the metal and hydride

formation is completed.
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Figure 3.17 Hydrogen storage stages in metal hydrides [76].

In order to recover the hydrogen, it is necessary to give a heat, so to use energy. This
means that metal hydrides can cool the heat of the medium during a fire and reduce
the effect of fire. The hydrogen gas trapped in the structure is released by the

following hydrolysis reactions [68];

MHyx + XH20 — M(OH)x + XH> (3.14)

MXH4 + 4H20 — 4H2 + MOH + H3XO3 (3.15)

Metal hydrides are generally formed metals such as palladium, magnesium, tantalum,
special compounds such as ZrMn;, LaNis, MgzNi, which form between metals, and
multi-phase alloys such as TiNi-T2Ni and Mg-MgzNi. Metal hydride systems are
reliable and take up little space, but they are heavy and expensive. According to the
metal used, it can be stored 7% hydrogen by weight. In Figure 3.18, it can be seen
that comparison of some metal hydrides frequently used with other hydrogen storage
methods [77].
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Figure 3.18 Comparison of metal hydrides, carbon nanotubes, petrol and other hydrocarbons [77].

The main advantages of metal hydrides are;

e The operating temperature and pressure are very low,
e It can be prepared in any desired way,

e It can be filled in repeatedly,

e The obtained hydrogen is quite pure,

e There is no loss of evaporation as in liquid hydrogen tanks.

Their disadvantages are;

e Low storage density by mass,
e The short range for vehicles,

e Filling time is long [45].
3.3.6 Boron Based Storage

Due to the importance of safety and lightness at the storage of hydrogen, to store
hydrogen in the hydride structure comes forward. For this reason, in recent years
instead of metal hydrides, which are quite heavy, the hydrogen production method
from chemical hydrides has gained importance. The great advantage of this system is
that hydrogen is not stored but produced when it needed [45].
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Although there are various chemical hydrides such as NaBH4, KBH4, LiH, NaH
which absorb and release hydrogen, boron hydrides are the most commonly used in
this subject. The chemical and physical properties of some borohydrides are shown
in Table 3.3. NaBH3 is the most preferred borohydride. It is non-flammable, non-
explosive and not an explosion risk even in the case of accumulation in the reactor
[65].

Table 3.3 Properties of some boron hydrides [45].

Properties LiBH,4 NaBH,4 KBH, RbBhy CsBH,4
Boiling point (°C) 268 505 585 - -
Decomposition temperature (°C) 380 315 584 600 600
Density (g/cm?) 0.68 1.03 1.17 1.71 171
Refractive index - 1.547 1.490 1.487 1.498
Crystal energy (kJ/mole) 792 697.5 657 648 630.1
AH° (kJ/mole) -184 -183 -243 -246 -264
S°298 (J/(mole-K)) -128.7 -126.3 -161 -179 -192

As can be seen in the following reaction equation, NaBH4 is obtained by a method,
known Schlesinger process, as a result of to be converted of boric acid (B(OH)3) to
trimethyl borate (B(OCHz3)3) with methanol (CH3OH) and then reduced with sodium
hydride (NaH).

B(OH)3 + CH30H — B(OCHs3)3 + 4NaH — NaBH4 + 3NaOCH3 (3.16)

As can be seen from the equation, three moles of four moles of sodium (in other
words, 75%) are converted into the by-product sodium meth oxide (3NaOCHjs) and
only one mole of NaBHjs is obtained. This low yield causes that the production cost
of NaBHa is high.

Studies have shown that NaBH4 can be used as a hydrogen storage medium due to its
high Hz content. NaBH4 contains 10.6% H2 by weight and this value is much higher

than many of the hydrogen storage compounds as shown in Table 3.4 [45].
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Table 3.4 Hydrogen storage capacities of some compounds [45].

Hydrogen Amount of hydrogen
Compound (aton)1/~102%/cm3) (mass %) ’
Gas H; (200 bar) 0.99 100
Liquid H; (-253 °C) 4.2 100
Solid H; (-269 °C) 5.3 100
MgH, 6.5 7.6
MgoNiH,4 5.9 3.6
FetiH; 6.0 1.89
LaNisHg 5.5 1.37
NaBH, 6.8 10.60

When a catalyst is added to the NaBH4 solution even at room temperature, hydrogen

gas is released according to the following reaction.
NaBH4 + 2H,O — 4H> + NaBO> + heat (300 kJ) (3.17)

The reaction is very efficient as weight because 4 molar H; are released; its half
comes from NaBH4 and other half from water. In other words, water is also a source
like NaBH4 for hydrogen. The NaBHa4 solution is both a hydrogen carrier and a
storage agent. In order to produce hydrogen at the using time, it is sufficient to
ensure that the NaBH4 solution is contacted with the catalyst. Thus, rapid and
controllable hydrogen production is provided. The main advantage of this method is
that hydrogen can be produced in a controlled manner (as needed and as required) in
normal temperatures without any energy [65].

The nature and structure of the catalyst, used to increase the rate of reaction, is the
focus of studies on this technology. The most commonly used catalysts in this field
are metal hydrides, colloidal platinum, activated carbon, Raney nickel, fluoride
magnesium based hydrides, nickel and cobalt borides. Highly hydrogen can be
produced from NaBHs solution at high pH through catalysts such as platinum and
ruthenium [78].

Recycling of NaBO>, formed as byproduct result of the reaction of NaBHjs, to the
main fuel is carried out by using coal or methane. However, the use of coal is
recommended as a reducing agent, since the pyrolysis of methane according to the

carbon is inefficient in terms of energy and economic.
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NaBO; + C + 2H,0 —»NaBH4 + 2CO> (3.18)
NaBO; + CHs + 2H,0 ——» NaBHs + 2CO; + 4H; (3.19)

Since it is a stable structure under normal conditions, NaBHa4 has the possibility to
move safely everywhere. Therefore, studies continue intensely to use NaBH4 in the
automotive sector. NaBH4 has been using as hydrogen supplier and storage in a
system shown in Figure 3.19, developed by Millennium Cell and named “Hydrogen

on demand” [12].
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Figure 3.19 Hydrogen on demand system [12].

In this system; the NaBH4 solution in the fuel tank is conveyed by fuel pump to the
chamber where it will react with the catalyst that will initiate the hydrolysis reaction.
The occurred humid H> gas and the NaBO solution as a result of reaction are
separated from each other and hydrogen gas is sent to the heat exchanger section
where the amount of humidity is adjusted. The NaBO> solution is accumulated in a
different tank. In the final stage, the pure hydrogen gas, adjusted humidity, is sent to
a fuel cell or an internal combustion engine to use in energy production, while the

NaBO: solution is taken back from the system to produce NaBH4 again [79].



43

The advantages of using sodium borohydride in systems consuming hydrogen can be

as follows;

e The controllability of the reaction is very high, since the reaction will
terminate after removing of catalyst used from medium.

e Since, there is no need for additional energy for releasing of the hydrogen the
reaction is even carry out at room temperature and pressure.

e When it is compared to other methods of obtaining hydrogen for the
production of small quantities of hydrogen, it is a very economical and simple
method.

e It is very convenient because it allows production at low pressure for
applications where high pressure is harmful such as fuel cell.

e Itis possible to increase the reaction rate by selecting suitable catalysts.

e Catalysts can be used many times.

e The reaction products are harmless to the environment. The by-products are
water vapor and NaBO..

e NaBOg, occurring result of reaction, can be used again in the production of
NaBHa.
e NaBHg solution is not flammable.

e NaBHg solution can wait months without degradation even outdoors [79].
3.4 Usage Areas of Hydrogen

Since hydrogen gas, used in many sectors, has high energy content and does not
harm the environment, it is considered to be used as an energy carrier and storage as
distinct from today's usage in the near future. Thus, non-stored wind, solar and

electric energies can be stored thanks to hydrogen.
3.4.1 Utilization of Hydrogen at Present

Although the hydrogen energy system is new, hydrogen production is not new.
Currently, 500 billion m?® of hydrogen is produced, stored, transported and used every
year in the world. The chemical industry, especially the petrochemical industry has

the largest user sharing.
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In our country, hydrogen production is made only for industrial utilization (artificial
fertilizer industry (25 000 m®), vegetable oil (margarine) production (16 000 m?3),
petroleum refinery houses (refinery) (1200 m3) and petrochemical industry (30 000
m?) hydrogenated animal oil production (200-300 m®) and for using in various places
(6 000 m®). Commercial size hydrogen production does not exist for energy
production [80].

3.4.2. Utilization of Hydrogen in the Future

The storable characteristics of the hydrogen make it the most promising alternative
on the fuel of the future. Hydrogen technologies of the future will either be direct use
of hydrogen in internal combustion engines, or will be the generation of energy
through the fuel cell [45].

3.4.2.1 Utilization of Hydrogen in Internal Combustion Engines (HICE)

Due to the hydrogen has chemical properties; it is superior to all known fuels. The
remarkable features of hydrogen according to other fuels are shown in Table 3.5
[65].

Table 3.5 The characteristics that make hydrogen an alternative fuel [65].

Fuel Hydrogen | Methane Propane | Gasoline | Methanol
Self-ignition temperature (°C) 585 540 510 440 385
Min. ignition energy (MJ) 0.02 0.28 0.25 0.25 -
Ignition interval (% volume) 4-75 5-15 2.2-9.5 1.3-7.1 6.7-3.6
Max. laminar flame speed (cm/s) 270 38 40 30
Diffusion coefficient (cm?/s) 0.63 0.2 0.08

One of the most important characteristics that will give advantage in the use of
hydrogen as a fuel in engines is that the excess air coefficient for combustion range is
very wide. In gasoline-air mixtures, ignition can be achieved between 0.3-1.7 of the

excess air coefficient, while for hydrogen-air mixtures this limit is 0.14-4.35 [81].

One of the most important difficulties encountered in the use of hydrogen in internal
combustion engines is the problem of pre-ignition. This problem is caused by low
ignition limits of hydrogen-air mixtures and low ignition energy. The pre-ignition

causes to start the burning event early so that more heat is transferred from the
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surfaces. This causes to decrease of the engine efficiency. Another important
problem encountered in hydrogen engines is knocking [82].

Due to its superior properties, a number of studies have been conducting on the use
of hydrogen as fuel in internal combustion engines. However, in these studies,
engines designed for gasoline are used and these engines have been modified to
allow the use of hydrogen. The following results were obtained in the first studies on

the use of hydrogen in internal combustion engines [83];

e The gasoline engines can start with hydrogen through some minor modifies.
Their thermal efficiencies are closer to the gasoline engine.

¢ In stoichiometric operating conditions, high amounts of NOx are produced in
the hydrogen engine. However, the NOx formation can be reduced by leaning
the mixture sent to the cylinder.

e 20% power loss occurs in the hydrogen engine modified from the gasoline
engine at the stoichiometric hydrogen-air mixture.

e The flareback on the intake manifold is a major problem in carburetor engines
[83].

Advantages of using hydrogen in internal combustion engines;

e The great advantage of using hydrogen as fuel in internal combustion engines
is that hydrogen engines produce less pollutant than gasoline engines.

e Basically, products formed by the combustion of hydrogen in air are only
water vapor and nitrogen oxides in low amounts.

e Hydrogen has the ability for ignition in a wide range (from 5% to 75% by
volume in air), so more air can be used more efficiently in high amounts.

e NOx resulting from hydrogen-air combustion can be reduced by using excess
air.

e NOx emissions can also be reduced by cooling the combustion chamber
periphery.

e NOy emissions originated from hydrogen engines are one-fold less than NOx

emissions arisen from equivalent gasoline engines [83].
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Disadvantages of using hydrogen in internal combustion engines;

e Irregular combustion.

¢ Knocking combustion during compression.

e The cool start that the cooling water system brings at the spark plugs.
e Loss of efficiency due to transport losses.

e The hydrogen is not slippery enough.

e The obligation to use high-durability materials.)

e Nitrogen emission values [45].
3.4.2.2 Utilization of Hydrogen in Fuel Cells

The energy, obtained from the main energy source (solar, wind, nuclear, etc.), and
hydrogen, obtained by one of the methods of obtaining hydrogen described in the
previous section, are used in the fuel cells. Hydrogen forms water by burning with
oxygen in the air through fuel cell. The reaction is exothermic and the heat is formed
after the reaction but the heat is thrown out of the fuel cell with water since it is not
too high. The cooling may also be needed at the fuel cell, which produces high heat.
In fact, it can be said that the events in fuel cells are reverse what happens in
electrolysis. In other words, an electrochemical combustion reaction carries out in the
fuel cells that electricity, water and heat occur by the reaction of oxygen with
hydrogen. This reaction takes place in a structure consisting essentially of two
electrodes (anode and cathode) separated by an electrolyte. The reaction can be
carried out at a wide temperature range from 70°C to 1000°C. Another positive point
of fuel cells is that they have high-yield energy conversion technologies as well as
have features such as clean and non-environmental damage. There are also many
other advantages such as obtaining water and heat as waste, usable of waste heat,
small size, silent operation and the absence of solid waste problem. Fuel cells, that
produce electrical energy by only electrochemical reaction and reach their total
efficiency up to 80%, take various names according to the type of electrolyte used in
their structures. The main fuel cell types and their properties are shown in Table 3.6
[45].



o Alkaline Fuel Cell (AFC)

¢ Direct Methanol Fuel Cell (DMFC)
e Proton Exchange Membrane Fuel Cell (PEMFC)
e Phosphoric Acid Fuel Cell (DAFC)
¢ Molten Carbonate Fuel Cell (MCFC)
¢ Solid Oxide Fuel Cell (SOFC)

Table 3.6 Features of fuel cells [45].
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Fuel cell Fuel Working I_El_ectrical Power per surface
temperature (°C) efficiency (%)

AFC H: 60-80 60

DMFC CH3OH 80 40-50 -
PEMFC H: 80-100 40-50 0.6 W/cm?
PAFC H: 200 40-45 0.2 W/cm?
MCFC H.CH4 650 55-60 0.1 W/cm?
SOFC H>CH4 800-1 000 60 0.4 W/cm?

Figure 3.20 shows the basic operating principle of the fuel cell. The basic principle

of fuel cells is the same even the structure of their changes according to the material

used, the working temperature, and the places of use. The most commonly used PEM

fuel cell is shown here. The PEM is formed two electrodes that the anode connected

to the positive terminal and the cathode connected to the negative terminal and a

polymer membrane that provides the permeability of ions between the electrodes.

This membrane to be used must be designed to have a thickness of 0.1 mm and not to

pass through the gas and should not interact with electrons. It must only be

permeable to protons, so be sensitive to hydrogen ions [45].
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Figure 3.20 The working principle of PEM fuel cell [32].

Hydrogen transported to the anode compartment is separated into its electrons and
protons by the help of catalyst. The released electrons are transmitted from the
external circuit through the electrodes as electric current. The protons are diffused
towards the cathode by the electrolyte membrane. Although electrons are smaller in
size than proton, they can’t pass through this membrane. The acidity of electrolyte
designates that. The negatively charged electrolyte transports the ions to the proton.
Electrons are pushed against it and are forced to pass from the external circuit. In the
cathode, which is the other part of the cell, oxygen ions, transmitted from the air,
generate water with ions that pass through from the external circuit and occur heat. In
such a system, a certain voltage difference occurs between the cathode and the
anode. If a user is connected between the two electrodes by an external circuit, the
electricity generating from this potential difference can be used. The resulting heat
can be used to heat the cell [45].

The number of materials to be used as electrolytes is very limited. While a small
amount of acid or alkaline is used for fuel cell reactions at low temperatures, ceramic
oxides and carbonates can be used for the fuel cell used in the high-temperature
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region. Electrodes must have a large surface area to facilitate electrochemical

conversion.

Platinum or platinum alloys have been usually using as catalysts. Membranes should
contain low valence metal cations having strong acidic character. The fuel is supplied
through graphite plates. These plates have two separate entrances. One opens to the
area where hydrogen is to be sent and the other opens to the area where air
containing oxygen is to be sent (Figure 3.20). The anode part of the membrane
should be moistened and the water formed in the cathode part should be removed.
The heat accumulated should be dissipated immediately and it should be ready to re-
use [45].

It has to be overcame the cost and technology related issues to widespread of fuel
cells and other hydrogen Technologies. Nowadays, fuel cell prices are very high.
Large investments are needed from both the government and the industry to decrease
the costs of hydrogen vehicles, to build the infrastructure needed, and to solve the
technical problems associated with the efficient use of hydrogen as an energy carrier.
The studies of R&D may have to be undertaken to solve technical problems and

develop cheap parts for hydrogen fuel cell vehicles [81].
The fuel cells have advantages and disadvantages differ from one another.
The advantages of fuel cells;

e They are mechanically ideal and can be produced without moving parts.

e They can operate quietly.

e Harmful emissions such as NOx and SOy, or particulate emissions are
virtually absent.

e It is possible to adjust the power and capacity as depending on size and tank
size.

e They have high energy density.

e They are possible to charge easily.

e They covered less space than most energy sources.
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The disadvantages of fuel cells;

e Production costs are high.

e They don’t yet have sufficient power density for portable and automotive
application areas.

o Fuel availability and storage of fuel are limited.

e Environmental effects such as temperature can affect operating conditions.

e They need improvement in terms of durability at the run-stop cycles [65].
3.5 Hydrogen and Turkey

The expansion of production volumes along with economic and social developments,
and the increase of social demands and expectations have also increased steadily the
energy demand. It can be said that the problems, resulting from the increase in the
demand for energy, are more comprehensive and costly especially for the developing
countries such as Turkey. Rapid industrialization, urbanization and population

growth in developing countries directly affect energy consumption.

Figure 3.21 shows that the energy consumption of Turkey according to the sources in
2013. Natural gas has the most shares in consumption with 52%. This is followed by
electricity (45% of electricity is also produced from natural gas) and 16% of fuel
consumption (14% of diesel and 2% of gasoline). Total energy consumption is 80482
ktoe [84].
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Figure. 3.21 Energy consumption according to the sources of Turkey in 2013 [84].

As it can be seen, Turkey supplies most of its energy needs from natural gas,
electricity and oil (gasoline and diesel). Because the known reserves of these sources
are very little, Turkey is an external dependence country. This external dependence
causes a very negative impact on Turkey's current account deficit. $ 56 billion of
Turkey’s USD 65 billion current account deficits in 2013 result from energy imports
[85].

In order to reduce the current account deficit due to high levels external dependence
at energy, Turkey and the developing countries should turn to alternative energy
sources that will increase domestic energy production, especially renewable energy

sources.

One of the alternative energy sources is hydrogen because of its high energy content.
However, production, storage and transportation costs are the biggest obstacle at the
widespread of hydrogen nowadays. Despite all these negative factors, Turkey has
two important advantages in both hydrogen production and storage.
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3.5.1. Obtaining of Hydrogen from Hydrogen Sulfide (H2S) in the Deep Waters
of the Black Sea

Hydrogen sulfur (H2S) in the Black Sea has been formed as a result of excessive
pollution its deep waters. The deep waters including H2S of the Black Sea are very
poor in terms of oxygen. Since there is no oxygen in the parts where hydrogen sulfur
Is present, no living beings are found in these parts. The most important feature to be
mentioned for hydrogen sulfur is that the hydrogen sulfur contains high toxic content
and has a heavy odor. Hydrogen sulfur should be separated into its components to
reduce environmental damage. The components resulting from the decomposition are

sulfur and hydrogen in gaseous form [86].

Black Sea has been feeding with rivers coming from countries such as Bulgaria,
Georgia, Romania, Russia, Turkey and Ukraine. In addition, the all effects of
pollution, in which a large area of 2300000 km? from 21 countries placed in river
basins in Europe and Asia, is transported to the Black Sea. The Black Sea is isolated
from other seas and is only opened to the Aegean Sea via the Marmara Sea. The
absence of water circulation in the Black Sea caused the formation of an oxygen-free

layer below about 150-200 meters deep (Figure 3.22).
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Figure 3.22 HS in the Black Sea [45].
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In addition, the amount of salt in the Black Sea is less than the other seas and there is
a water flow from the bottom of the Bosporus to the Black Sea. This situation causes
the fishes and other sea creatures living in the Black Sea to die. As a result of
accumulations of dying living creatures due to excessive pollution and of the salt
density, it is possible that the concentration of H2S in the bottom waters has
increased. Also, the hydrogen sulfur layer will be found in the central regions of the
Black Sea when it is lowered to a depth of about 100 m from the water surface. The
depth of reaching to the H.S on the coast is minimum 170 m. The platforms to be
installed in the Black Sea will reduce the cost of removing H»S to the surface. It is

easier to reach to H2S in Zonguldak, Samsun, Sinop and Giresun openings [86].

Considering the potential of total HS in the Black Sea deep waters, the amount of
hydrogen to be obtained has a special importance for the region. It is possible to
obtain 268 823x10° tons of hydrogen resulting from 100% decomposition of H,S
from the Black Sea deep waters. If it is considered that its annual energy requirement
of a house is about 3600 kwWh and about 10 million people live in the Black Sea
region, the total annual energy requirement for this people will be 3.6x10'° kWh. If
all of this energy need is met only from hydrogen fuel obtained from the Black Sea
deep waters, it is considered that this region will meet the energy requirement of
approximately 180 years. If the fossil-based or renewable energy sources will meet
the energy demand of the region in a certain share, it is estimated that the 350-year-
old energy requirement of the Black Sea region can be met from the hydrogen
obtained from the deep waters. If it is considered that the value of 1 KWh electric
energy is USD 0.112 at today's conditions, it is estimated that the economic value of
the hydrogen obtained from the Black Sea deep waters is approximately USD 715
billion depending on the H2S reserves [65].

As it is known, hydrogen is present in both H,O and H>S. Hydrogen can also be
obtained from these two compounds. The researches to obtain hydrogen from H.S
have been keep going on Earth. It is clear that existing techniques used to obtain
hydrogen are costly. For example; the energy required to separate the hydrogen from
the water in the following reaction by electrolysis of the water is proportional with

the hydrogen-oxygen bond energy.
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H20(s) + Energy — Ho(g) + 1/202(qg) (3.20)

As can be understood from this, a long process and high energy are required for
hydrogen to be separated from water by electrolysis. However, the energy required to
break up the H-S bond is lower than the electrolysis of water. It is possible to
produce hydrogen from H.S with less energy according to water through the

following endothermic reaction.
H2S(g) + Energy — Ha(g) + 1/2 S2(Q) (3.21)

While the amount of energy required for electrolysis of water is 237.1 kJ/mole under
normal conditions, the amount of energy required for electrolysis of H,S is 73.28
kJ/mole. As can be seen, hydrogen production is 3.235 times more profitable from
hydrogen sulfur according to water. Also, the hydrogen energy obtained from H>S is
more profitable than the energy obtained from H>O. Sulfur (S) releases as an
additional product at obtaining hydrogen from HS. This released sulfur is used in
industrial field [87].

3.5.2. Utilization of Boron Element in Storing and Transporting of H:

Although hydrogen has the highest energy content in known fuels, its volumetric
density is very small. For this reason, large volumes are needed to store hydrogen as
gaseous. Figure 3.23 compares the energy capacities of existing hydrogen storage
techniques for driving a distance of 500 km of a vehicle [45].
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Figure 3.23 Comparison of storage requirements for hydrogen required for a distance of 500 km.

As can be seen, there is a need for huge storage tanks to store the hydrogen required
for a range of 500 km with existing storage techniques. This increases both the
weight and the cost of the tank. Therefore, existing hydrogen storage techniques are

considered to be one of the biggest obstacles to the widespread use of hydrogen.

However, recent researches have shown that the boron element can be used as a
hydrogen storage medium due to its high hydrogen storage capability. In particular,
NaBHjs contains 10.6% by weight hydrogen, which is much higher than the hydrogen
storage component of many compounds. Turkey, which has the world's largest boron
reserves according to Figure 3.24, has an important potential in the production of
boron minerals and commercial borates [88]. Since the indispensable advantages of
NaBHs as hydrogen storage agent has emerged, production systems have to be

developed rapidly and fuel cell applications must be made at these field.
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CHAPTER 4

THE EXPERIMENTAL STUDIES

4.1 The Experimental Setup

Firstly, the parts of the experimental setup shown in Figure 4.1 and Figure 4.2 were
established. Then, the regulator, to be used for sending the fixed CO> gas in the
amount adjusted to the experiment apparatus, was connected to the CO; tank. A
polyamide hose, 10 mm in diameter, was connected to the outlet of the regulator.
Then, a 3-necked glass beaker, 500 mL, was placed in a balloon heater with
temperature controlled the magnetic stirrer (the stirring mantle). The polyamide hose
coming from the regulator of the CO> tube was connected one of these outlet nozzles.
A glass thermometer was placed to the second outlet nozzle. A polyamide hose
connection was made at the third outlet nozzle and the other side of the hose was
connected to the inlet of the flowmeter, which will measure the hydrogen gas to be
formed at the result of reaction. Another polyamide hose connection was made to the
outlet of the flowmeter to remove the formed gas from the system. Sealing was

attempted by using teflon tape in all hose connections.
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Figure 4.1 The first part of the experimental setup.

Then, an alkaline KOH solution with a concentration of 5% was prepared. For this,
50 g of KOH compound was weighed by electronic balance and put into 1 liter (1000
mL) of water. The KOH was continuously mixed with the magnetic stirrer until it
was completely dissolved in the water. Then, prepared 1000 mL alkaline KOH
solution was separated into 250 mL glass containers for to be used at 4 different

temperature values.
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Figure 4.2 The second part of the experimental setup.

The 1 g of NaBHs compound, which was measured by means of an electronic
balance, was placed in the 250 mL alkaline KOH solution and mixed on the magnetic
stirrer. This aqueous alkaline NaBHa4 solution was then put into the 3-necked glass
beaker in the stirring mantle. The stirring mantle was switched on and its heater was
turned off when the temperature of the solution was 20°C. Although the heater of the
stirring mantle was automatically turned off at the set temperature, it was used on the
value of the thermometer in the solution instead of on the value of the stirring
mantle. The CO> gas was fed into the solution at a rate of 1 L/min with the heater
closed. After 1 minute, the gassing process was finished and the flowmeter output
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was closed with the setting valve on the flowmeter after reading the value on the
flowmeter measuring the gas released. The solution was then taken out of the 3-
necked glass beaker. After measuring the pH value of the solution with the pH meter,
the solution was again placed into the 3-necked glass beaker. The same procedures
were also carried out for mixing temperatures of 40°C, 60°C and 80°C, and the pH
values of the solution and the rates of the gas releasing were measured.

Then, the other 250 mL of alkaline KOH solutions with a concentration of 5% were
taken and the required solutions were prepared by adding 2 g, 3 g and 4 g NaBH4
compounds, respectively, measured by electronic balance. The experiments were
also carried out with these solutions at 20 °C, 40°C, 60 °C and 80 °C in the same
manner as described above and measured the pH values of the solutions and the rates
of the gas releasing. Thus, experiments were completed for aqueous alkaline NaBH4

solutions with concentration of 5% with CO2 gas of 1 L/min.

Then, KOH mixtures with concentrations of 10% and 15% were prepared in the
same manner and the above experiments were repeated with aqueous alkaline NaBH4
solutions prepared by adding 1g, 29, 3g and 4 g of NaBHs compounds, respectively.
So, all experiments were completed for CO> gas of 1 L/min.

The same experiments were repeated with CO. gas of 2 L/min and 3 L/min. The
schematic view of the experimental setup is shown in Figure 4.3.

Figure 4.3 The schematic view of the experimental setup.
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4.2 The Materials and Equipment Used in Experiments
The following equipment was used in the experiments;
e The compound of NaBH4

In the experiments, NaBHa4, bought by Merck, was used at approximately
99.5% pure. The characteristics of NaBH4 are shown in Table 4.1 and the
figure of NaBHg4 is given in Figure 4.4.

Table 4.1 Physicochemical information of NaBHa.

Chemical Molar Bm!mg Density _ Ignition | Vapor Mel_tlng
formula mass point (glcmd) Purity temp. | pressure | point
(g/mole) | (°C) °O) (hPa) O
NaBH4 37.83 500 1.07 >98% 220 0.0001 >360

Figure 4.4 NaBH, used in the experiments.

e The solution of KOH

In the experiments, 95% pure native KOH compound was used. This
compound is put into pure water in desired amounts to prepare alkaline KOH
solutions with concentration of 5%, 10%, and 15%. The characteristics of



KOH are given in Table 4.2 and the figure of KOH is given in Figure 4.5a

and 4.5b.
Table 4.2 Physicochemical information of KOH.
. Molar | Boiling . Melting
CFgﬁmLCIZ' Mass Point ?32;%/ Purity Point
@mole) | o) | 9 ©C)
KOH 56.11 1327 2.044 >95% 406

Figure 4.5a Weighing of KOH compound.

Figure 4.5b Preparing of KOH solution.

e CO20as

99.5% pure CO2 gas was used to initiate the reaction in the aqueous alkaline
NaBHs solution. The characteristics of CO> gas are given in Table 4.3 and the

figure of the tube of CO; is given in Figure 4.6.

Table 4.3 Physicochemical information of CO..

. Molar Vapor . Melting
ICZZ?'m:fIZI Mass Pressure I(Dker}f,:%/ Purity Point
(g/mole) (MPa) g ©C)
CO; 44.01 5.73 1.977 99.5% -56.6
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Figure 4.6 The tube of CO».

e Thermometer

A glass rod thermometer with a temperature range of 0~200°C was used to
measure the temperature of the aqueous alkaline NaBH4 solution. The figure
of the thermometer is given in Figure 4.7.

Figure 4.7 The mercury-in-glass thermometer.
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e Single Stage Cylinder Regulator

It was used to provide the same rate regular CO2 gas flow to the system. It
was ensured that the desired CO2 gas was sent to the system by using the
adjustment valve of the regulator. The characteristics of the regulator are

given in Table 4.4 and the figure of the regulator is given in Figure 4.8.

Table 4.4 The characteristics of the single stage cylinder regulator.

Max. Inlet Outlet Max.
Outlet
Model Gas Type Pressure Pressure
(bar) (bar) Flow
(m%/h)
Harris 801 CO2 230 0-10 155

Figure 4.8 The single stage cylinder regulator.

e Volumetric Flowmeter

A volumetric flowmeter, Gentek brand, has range of 0-7 L/min was used to
measure the flow of hydrogen gas produced as a result of the reaction. The
characteristics of the flowmeter are given in Table 4.5 and the figure of the

flowmeter is given in Figure 4.9.



Table 4.5 The characteristics of the flowmeter.

Measuring Operation Operation
range pressure Casing Setting valve | temperature
(L/min) (bar) (°O)
0-7 0-16 Polycarbonate Yes 0-120

Figure 4.9 The flowmeter used to measure the flow of the resulted H, gas.

e The Stirring Mantle

65

A 2000 L balloon heater with the magnetic stirrer was used to bring the

solution to the desired temperature and ensure mixing of the NaBHs

compound homogeneously in the solution. The properties of the stirring

mantle are given in Table 4.6 and the figure of the stirring mantle is given in

Figure 4.10.
Table 4.6 The specifications of the stirring mantle.
. Heating Mixing Operation
Model Ca?f;: Ity power speed Casing c%%i?’gl temperature
(W) (rpm) O
ES 305 2000 500 100-1200 | AlSI 304 Yes 0-450
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Figure 4.10 The stirring mantle.

e pH meter

A pH meter with = 0.01 sensitivity, Hanna branded Edge model, was used to
measure the changing pH value of the aqueous alkaline NaBH4 solution the
result of sending of CO2 gas. The properties of the pH meter are given in

Table 4.7 and the figure of the pH meter is given in Figure 4.11.

Table 4.7 The properties of the pH meter.

basic mode: -2.00 to 16.00 pH, -2.000 to 16.000 pH; standard

Range mode: £1000.0 mV for pH

Resolution 0.01 pH; 0.001 pH; 0.1 mV

Accuracy (@25 °C/77 °F) | £0.01 pH; £0.002 pH; £0.2 mV

Calibration points 5 in standard mode; 3 in basic mode

standard mode: 1.68, 4.01, 6.86, 7.01, 9.18, 10.01, 12.45 and two

Calibration buffers custom buffers basic mode: 4.01, 6.86, 7.01, 9.18, 10.01

Temperature compensation | ATC (-20.0 to 120.0 °C; -4.0 to 248.0 °F)

standard mode: probe condition, response time and out of

Electrode diagnostics calibration range




Figure 4.11 The pH meter.

e Electronic Balance
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An electronic balance, with £ 0.03 g sensitivity, was used to measure the

mass of KOH and NaBH4 compounds. The characteristics of the electronic

balance are given in Table 4.8 and the figure of the electronic balance is given

in Figure 4.12.
Table 4.8 The features of electronic balance.
Measurement The Smallest
Model Range (q) Accuracy (g) Indication (g) Plate
SFE-300 0.2-300 +0.03 0.01 Stainless steel




Figure 4.12 The electronic balance.

e The Magnetic Stirrer
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To prepare alkaline KOH solution at the desired concentrations, the KOH

compound was put into pure water. Isotex SH-4 the magnetic stirrer was

used to dissolve the KOH compound in the pure water homogeneously. The

properties of the magnetic stirrer are given in Table 4.9 and the figure of the

magnetic stirrer is given in Figure 4.13.

Table 4.9 The specifications of the magnetic stirrer.

Plate Max.
Model Power Spegd Max. Volume Temperature
W) (r/min) (ml) ©C)
SH-4 600 100-2000 5000 380
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Figure 4.13 The magnetic stirrer.

4.3 The Parameters Measured in the Experiments
The following parameters were measured in the experiments;

e The temperature of the aqueous alkaline NaBHa solution,

e The rate of the CO, gas sent to the aqueous alkaline NaBHa4 solution to
initiate the reaction,

¢ The pH value of aqueous alkaline NaBHa solution,

e The rate of H> gas forming as a result of the reaction.
4.4 Theoretical Calculations for the Chemical Reaction

As shown in Eq.5.1, a total of 4 moles H> is obtained from the reaction of NaBH4

with water.
NaBH4 + 2H,O ——» NaBO: + 4H; + heat (300 kJ) (5.1)

The molecular weight of NaBHs is 37.84 g/mole.
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The amount of hydrogen that might be theoretically produced from 1 g of NaBHj4 is
calculated as below.

According to the Eq. 5.1, 4 moles of H> is obtained from 1 mole of NaBHg, i.e. 37.84
g of NaBHa. So;

4/37.84 = 0.11 mole Hz is obtained from 1 g of NaBH4
Since 1 mole =22.4 L,
0.11 x 22.4 = 2.46 L hydrogen is theoretically obtained from 1 g of NaBHa.

The amounts of hydrogen that can be theoretically obtained from the NaBH4
compounds used in the experiments were calculated in a similar manner and are
shown in Table 4.10.

Table 4.10 The amounts of hydrogen that can be theoretically obtained from the NaBH4 compounds.

The amount of The amount of hydrogen
NaBH4 (L)
(9)
1 2.46
2 4.70
3 7.17
4 9.41

The amounts of hydrogen obtained from 1 g of NaBH4 compound in the experiments
are given in Tables 4.11, 4.12 and 4.13.

Table 4.11 The volumetric flow rates of H, obtained from 1 g of NaBH. compound (ri¢o,= 1 L/min).

) The volumetric flow rates of H»
The concentration of (L/min)

solution

20°C 40 °C 60 °C 80 °C
5% KOH 0.45 0.45 0.45 0.55
10% KOH 0.35 0.40 0.45 0.50
15% KOH 0.35 0.40 0.40 0.45
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Table 4.12 The volumetric flow rates of H obtained from 1 g of NaBH. compound (7o, = 2 L/min).

. The volumetric flow rates of H.
The concentration of (L/min)

the solutions

20 °C 40 °C 60 °C 80 °C

5% KOH 0.45 0.45 0.50 0.60
10% KOH 0.40 0.40 0.45 0.55
15% KOH 0.35 0.40 0.45 0.50

Table 4.13 The volumetric flow rates of H obtained from 1 g of NaBH, compound (1o, = 3 L/min).

. The volumetric flow rates of H»
The concentration of (L/min)

the solutions

20 °C 40 °C 60 °C 80 °C

5% KOH 0.45 0.50 0.50 0.65
10% KOH 0.45 0.45 0.45 0.60
15% KOH 0.40 0.40 0.45 0.55

The value obtained by multiplying the total hydrolysis time by the volumetric flow
rates of hydrogen could be compared with the amount of hydrogen that might be
theoretically produced from compound containing 1 g of NaBHa.



4.5 The Experimental Results

Table 4.14 The experimental results (mcq,= 1 L/min).

20 °C 40 °C
NaBHa NaBHas
lg 29 39 49 lg 29 39 49
H> pH H> pH H> pH H> pH H> pH H> pH H> pH H> pH
0.40 | 13.10 | 0.70 | 13.20 | 1.00 | 1340 | 1.40 | 13.10 | 0.45 | 12.10| 0.75 | 12.70 | 1.15 | 12.30 | 1.50 | 12.00
5% KOH
60 °C 80 °C
NaBHa4 NaBHas
lg 29 39 49 lg 29 39 49
H> pH H> pH H> pH H> pH H> pH H> pH H> pH H> pH
0.45|10.50 | 0.85 | 10.30 | 1.35 | 1050 | 1.65 | 10.70 | 0.55 | 9.60 | 1.00 | 9.80 | 1.50 | 9.30 | 1.95 | 9.50
20 °C 40 °C
NaBH4 NaBH4
lg 29 39 49 1g 29 39 49
H> pH H> pH H> pH H> pH H> pH H> pH H> pH H> pH
0.35|13.20 | 0.65 | 13.40 | 0.90 | 13.70 | 1.30 | 13.50 | 0.40 | 12.40 | 0.70 | 13.10 | 1.10 | 12.60 | 1.40 | 12.30
10% KOH
60 °C 80 °C
NaBH4 NaBH4
lg 29 39 49 lg g 39 49
H> pH H> pH H> pH H> pH H> pH H> pH H> pH H> pH
0.45|10.80 | 0.85 | 1050 | 1.25 | 10.70 | 1.50 | 11.00 | 0.50 | 10.10 | 0.90 | 10.00 | 1.35 | 9.80 | 1.80 | 9.90
20 °C 40 °C
NaBH4 NaBH4
lg 29 39 49 lg g 39 49
H> pH H> pH H> pH H> pH H> pH H> pH H> pH Ho pH
0.35|13.30 | 0.60 | 13.60 | 0.80 | 13.80 | 1.20 | 13.60 | 0.40 | 1250 | 0.65 | 13.20 | 1.10 | 12,70 | 1.25 | 12.50
15% KOH
60 °C 80 °C
NaBH4 NaBH4
lg 29 39 49 1g 29 39 49
H> pH H> pH H> pH H> pH H> pH H> pH H> pH Ho pH
0.40 | 11.00 | 0.80 | 10.60 | 1.15 | 10.80 | 1.35 | 11.20 | 0.45 | 10.30 | 0.90 | 10.20 | 1.25 | 10.00 | 1.60 | 10.10
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Table 4.15 The experimental results (m¢q,= 2 L/min).

20 °C 40 °C
NaBH4 NaBH4
19 29 39 49 19 29 39 49
Ha pH H, pH Ha, pH Ha, pH Ha pH Ha pH H, pH H, pH
0.45 | 12,70 | 0.75 | 1250 | 1.10 |12.60| 1.50 |12.70| 0.45 |11.30| 0.80 |11.20| 1.25 | 11.10| 1.65 | 11.20
5% KOH
60 °C 80 °C
NaBH, NaBH,
19 29 39 49 19 29 39 49
Ha, pH Ha, pH Ha, pH Ha, pH Ha pH Ha pH H, pH H, pH
050 | 9.10 | 090 | 910 | 145 | 9.20 | 1.80 | 9.10 | 0.60 | 890 | 1.10 | 8.80 | 1.65 | 8.90 | 2.10 | 8.70
20 °C 40 °C
NaBH, NaBH,
19 29 39 49 19 29 39 49
Ha pH H, pH H, pH H, pH Ha pH Ha pH H, pH H, pH
0.40 |1290| 0.75 | 13.00| 1.00 | 12.80| 1.40 |13.00| 0.40 [11.50| 0.75 |11.30| 1.15 |11.40 | 1.50 | 11.40
10% KOH
60 °C 80 °C
NaBH, NaBH,
19 29 39 49 19 29 39 49
Ha pH H, pH H, pH H, pH Ha pH Ha pH H, pH H, pH
045 ]19.20 | 085940 | 135|940 | 1.65 | 950 | 0.55 | 9.20 | 1.00 | 9.00 | 1.50 | 9.10 | 1.90 | 9.00
20 °C 40 °C
NaBH, NaBH,
19 29 39 49 19 29 39 49
H, pH H, pH H, pH H, pH Ha pH H, pH H2 pH H2 pH
0.35 | 13.30| 0.70 | 13.40| 0.85 |13.40| 1.20 |1350| 0.40 |12.20| 0.70 |12.00| 1.10 | 12.40 | 1.40 | 12.30
15% KOH
60 °C 80 °C
NaBH, NaBH,
19 29 39 49 19 29 39 49
H, pH H, pH H, pH H, pH Ha pH H, pH H2 pH H2 pH
045 ] 9.70 | 0.85 ] 9.70 | 1.25 | 9.60 | 1.50 | 9.60 | 0.50 | 9.40 | 0.95 | 9.30 | 1.40 | 9.40 | 1.70 | 9.30
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Table 4.16 The experimental results (m¢q,= 3 L/min).

20 °C 40 °C
NaBH4 NaBH4
19 29 39 49 19 29 39 49
Ha pH H, pH Ha, pH Ha, pH Ha pH Ha pH H, pH H, pH
045 1990 | 0.85]980 ] 120 |9.70 | 1.65 ] 9.90 | 0.50 | 890 | 0.90 | 9.00 | 1.30 | 9.20 | 1.85 | 9.10
5% KOH
60 °C 80 °C
NaBH, NaBH,
19 29 39 49 19 29 39 49
Ha, pH Ha, pH Ha, pH Ha, pH Ha pH Ha pH H, pH H, pH
0.50 | 800 | 095|810 | 160 | 810 | 2.00 | 8.20 | 0.65 | 820 | 1.15 | 8.10 | 1.90 | 8.30 | 2.20 | 8.10
20 °C 40 °C
NaBH, NaBH,
19 29 39 49 19 29 39 49
Ha pH H, pH H, pH H, pH Ha pH Ha pH H, pH H, pH
045 |11.00| 0.80 |11.00| 1.10 |11.20| 150 |11.30| 0.45 | 9.10 | 0.80 | 9.30 | 1.20 | 9.20 | 1.65 | 9.20
10% KOH
60 °C 80 °C
NaBH, NaBH,
19 29 39 49 19 29 39 49
Ha pH H, pH H, pH H, pH Ha pH Ha pH H, pH H, pH
045|820 |/ 085]830 ] 145|830 180|840 | 060 | 800 | 1.05|8.20 | 1.65 | 8.10 | 2.10 | 8.20
20 °C 40 °C
NaBH, NaBH,
19 29 39 49 19 29 39 49
H, pH H, pH H, pH H, pH Ha pH H, pH H2 pH H2 pH
0.40 |11.20| 0.75 | 11.40| 1.00 |1150| 1.40 |1150| 0.40 | 9.30 | 0.75 | 9.50 | 1.15 | 9.40 | 1.50 | 9.60
15% KOH
60 °C 80 °C
NaBH, NaBH,
19 29 39 49 19 29 39 49
H, pH H, pH H, pH H, pH Ha pH H, pH H2 pH H2 pH
045 | 810 | 080 | 820 | 135|840 | 165|840 | 055 | 850 | 1.00 | 840 | 1.50 | 8.40 | 1.95 | 8.30
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CHAPTER 5

EVALUATION OF THE EXPERIMENTAL RESULTS

The hydrolysis of NaBH4 through CO- gas was realized by adding CO: gas, which
has acidic effect, to alkaline solution of NaBH4 stabilized with KOH without
using any catalyst. The main purpose of this study is; to obtain hydrogen from the
aqueous alkaline solution of NaBH4 without the use of metal catalysts such as Ru,
Pt and Co, which is presently used, by changing the pH of the solution by
supplying only CO2 gas to the medium. The concentration of KOH in the solution
which has alkaline effect, the temperature, the amount of NaBHs, and the
volumetric flow rate of CO, gas were taken as variable.

5.1. Graphs Obtained from the Experimental Results

The following graphs are drawn from the results obtained from the experiments. The
graphs showing the variation of the volumetric flow rate of the obtained hydrogen

with the temperature of the solution are shown in from Figure 5.1 to Figure 5.9.

Meop =1 L/min

2.00 5
1.75 A
1.50 1 —e—1 g NaBH,
1.25 A —+—2 g NaBH,

1.00 - 3 g NaBH,

—+—4 g NaBH
0.75 - / g !
0.50 /—/

0.25

fiy, (L/min)

20 40 60 80
Temperature (°C)

Figure 5.1 The volumetric flow rates of H, — Temperature (1¢,,= 1 L/min, 5% KOH solution).



76

2.00
1.75
1.50
1.25
1.00

iy, (L/min)

0.75
0.50
0.25

Tilcgy = 1 L/min

—e—1 g NaBH,
—e—2 g NaBH,
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Figure 5.2 The volumetric flow rates of H> — Temperature (1o, = 1 L/min, 10% KOH solution).
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——29gNaBH,
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20 40 60 80

Temperature (°C)

Figure 5.3 The volumetric flow rates of H, — Temperature (1o, = 1 L/min, 15% KOH solution).
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Figure 5.4 The volumetric flow rates of H, — Temperature (1o, = 2 L/min, 5% KOH solution).
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Figure 5.5 The volumetric flow rates of H> — Temperature (1o, = 2 L/min, 10% KOH solution).
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Figure 5.6 The volumetric flow rates of H, — Temperature (ri¢,,= 2 L/min, 15% KOH solution).
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Figure 5.7 The volumetric flow rates of H, — Temperature (1o, = 3 L/min, 5% KOH solution).
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Figure 5.8 The volumetric flow rates of H, — Temperature (1o, = 3 L/min, 10% KOH solution).
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Figure 5.9 The volumetric flow rates of H> — Temperature (1o, = 3 L/min, 15% KOH solution).

It can be seen from Figure 5.1 to Figure 5.9 that when temperature, flow rate of CO>
gas and mass of NaBH4 increase, the amount of generated hydrogen increases. But,
the amount of generated hydrogen decreases while the amount of KOH in solution

increases. The highest amount of hydrogen was obtained at 7co,= 3 L/min, 5%

KOH solution and, 80 °C with 4 g of NaBHa.
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Graphs showing the change in solution pH with solution temperature are shown in
from Figure 5.10 to Figure 5.18.

Meop =1 L/min

14.00 -
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12.00 - ——2 g NaBH,
= 39 NaBH,

11.00 A
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Figure 5.10 The pH value of solution — Temperature (1¢,,= 1 L/min, 5% KOH solution).
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Figure 5.11 The pH value of solution — Temperature (o,= 1 L/min, 10% KOH solution).
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Figure 5.12 The pH value of solution — Temperature (mco,= 1 L/min, 15% KOH solution).
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Figure 5.13 The pH value of solution — Temperature (1o, = 2 L/min, 5% KOH solution).
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Figure 5.14 The pH value of solution — Temperature (m¢,= 2 L/min, 10% KOH solution).
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Figure 5.15 The pH value of solution — Temperature (1¢o,= 2 L/min, 15% KOH solution).
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Figure 5.16 The pH value of solution — Temperature (1ico,= 3 L/min, 5% KOH solution).
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Figure 5.17 The pH value of solution — Temperature (ri¢o,= 3 L/min, 10% KOH solution).
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Figure 5.18 The pH value of solution — Temperature (¢o,= 3 L/min, 15% KOH solution).

It can be seen from Figure 5.10 to Figure 5.18 that when temperature and flow rate of
COz gas increase, pH value of solution decreases. But, pH value of solution increases

while the amount of KOH in solution increases.

5.2. Curve Fitting, Correlation Coefficients, and Coefficients of

Determination Obtained from the Experimental Results

Linear equations are constructed for all test series, and correlation coefficients (R),
and coefficients of determination (R?) for these equations are given in Table 5.1 and
Table 5.2.
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Table 5.1 Correlation coefficients (R) and coefficients of determination (R?) according to obtained H,. ™

5% 10% 15%

KOH Mass of NaBHzs (g) KOH KOH

Mass of NaBH4 (g) Mass of NaBHa4 (g)

TCO) 1g 29 39 49 TC¢O) lg 29 39 49 TCO) 19 29 39 49

Mee,= 1 L/min 20°C 0.40 0.70 1.00 1.40 20 °C 0.35 0.65 0.90 1.30 20 °C 0.35 0.60 0.80 1.20

40 °C 0.45 0.75 1.15 1.50 40 °C 0.40 0.70 1.10 1.40 40 °C 0.40 0.65 1.10 1.25

60 °C 0.45 0.85 1.35 1.65 60 °C 0.45 0.85 1.25 1.50 60 °C 0.40 0.80 1.15 1.35

80 °C 0.55 1.00 1.50 1.95 80 °C 0.50 0.90 1.35 1.80 80 °C 0.45 0.90 1.25 1.60

R 0.9234 | 0.9759 | 0.9983 | 0.9691 R 1.0000 | 0.9762 | 0.9891 | 0.9562 R 0.9487 | 0.9845 | 0.9333 | 0.9431

R? 0.8526 | 0.9524 | 0.9966 | 0.9391 R? 1.0000 | 0.9529 | 0.9783 | 0.9143 R? 0.9000 | 0.9692 | 0.8711 | 0.8895

5% 10% 15%
kot | 19 | 20 | 30 | 49 | pop | 19 | 20 | 39 | 49 | «on | 19 | 20 | 39 | 4g

20 °C 0.45 0.75 1.10 1.50 20 °C 0.40 0.75 1.00 1.40 20 °C 0.35 0.70 0.85 1.20

co, = 2 L/min 40 °C 0.45 0.80 1.25 1.65 40 °C 0.40 0.75 1.15 1.50 40 °C 0.40 0.70 1.10 1.40

60 °C 0.50 0.90 1.45 1.80 60 °C 0.45 0.85 1.35 1.65 60 °C 0.45 0.85 1.25 1.50

80 °C 0.60 1.10 1.65 2.10 80 °C 0.55 1.00 1.50 1.90 80 °C 0.50 0.95 1.40 1.70

R 0.9129 | 0.9592 | 0.9978 | 0.9827 R 0.9129 | 0.9288 | 0.9983 | 0.9795 R 1.0000 | 0.9487 | 0.9909 | 0.9923

R? 0.8333 | 0.9200 | 0.9956 | 0.9657 R? 0.8333 | 0.8627 | 0.9966 | 0.9595 R? 1.0000 | 0.9000 | 0.9819 | 0.9846

5% 10% 15%
kot | 19 | 20 | 30 | 49 | g5 | 19 | 20 | 39 | 49 | on | 19 | 20 | 39 | 4g

20°C 0.45 0.85 1.20 1.65 20 °C 0.45 0.80 1.10 1.50 20 °C 0.40 0.75 1.00 1.40

Tico,= 3 L/Min 40 °C 0.50 0.90 1.30 1.85 40 °C 0.45 0.80 1.20 1.65 40 °C 0.40 0.75 1.15 1.50

60 °C 0.50 0.95 1.60 2.00 60 °C 0.45 0.85 1.45 1.80 60 °C 0.45 0.80 1.35 1.65

80 °C 0.65 1.15 1.90 2.20 80 °C 0.60 1.05 1.65 2.05 80 °C 0.55 1.00 1.50 1.95

R 0.8944 | 0.9327 | 0.9798 | 0.9985 R 0.7746 | 0.8677 | 0.9878 | 0.9909 R 0.9129 | 0.8677 | 0.9983 | 0.9691

R? 0.8000 | 0.8699 | 0.9600 | 0.9969 R? 0.6000 | 0.7529 | 0.9757 | 0.9818 R? 0.8333 | 0.7529 | 0.9966 | 0.9391

" Correlation coefficients (R) and coefficients of determination (R?) were calculated by MS Excel.
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The graphs drawn according to the bold values at Table 5.1 are given in Figure 5.19

and 5.20.
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Figure 5.19 The amount of obtained H> — Temperature (1 g of NaBH,, 5% KOH, 7, = 1 L/min).
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Figure 5.20 The amount of obtained Hz — Temperature (4 g of NaBHa, 15% KOH, 1i¢,= 3 L/min).
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Table 5.2 Correlation coefficients (R) and coefficients of determination (R?) according to pH values of aqueous alkaline NaBHj, solution. ™

5% 10% 15%
KOH Mass of NaBHa (g) KOH Mass of NaBHa (g) KOH Mass of NaBHa (g)
TCO) 1g 29 39 49 T¢0) 1g 29 39 49 T¢O) 19 29 39 49

Theo,= 1 L/min 20 °C 13.10 13.20 13.40 13.10 20 °C 13.20 13.40 13.70 13.50 20 °C 13.30 13.60 13.80 13.60
40 °C 12.10 12.70 12.30 12.00 40 °C 12.40 13.10 12.60 12.30 40 °C 12.50 13.20 12.70 12.50
60 °C 10.50 10.30 10.50 10.70 60 °C 10.80 10.50 10.70 11.00 60 °C 11.00 10.60 10.80 11.20
80 °C 9.60 9.80 9.30 9.50 80 °C 10.10 10.00 9.80 9.90 80 °C 10.30 10.20 10.00 10.10

R -0.9941 | -0.9574 | -0.9957 | -0.9995 R -0.9879 | -0.9452 | -0.9908 | -0.9995 R -0.9897 | -0.9457 | -0.9887 | -0.9994
R? 0.9883 | 0.9166 | 0.9913 | 0.9990 R? 0.9759 | 0.8933 | 0.9817 | 0.9990 R? 0.9796 | 0.8943 | 0.9776 | 0.9989
5% 10% 15%
ko | 19 | 29 | 89 | 49 | .o | 1o | 20 | 39 | 49 | on | 19 | 29 | 39 | 4g

20 °C 12.70 12.50 12.60 12.70 20 °C 12.90 13.00 12.80 13.00 20 °C 13.30 13.40 13.40 13.50
40 °C 11.30 11.20 11.10 11.20 40 °C 11.50 11.30 11.40 11.40 40 °C 12.20 12.00 12.40 12.30
60 °C 9.10 9.10 9.20 9.10 60 °C 9.20 9.40 9.40 9.50 60 °C 9.70 9.70 9.60 9.60
80 °C 8.90 8.80 8.90 8.70 80 °C 9.20 9.00 9.10 9.00 80 °C 9.40 9.30 9.40 9.30

Thee,= 2 LImin

R -0.9617 | -0.9679 | -0.9684 | -0.9726 R -0.9485 | -0.9719 | -0.9685 | -0.9776 R -0.9622 | -0.9712 | -0.9522 | -0.9612
R? 0.9248 | 0.9368 | 0.9378 | 0.9460 R? 0.8996 | 0.9446 | 0.9380 | 0.9558 R? 0.9258 | 0.9432 | 0.9066 | 0.9240
5% 10% 15%
ko | 19 | 29 | 39 | 49 | pon | L9 | 29 | 39 | 49 | on | 9 | 29 | 39 | 49

[ T20°c | 9% | 980 | 970 | 99 | 20°C | 1100 | 11.00 | 1120 | 1130 | 20°C | 11.20 | 1140 | 1150 | 1150
Meo,=3LMIN T o | 890 | 900 | 920 | 910 | 40°C | 910 | 930 | 920 | 920 | 40°C | 930 | 950 | 940 | 960
60°C | 800 | 810 | 810 | 820 | 60°C | 820 | 830 | 830 | 840 | 60°C | 810 | 820 | 840 | 840
80°C | 820 | 810 | 830 | 810 | 80°C | 800 | 820 | 810 | 820 | 80°C | 850 | 840 | 840 | 830
R -0.9025 | -0.9463 | -0.9069 | -0.9613 R 109332 | -0.9344 | -0.9296 | -0.9199 R -0.8720 | -0.9070 | -0.9099 | -0.9365
RZ | 0.8145 | 0.8955 | 0.8225 | 0.9241 RZ | 08708 | 0.873L | 0.8641 | 0.8462 RZ | 0.7604 | 0.8227 | 0.8279 | 0.8770

* Correlation coefficients (R) and coefficients of determination (R?) were calculated by MS Excel.
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The graphs drawn according to the bold values at Table 5.2 are given in Figure 5.21
and 5.22.
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Figure 5.21 The pH value of solution — Temperature (1 g of NaBHa, 5% KOH, 7o, = 1 L/min).
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Figure 5.22 The pH value of solution — Temperature (1 g of NaBHa, 15% KOH, ri¢o,= 2 L/min).
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The comparison of some catalysts used to obtain hydrogen from the alkaline
solutions of NaBH4 and the hydrogen amounts obtained with CO, gas used as

catalyst in the experiments at 60 °C are given in Table 5.3.

Table 5.3 Comparison of some catalysts used for hydrogen production at 60 °C.

: NaBH,4 NaOH
Catalyst Flow rate (L/min) (mass fraction %) | (mass fraction %)
NisB (1 g) 1.30 10 5
CosB (1 g) 6.00 5 5
Ru (1 g) 18.60 5 5
CO2 (1 L/min) 1.65 1.6 5 (KOH)
CO2 (2 L/min) 1.80 1.6 5 (KOH)
CO:z (3 L/min) 2.00 1.6 5 (KOH)
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CHAPTER 6

CONCLUSION AND DISCUSSION

The main purpose of this study is; to obtain hydrogen from the aqueous alkaline
solution of NaBH4 without the use of expensive metal catalysts such as Ru, Pt,
and Co, by changing the pH of the solution by supplying only CO; gas. In this
study; the concentration of KOH in the solution, the temperature, the amount of

NaBHjs, and volumetric flow rate of CO> gas were taken as variable.

COz gas, known to have weak acidic character, could not very quickly lower the pH
of the aqueous basic NaBH4 solution, resulting in a controlled hydrogen production.
If strong acids such as HCI were added directly to the solution, there was an

uncontrollable violent outgassing.

The studies, in the literature, have been shown that when it is added by about 5-10%
of H> to combustion engines using gasoline, diesel, LPG and CNG, fuel consumption
and emissions reduce by about 7-15%.

In systems where internal combustion engines are used, it is assessed that the pH
value of the solution can be changed by designing a system using NaBH4 solution
and CO> gas generated at the end of combustion. So that hydrogen can be produced
without using expensive catalysts. CO> gas produced as a result of combustion can
be sent to the solution at the time of need and a controlled hydrogen production can
be achieved and the obtained hydrogen gas can be sent to the motor by this system.
Thus, an increase in combustion efficiency and a reduction in fuel consumption and

waste gas amount may be possible.

The use of such a system in the automotive industry is not yet economical because
the price of the NaBH4 compound is high. However, it is thought that this system can
be applied to critical defense vehicles such as the Unmanned Aerial Vehicle (UAV)

where the economy is the second plan, but flight time is very critical.
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