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"I believe that water will one day be used as a fuel, that hydrogen and oxygen, which
constitute it, used alone or simultaneously, will provide an inexhaustible source of heat and
light of an intensity that coal cannot have."

The Mysterious Island, Jules Verne
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January 2022

ABSTRACT

In this experimental thesis, it is aimed to design and prototype a hydrogen generator working with
sodium borohydride to provide lightly and more efficient hydrogen gas production. For this purpose,
a prototype with both a compact structure and autonomous control is produced, and unlike the
hydrogen generators available in the literature, it works with solid sodium borohydride dosing logic.
In addition, a cheap, efficiently and environmentally friendly alternative catalyst solution is sought
for hydrogen production instead of costly and high yielding noble metal catalysts used in the sodium
borohydride’s hydrolysis reaction. A high metal content slag byproduct is used to synthesize this
catalyst alternative. Catalysts synthesized using slag; Performance tests were carried out using
various parameters, for example, catalyst concentration, component ratios, reaction temperature.
Considering the Co-B catalyst studies in the literature, it was seen that the hydrogen gas production
rate rise in the range of 5 and 10 times. The best performances were demonstrated by acid-treated
slag catalyst samples supplemented with 40% and 50% Co-B with preheating at 50 °C with catalyst
hydrogen production rates of approximately 65 L/min.g in 25 minutes. The prototype, controlled by
Adunio Uno, consists of 4 different compartments, the water and catalyst mixture was injected onto
solid sodium borohydride with water pumps and nozzles. Thus, fuel wastage is reduced by 15%; this
is achieved by using multiple fuel chambers instead of a single fuel chamber. In addition, with the
use of slag, catalyst costs are reduced by 25% and 35%. The test results of the catalyst samples were
compared and discussed with the optimum liquid injection amount and optimum mixing percentages.
The performance analyzes of the prototype and catalysts were completed utilizing 20 ml of distilled
water and 2 g of NaBH4. These results were showed the prototype has a relatively consistent
hydrogen gas stream of around 17.5 L/min and the total flow is 343.46 L for 20 min. As a result; the
tightness and performance tests of the prototype were investigated using different catalyst samples
during 1 hour, and the results were investigated in depth. The average flow rate of this 4-part
autonomous generator is approximately 3.00 L/min.gcaaiyst during 1 h. In the working cycle, the soft
ripples have spied on the hydrogen-produced amount from time to time.

Key Words : Sodium Borohydride, Hydrogen, Renewable Energy, Autonomous
Systems, Portable Power Generator
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SODYUM BOROHIDRIT DESTEKLI OTONOM VE TASINABILIiR HIDROJEN
JENERATOR SISTEMI TASARIMI VE PROTOTIP UYGULAMASI
(Yiiksek Lisans Tezi)

Feride Cansu ISKENDEROGLU

ISKENDERUN TEKNIiK UNIVERSITESI
LISANSUSTU EGITIM ENSTITUSU

Ocak 2022
OZET

Bu deneysel tezde, daha hafif ve verimli hidrojen gazi iiretimi saglamak i¢in sodyum borhidriir ile
caligan bir hidrojen jeneratorii tasarlamak ve prototiplemek amaglanmigtir. Bu amagla hem kompakt
yapiya sahip hem de otonom kontrole sahip bir prototip tiretilmis olup, literatiirde bulunan hidrojen
jeneratorlerinden farkli olarak kati sodyum borhidriir dozajlama mantigi ile ¢aligmaktadir. Ayrica
hidrojen iiretimi i¢in sodyum borhidriiriin hidroliz reaksiyonunda kullanilan yiiksek verimli pahali
asal metal katalizorler yerine ucuz, verimli ve g¢evre dostu alternatif bir katalizér ¢oziimii
aranmaktadir. Bu katalizor alternatifini sentezlemek icin yiiksek metal icerikli bir ciiruf yan {irtinii
kullanilir. Ciiruf kullanilarak sentezlenen katalizorler; Performans testleri, bilesen oranlari, katalizor
konsantrasyonu, reaksiyon sicakligi gibi bir dizi farkli parametre kullanilarak gergeklestirilmistir.
Literatiirdeki Co-B katalizor ¢aligmalar1 dikkate alindiginda hidrojen iiretim hizinin 5 ile 10 kat
arasinda arttig1 gozlemlenmistir. En iyi performanslar, 25 dakikada yaklagik 65 L/dk. katalizor
hidrojen iiretim oranlari ile 50 °C'de 6n 1s1tma ile %40 ve %50 Co-B ile desteklenmis asitle muamele
edilmis BFS katalizér numuneleri ile gosterildi. Adunio Uno tarafindan kontrol edilen prototip, 4
farkli bolmeden olusuyor, su ve katalizor karigimi, su pompalart ve nozullar ile kati sodyum
borhidriir iizerine damlatildi. Bdylece yakit israfi %15 oraninda azaltilir; bu, tek bir yakit odas1 yerine
birden fazla yakit odasi kullanilarak elde edilir. Ayrica ciiruf kullanimu ile katalizér maliyetleri %25
ve %35 oraninda azalmaktadir. Katalizor numunelerinin test sonuglari, optimum sivi enjeksiyon
miktar1 ve optimum karisim yiizdeleri ile karsilastirilmis ve tartisilmistir. Prototipin deneyleri 2 g
NaBH4 ve 20 ml distile su kullanilarak gergeklestirilmistir. Prototip, nispeten sabit istege bagli
hidrojen akis hizlar1 (yaklasik 17,5 L/dk) gosterdi ve toplam akis 20 dakika boyunca 343.46 L'dir.
Sonug olarak; Prototipin sizdirmazlik ve performans testleri, 1 saatlik ¢alisma siirelerinde farkli
katalizor numuneleri kullanilarak arastirilmis ve sonuglar derinlemesine incelenmistir. Bu 4 parcali
otonom jeneratdriin ortalama akig hizi, 1 saat boyunca yaklasik 3.00 L/dk.gkatalizordiir. Calisma
dongiisiinde, zaman zaman tretilen hidrojen miktarinda yumusak dalgalanmalar gozlemlenmistir.

Anahtar Kelimeler : Sodyum Borhidriir, Hidrojen, Yenilenebilir Enerji, Otonom Sistemler,
Tasinabilir Gii¢ Jeneratorii
Sayfa Adedi . 94
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1. INTRODUCTION

Since the beginning of the 21st century, the development in the aerospace sector has
accelerated. In addition, autonomous technologies and energy storage solutions play a key
role in strategic defence systems such as unmanned aerial vehicles (UAVs), submarines and
military portable technologies [1]. The energy demand, that is providing by traditional
energy sources, creates some problems such as inadequate power supply for the autonomous
and portable systems which are rapidly developing. Today, the energy required for the task
periods of the systems is supplied from the batteries. For developing technologies, the
batteries are insufficient, their weights are increased the energy consumption of the systems
and created transportation problems. One of the developed systems to supply the energy
required is the fuel cell systems. Fuel cells, which can operate in light, quiet and grid-
independent environments, provide an alternative way to obtain the energy required by
portable applications [2]. In this way, autonomous systems that can be used for durable, a
long mission time and more demanding missions, can be produced [3]. In these autonomous
systems, the energy required of either the electronic system or the whole system can be
supplied from the fuel cells. However, the fuel cells are used in the full efficiency in reducing

energy and emissions, when some of their disadvantages are eliminated.

The main disadvantage to use the fuel cells is that the hydrogen used as fuel in applications
cannot be supplied to the system with a simple and safe way. The compressed hydrogen tank
that is one of the hydrogen storage methods, the system applications of these tanks create a

few disadvantages such as weight, safety, volume and energy density of systems are reduced.

One of the safest way to hydrogen storage are using the solid-state metal hydride tanks or
chemical compounds such as sodium boron hydride (NaBH.) [4]. The NaBHa that uses often
in recent studies, has become a popular Hz source, due to the advantages such as high
hydrogen storage capacity, producibility as needed, and non-flammable or non-explosive
[5]. All over the world, studies to make hydrogen production from sodium boron hydride
more efficient have gained intensity. However, the design and prototype of portable systems
where hydrogen can be produced from this chemical is very scarce. According to the findings
of studies conducted in recent years, fuel cells constitute an alternative option in terms of

producing durable, long-term and autonomous systems that can be used for demanding tasks



[3]. Most of these studies are based on the more efficient and faster production of H> from
the NaBH4 hydride. The designs of hydrogen reactor and auxiliary equipment should be
developed by considering systemic conditions such as weight, volume and aerodynamic
structure in portable applications as well as in defence system applications such as UAV and
submarine. While most reactor designs are unsuitable for autonomous system applications,

the NaBHa solutions are generally used in designed systems.

Principles and Objectives of the Thesis

Two major aims were addressed in this thesis:

Inexpensive and efficient catalyst synthesis to be used in the hydrolysis of NaBH4

This thesis is to prepare new catalysts for NaBH4 hydrolysis reaction, which is a solution to
the new, safe, environmentally friendly, inexpensive, efficient, practical, stable and easy to
use hydrogen storage problem, based on the use of solid-state NaBH4 for portable
applications. Although the hydrolysis reaction of NaBHa4 is based on a simple reaction, it has
been the subject of many chemical studies in the literature. The usage area of NaBH3 is
limited because the catalysts used in the reaction are very expensive. This situation has
forced many researchers to work on the synthesis of cheap catalysts to be able to use them
in this reaction. In the one part of this thesis, a study has been made for a new usage area
that will contribute to the recycling of the blast furnace slag (BFS) by-product. This by-
product has harmed the environment by creating storage problems because of is a most
produced as the by-product in the world. There is no study in the field of energy dependent
on the recovery, recycling and reusing of the BFS waste product. In addition, there has not
any study seen in the literature; the slag by-product as catalyst support. The usability of the
slag by-product in catalyst synthesis for the NaBH4 hydrolysis reaction is explained in detail
along with the thesis. In addition, it is aimed to reduce environmental pollution and increase
added value production with an efficient and environmentally friendly catalyst design that
will be used in hydrogen production dependent on the recycling and reusing of BFS waste
product. It is expected that the results of the study will be positive since it is a by-product
with high metal content. Briefly, the slag, which is a by-product, was treated in hydrochloric
acid by the impregnation method. Various catalyst samples were synthesized by loading Co

nano powder on both raw slag powder and acid-treated slag powder. Performance analyses
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of the Co-B catalysts that are supported with the BFS by-product, were examined
exhaustively. These analyzes were carried out by using the BFS by-product both its base
form and its treated form with HCI acid that by using the impregnation-chemical reduction
method. These performance analayses of the Co-B catalyst samples were examined in three
different types of BFS, that are the Raw BFS, the Co-B-BFS (non-treated) and the the Co-
B-BFS(+). Then the impacts of these Co-B catalyst samples were analyzed on hydrogen
production from the solid-state sodium boron hydride (NaBH4) hydrolysis reaction, in this
thesis. The impacts on the hydrolysis reaction of NaBH, of certain parameters, for example,
the content of raw BFS, the HCI acid treatment on the raw BFS, the Co % quantity and the
pre-temperatures were explored. The impact on hydrolysis reactions was analyzed by using
different parameters such as temperature, percentages of Co, amounts of catalyst and
amounts of NaBHs. SEM and XRD analyzes were made and researches were carried out on
the morphology of the samples, particle structures, and the impact of acid treatment. As a
result, optimization of the acquired parameters, the powder mixtures were obtained the high
efficiently Co-B-BFS catalysts for the solid state. NaBH4 hydrolysis reaction. Moisture and

gas barrier issues of solid-state NaBHa4, prevent by some solutions.

Development of autonomous and portable hydrogen generation system prototype

An innovative design that will reduce the weight and volume of traditional systems and the
development of autonomous prototype systems are important for defence technologies.
Studies on the autonomous operation of these prototypes are very few in literature. Within
the scope of this thesis, a new design of the hydrogen generator prototype, which has been
developed for fuel cell systems used in portable applications, is focused on. An autonomous
prototype that can be used in all kinds of applications, light, small volume and working with
solid NaBH4 was obtained. The steps involved in designing and prototyping an autonomous
hydrogen generator are described. The base of this prototype is designed as an autonomous
hydrogen generator, that is using hydrides for hydrogen/fuel cells applications. The energy
required for applications will be provided from hydrogen gas which is produced with the use
of hydrides that have high hydrogen storage capacity in the catalytic hydrolysis reaction .
This catalytic hydrolysis reaction occurs between water, the sodium boron hydride and the

catalyst . Detailed information about catalysts is given in the thesis.



The hydrogen gas released as a result of the hydrolysis reaction, then it is transferred to the
fuel cell system. The required amount of water, catalyst and hydride was calculated
considering the 1 hour duty period of the fuel cell. These calculations were used in the
prototype design. Instead of a single reaction chamber, more than one reaction chamber was
designed. In this way, it is planned to prevent the use of excessive chemicals. According to
the findings obtained from other studies in the literature, some usage problems such as
unstable hydrogen production in mobile applications, one-time service life, heavy or large
volume storage system and short duty time can be avoided by using the produced prototype.
The design of this system consists of water tank, liquid pump, fuel tank, reaction chamber
and control unit. This design provides high energy density, inexpensive design, low cost,

high applicability and fast use, refilling or cleaning.

As a result of the study, a small prototype design was built, examined and characterized,
details about the operating system and performance of a portable and autonomous prototype
with 4 parts and 1 hour hydrogen production capacity are given. Briefly, the dimensional
design of the prototype was made using the parameters obtained from the catalyst sample
analysis. The autonomous operation algorithm of the system, which works with the plug-
and-plug principle, has 4 segments, consists of fuel unit, water-catalyst unit, equipment unit
and control unit, is designed depending on pressure change or time. Thanks to the interface
to be prepared with the autonomous working algorithm Arduino microcontroller control card
and an open source software program such as C++ , the system's self-decision mechanism
will be created depending on pressure or time. As the ultimate goal, the first prototype of a
new autonomous hydrogen compatible with portable applications to be developed for
individual use was manufactured with plexiglass material. Leakage and parameter tests of
the hydrogen generator were carried out. One-hour trial experiments were conducted using
the catalysts produced in the first chapter of autonomous operation experiments. By using
solid state NaBH4 powder in the designed system, the problems of increasing the low
hydrogen storage capacity in systems using aqueous solutions, low gravimetric H» storage
capacity and unstable hydrogen production are prevented. In addition, the decrease in system
efficiency seen in cartridge systems has been prevented. Then this design can be developed

for more big-scale uses.



2. LITERATURE SUMMARY

2.1. Autonomous Systems

The first autonomous technologies that come to mind are the robotic device technologies
that communicate with each other on the production lines of factories operating in the
manufacturing sector. Autonomous systems stand out as an important element of today and
future technologies, in terms of production efficiency and product quality with the impact of
Industry 4.0. In the near future, the developments in autonomous systems will evolve to a
level that will be able to carry out all the necessary operations smoothly and efficiently ,
without the need for human-based commands, with the observations and outputs made
within their own analysis and predictions. Autonomous technologies are one of the areas of
technology that are expected to develop rapidly in the next 10-15 years. These technologies,
which have important features that minimize human errors, are widely used today, thanks to
their fast and high accuracy rates and instant decision support systems. Since the beginning
of the 21st century, developments in the defence, space and aviation sectors have gained
momentum. The usage areas and importance of autonomous technologies in these sectors
are increasing with the developments in artificial intelligence technology. Developing
countries as well as countries of tech giant companies, that want to benefit from the facilities
offered, have started to make significant investments by preparing strategies for artificial
intelligence and autonomous systems. These autonomous technologies that are developed
with investments, play a key role in strategically important domestic and national defence
systems such as unmanned aerial vehicles (UAV), submarines and military portable
technologies [1]. For this reason, independent and environmentally friendly energy
production ways have a strategic importance for the development and continuity of use of
these applications.

2.2. Energy Production

Energy needs are increasing day by day, because of the rapid growth in world population,
industry and technology. So, energy is one of the essential necessities for any society whose
economic development and industrialization. As a result of activities such as increased
urbanization and energy consumption, the climate change that develops as a result of global

warming's impact and arises, thus, is one of the biggest environmental problems in 20th



century.

There are in existence two main and various lower production ways to satisfy the energy
demand. This energy demand is supplied from renewable energy and non-renewable energy
sources. However, greenhouse gases, which are the leading roles in global warming, are
mostly released when energy is produced using non-renewable energy sources. According
to the energy statistics report published by IEA, energy production and consumption
activities constitute one-third of the greenhouse gas formation [6]. Accordingly, energy
production and consumption activities have strategic importance in examining global
warming problem that is a dangerous atmospheric issues and climate change problem that is
a big environmental change issue. In consequence of this situation, energy system activities
are undergoing a transformation across the world. Profound changes will necessitate in the
energy production, distribution and consumption for avoiding climate change. As a result of
the reactions against the country's policies, a common vision has been created on a new
sustainable and supportable energy economy dependent on natural, clean and ecological fuel
source as the energy source. Numerous countries request alternative energy solutions for
supply the energy demands while they keep on decreasing their reliance on petroleum
products. Renewable energy sources such as solar, wind, hydrogen, hydropower, biomass,
geothermal and ocean energy; are at the forefront of these alternative energy solutions.
Renewable energy sources have gained great importance due to can provide sustainable
energy services with their features such as being inexhaustible, sustainability, ecological
awareness and supply of energy security. The potential of renewable energy sources is
enormous as far as meets the world’s energy demand for many years. After all, renewable
energy sources that are currently viewed as significant and fast-growing, are expected to
play a vital role especially in energy production [2]. The storage of this generated energy
creates big problems for non-stationary uses, mobile and portable applications. For this
reason, studies on energy storage as well as energy production methods are great importance

for these technologies.

2.3. Power Supply Types for Portable Application

Today, the energy needs of these systems are mostly supported by lithium-ion polymer

batteries. For the energy needs of developing technologies, traditional energy sources such

as lithium batteries and other battery technologies are insufficient to be the power source of



rapidly developing autonomous and portable systems. The system weights and charging
times of these technologies are disadvantageous. Traditional systems need improvement in
terms of payload and energy efficiency. However, traditional technologies increase the
energy consumption of the systems, create problems such as transportation problems, and
shorten their duty times and ranges. In Table 2.1, a detailed comparing of primary, secondary
types batteries and fuel cells, which can use as power supply ways for portable technologies,

is made.

Table 2.1. Comparing of battery technologies and fuel cell systems [7]

SECONDARY
PRIMARY FUEL CELLS
BATTERIES BATTERIES
] ] Li-ion
Types Alkaline Zn-C Ni—Cd PEMFC
polymer
Energy
Density 122-263 120-152 50-150 185-220 240
(W h/L)
Specific
Energy
) 66-99 55-77 40-60 100-158 360
Density
(W h/kg)
- Semi-permanent
Low |
ower su
) current Recharge- Self- P ) PPy
High ) ) - High energy
drain, able discharge )
energy ) density and
] Disposable power Memory o
density efficiency
power supply effect
- Low response
supply -
Features characteristic
Works as the galvanic
Works as the
) or voltaic cell while ]
Works as the galvanic ) ) simple galvanic
] ] discharging produces
or voltaic cell while . or voltaic cell
o electricity and works as
produces electricity ] ] while produces
the electrolytic cell while o
o electricity
consumes electricity




Table 2.1. (continue) Comparing of battery technologies and fuel cell systems [7]

Irreversible cell reaction

Reversible cell reaction
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reaction
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Rechargeable

Energy can
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radios, ect.

equipment (digital
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Features continuously
. Fuels should be
Needs the active Usable repeatedly by )
. supplied
materials. EX.: recharge Ex.: Lead ]
o continuously. It
Leclanche cell or Dry storage battery, Lithium-
o . doesn’t store
cell, Lithium cell. ion cell
energy.
In electronic. Space Vehicles,
equipment, automobile Drone,
U Watches, Transistors, equipment, personal Submarines,
ses

energy source,

etc.

light, etc.)

Primary batteries, secondary batteries and fuel cells are galvanic cells or voltaic cells that
directly produce electricity. And all of them do it by using electro chemical reactions. Like
a battery, a fuel cell uses anodes, cathodes and electrolytes plates to produce electricity. This
is the basis of all batteries and fuel cells. In both, low voltage DC cells are combined in series
to produce higher voltage and power [8,9]. Also, unlike batteries, fuel cells do not need to
be recharged, they are need to supporting with fuelling as the Hz and Oz gases. The anode
and cathode are metal materials while in a battery, but, in fuel cells, they are from occur
gases such as Hz and O, [10]. According to the findings of studies conducted in recent years,
fuel cells constitute an alternative option in terms of producing autonomous systems that

can be used for durable, long-term and demanding tasks [3]

2.4. Fuel cells and Battery Systems for Nonstationary Applications

Fuel Cell is an electrochemical device that combines hydrogen and oxygen to produce

electricity that water and heat are as its by-product. One of the more common types of fuel
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cells is the proton exchange membrane or the polymer electrolyte membrane (PEM). This
type of fuel cells has a wide use in different ways; such as residential use, transportation
system, military applications and defending systems [11]. PEMFC systems are systems that
use hydrogen and oxygen as fuel. And as a product they bring heat, water and energy to the
environment. The resulting products do not have carbon footprint and are therefore called
clean and renewable energy systems. In Table 2.2., a detailed comparing of the battery
system and PEMFC & Hydrogen system, which could use as a 200 W power supply for

portable technologies, is given.

Table 2.2. Detailed comparing of battery and PEMFC and hydrogen tank system
with same nominal power [12,13]

Hydrogen Tank
PEMFC Battery
(9L, 1.5MPa)
Nominal Power : 200 W - 200 W
Nominal Voltage: 15V - 12V
Nominal Current: 13.3A - 13.3A
Stack Weight (kg): 0.65 3.1 12.08
System Size (mm): 140*110*108 167*520 228*138*206
System Weight
Y & 1.19 3.1 17.3
(kg):

In autonomous/autonomous systems produced for the defence, space and aviation sectors,
the energy needed by the electronic systems or the entire system is provided by fuel cells.
Fuel cells can provide clean, efficient, high power density electrical energy by using only
hydrogen and ambient air; it is light, silent, zero-emission, which can also operate in off-grid
environments, and due to these features, it is used with high efficiency to reduce fossil energy
consumption, energy loss and emissions. Fuel cell technology allows to overcome the

limitations of conventional battery/battery technology. With its features such as being able
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to refill its fuel in minutes, having a higher energy/mass ratio, and producing light and clean
energy, it significantly reduces the downtime of the system and significantly extends its duty
times and ranges. Therefore, fuel cells are an alternative energy source in providing the
energy required for defence systems, off-grid applications and military or personal portable
equipment applications where system weight and portability are important [14,15]. In Table
2.3., a detailed comparing table of fuel cell types is given [16].



Table 2.3. Detailed comparing of fuel cell types

CHARGE CARRIER

QUALIFIED POWER
W)

USES

Hydrogen lon (H*)
(proton)

100 W - 500 kW

Vehicles, small generators, small
applications

Hydrogen lon
(H*) (proton)

>10 MW
Power plants,

combined heat &
power

Hydrogen lon (H*)
(proton)

Hydrogen lon
(H*) (proton)

100 kW - 1MW

Vehicles, small applications

Hydroxyl ion (OH)

10 kW - 100 kw

Outer space

Carbonate ion (COs),

100 MW

Power plants,
combined heat &
power

PROTON EXCHANGE PHOSPHORIC ALKALINE MOLTEN SOLID OXIDE
TYPE MEMBRANE FUEL CELL ACIDFUEL  2IRECT ALC:SAHFOC'-: FUELCELL  FEUE) CELL  CARBONATEFUEL  FUEL CELL
(PEMEC) CELL (PAEFC) (AEC) CELL (MCEC) (SOECS)
High- .
Low-Temperature . Direct ethanol
Temperature Direct Methanol
TYPE PEMFC PAFC fuel cell AFC MCFC SOFC
. PEMFC (HT- fuel cell (DMFCs)
(LT-PEMFC) PEMFC) (DEFCs)
Liquid methanol- Liquid ethanol-
FUEL Hydrogen (H,) H, H, water solution water solution H, Methane Methane
Platinum/ Platinum/ Nickel-YSz
Platinum subported PlatinumeRuthe Platinum PlatinumeRutheniu PlatinumeRuth Nickel/ Silver Nickel Chromium composite/
CATALYST on carbrc))[;r)l nium supported supported on m suoported on enium supported on (NiCr)/ Lithiated nickel Strontium-doped
on carbon carbon PP supported on carbon (NiO) lanthanum
carbon .
carbon manganite (LSM)
NOBLE METAL Noble metal / Non-
INCULUDITY Noble metal Noble metal Noble metal Noble metal Noble metal noble metal Non-noble metal Non-noble metal
Lo . Solid Potassium A .
- Liquid phosphoric . n - Liquid alkali carbonate - .
Solid polymer Naflon/EBI acid (H3PO4) in Solid polymer Nafion/Alkalin hydromde (KQH) (Li,Coy/Na,CO4/K,COs S_o_lld yttria-
ELECTROLYTE 5 doped in s A A e in water solution/ AR 5 stabilized zirconia
membrane (Nafion) S silicon carbide membrane (Nafion) . 5 5 ) in Lithium aluminate
phosphoric acid (SiC) media/Alkaline Anion exchange (LIAIO,) (YSZ2)
-acid media membrane (AEM) 4
36% - 45% (85% o AEOr (REOA o AEop (RSO
aliav 40% - 60% 50% - 60% with 35% - 60% 20% - 40% 60% - 70% oo O ggfoﬁ)w”h oY 6% rgfof‘]’)
cogeneration) g 4
OPERATING o o o o o o i o Ambient - 120 Below zero - 230 AL o o o
TEMPERATURE 60 °C - 80 °C 110 °C - 180 °C 160 °C - 220 °C Ambient - 110 °C oC oC 600 °C- 700 °C 800 °C - 1000 °C

Oxygen lon (Oy)

> 100 MW

Power plants,
combined heat &
power
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Table 2.3. (continue) Detailed comparing of fuel cell types

TYPE

PROTON
CERAMIC FUEL
CELL (PCECS)

ZINC-AIR FUEL
CELL (ZAFCS)

DIRECT FUEL CELL (DECS)

BIO FUEL CELL (BFCS)

TYPE

FUEL

CATALYST

NOBLE METAL
INCULUDITY

ELECTROLYTE

ELECTRICAL
EFFICIENCY

OPERATING
TEMPERATURE

CHARGE
CARRIER

QUALIFIED
POWER (W)

USES

PCFC

Methane

Nickel

Non-noble metal

Protonic/ Zirconia

55% - 65%

700 °C - 750 °C

Hydrogen lon (H*)
(proton)

ZAFC

Zinc

Non-noble metal
oxides (such as
manganese oxide -
MnOz)

Non-noble metal

Liquid alkaline

30% - 50%

Below zero - 60 °C

Hydroxyl ion (OH)

Direct Borohydride
fuel cell (DBFC)

NaBH,

Gold/ Silver/ Nickel/
Platinum supported
on carbon

Noble metal / Non-
noble metal

Solid Nafion/Anion
exchange membrane
(AEM)

40% - 50%

20°C-85°C

Sodium ion (Na*)

Direct Formic
acid fuel cell
(DFAFC)

Liquid formic
acid (HCOOH)

Palladium/
Platinum
supported on
carbon

Noble metal /
Non-noble metal

Solid Nafion

30% - 50%

30°C-60°C

Hydrogen lon
(H*) (proton)

Direct carbon fuel cell (DCFC)

Solid carbon (coal, coke,
biomass)

Graphite or carbon-based
material/ Strontium-doped
lanthanum manganite (LSM)

Non-noble metal

Solid yttria-stabilzed zirconia
(YSZ)/Molten carbonate/Molten

hydroxide

70% - 90%

600 °C - 1000 °C

Oxygen lon (O7)

Enzymatic fuel cell
(BFC+)

Organic matters (glucose)

Biocatalyst supported on
carbon

Non-noble metal

lon exchange
Membrane/Membrane-less

30%

20°C-40°C

Hydrogen lon (H*)
(proton)

Microbial fuel cell
(BFC++)

Any organic matter
(glucose, acetate,
waste-water)

Biocatalyst supported
on carbon/ Platinum
supported on carbon

Noble metal / Non-
noble metal

lon exchange
membrane

15% - 65%

20°C-60°C

4}
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2.4.1. Fuel cell applications of UAVs

Therefore, the UAV systems, including portable applications, need alternative energy
sources and new solutions to reduce their weight, volume and production costs, and to
increase their energy efficiency. In Table 2.4, various international UAV projects provides
a comparative table of flight times for compressed H» and liquid H2 used as energy sources.
Therefore, the search for different hydrogen storage technologies continue rapidly. Efficient,
safe, environmentally friendly and cost-effective H> storage technologies are a popular field

of study.

Table 2.4. Comparing of UAV projects working with fuel cell systems [17]

ENDURANCE
YEAR (hour) FEATURES OF MODELS
PRN%I]\I/IEE T without with Hztank PEMFC Load MTOW
load load (CH2) capacity capacity (kg)
capacity (W) (kg)
HYCOPTER-1 | 2015 4 2.5 120 g 200 1 5.2
(HES) storage
H2
HYCOPTER 2018 3.5 - 59-12L 1500 2.5 15
(HES)
H2QUAD400 | 2015 3.75 2 - - 0.4 6.3
(ENERGYOR)
HYDRONE1550 | 2016 2.5 - 9L 1800 5 22
(MMC)
HYDRONE1800 | 2016 - 4 9L 1800 5 -
(MMC)
JUPITER-H2 | 2017 3 2 3L 650 1.25 -
LH2 MULTI- | 2019 12 - 6L 800 -
ROTORS

2.5. Hydrogen Energy

Because of the fast decrease of petroleum product holds, the world is moving towards a
hydrogen-based economy that is the most important alternative fuel of the 21st century.

Hydrogen gas, which is a clean, low emission, harmless to the ecosystem, compressible,
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high thermal efficient, productive and consumption gas, is regard as the energy carrier of
years to come [14]. In Figure 2.1, the features of hydrogen gas are listed.

H,
2
A~ — A~
Excellent refua;ing Clean Fuel {:r? Safe Diverse Economically
Enal‘g&rﬁer {ime S~ E"\'E?/‘on ~— So\l:l__r:c/es co@ﬁvu

Figure 2.1. The features of the hydrogen gas

Hydrogen gas should be supplied to the system simply and safely, in order to use as a fuel
in system applications. The developed technologies have technical problems such as the safe
production, delivery and storage of both gas and liquid hydrogen. So, hydrogen gas has a
form that is able to leak from its storage tank, when it is desired to be gaseous stored. This
leak can be creating a danger besides causing economic costs. Hydrogen storage's cheap,
easy and safe would to be from primary factors that will influence the hydrogen economy of
years to come [14,18].
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Figure 2.2. Hydrogen energy using areas
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In Figure 2.2, the using areas of hydrogen energy are shown. Hydrogen and fuel cells have
various using areas, that are including transportation, commercial, industrial, residential and
portable applications. Hydrogen and fuel cells can be used in a variety of applications such
as the Power to Gas systems, Heat and power systems; backup power systems; portable
power systems for transportation applications (airplanes, automobiles, trains and ships);
auxiliary power systems for special defence systems applications (UAV, submarines and

rockets) and can be integrated into systems to store and activate renewable energy [19].

2.5.1. Hydrogen energy storage types

Alternative hydrogen storage technologies are being developed for the solution of important
technical problems such as the transmission and storage of hydrogen in fuel cell applications.
Hydrogen technologies are used as energy storage technology in fuel cell technologies,
which also play a key role in energy conversion and storage technologies. However, in fuel
cell applications, some disadvantages such as the inability to supply hydrogen to the system

in a simple and safe way must be eliminated in order to use hydrogen as a fuel [15].

Although hydrogen production and storage techniques are costly today, these costs are
expected to decrease in the coming years. Hydrogen is a light and volatile gas with a high
energy content. For this reason, the hydrogen desired to be stored in gaseous state can easily
leak/-has a structure that can leak- from the tank in which it is stored, the leakage that may
occur may create danger as well as causing economic costs. The cheap and easy storage of
hydrogen is one of the main factors that will affect the hydrogen economy in the future [20].
In Figure 2.3, the source, way and decarbonisation measure of hydrogen energy production
are listed. Also, transportation and storage options of hydrogen energy are listed in Figure
2.4.
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Figure 2.3. Source, way and decarbonisation measure of hydrogen energy production

The hydrogen storage technologies selected for fuel cell applications continue to be
developed. In addition to autonomous technologies, energy storage solutions are of great
importance for technological applications in the defense, space and aviation sectors.

Transportation & Storage Options
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Hydrogen

Compressed
Hydrogen
Tanks Tanks

Liquid
hydrocarbon
Tanks
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Subsurface
Gas Storage

Pipeline
Infrastructure

Figure 2.4. Transportation and storage options of hydrogen energy
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Technical problems such as the transmission and storage of H, are among the most important
problems in fuel cell applications and these problems are of great importance in industrial
applications. Using liquid, compressed or metal hydride hydrogen tanks in fuel cell systems
used in application where the system’s energy density is critical, provides disadvantages
with regards to volume, safety or weight, and reduces the energy/mass ratio considerably
[21,22].

Storage Type Advantages Disadvantages

Expensive cylinder and the

High efficiency, convenient, mature

Gas storage

technology. immature technology of fast filling.

* Compressed hydrogen

High liquid density and storage Large consume of energy and time,

Liquid storage efficiency. low temperature.

* Liquid hydrogen Highly porous structure and
particular interaction between
carbon atoms and gas molecules

Immature technology and hydrogen
capacity depends on many factors

Carbon nanotubes

* Gaseous hydrogen
Chemical storage (metal

High safety, high purity of hydrogen,
good reversible cycle performance,
large volume of hydrogen density.

Absorbing impurities, reducing the
hydrogen capacity and the lifetime
of tank.

hydride)
* MgH: NaH, NaBH,

Physical storage (metal Highly porous, high uptake of H; and

specific surface areas.

Hydrogen storage temperature is far
below operating temperature.

organic framework)

* Porous coordination,
network

Figure 2.5. Hydrogen storage types, their advantages and disadvantages [23]

When hydrogen gas is used in system applications, it needs high pressures, large volumes,
low temperatures or advanced storage techniques. This is because it is a high energy content

but extremely light and volatile gas [24].



Table 2.5. Comparing of hydrogen storage

technologies [7]
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H2 Storage
Technology

Compressed tank

Liquefied tank

Metal hydride

Chemical hydride
(NaBHa4)

H, Storage
density (% by
weight)

2.50-4.00

(300 - 700 bar)

5.00-7.00

2.30-3.00

3.55-10.80

Features

- Low storage density and high charge
pressure

- Difficult to refill in an off-grid area

- High gravimetric storage density

- Extremely low temperature (253 C°) for
cooling

- Good storage security but low gravimetric
storage density

- High H: storage density

- H, extraction possible at room temperature

- Good storability and easy usability
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2.8 wt% at 140 °C

Ambient
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3.7 wt% at 190 °C

Ambient

Figure 2.6. Hydrogen storage types, their hydrogen capacity and temperature for Ha release

67T
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Hydrogen storage technologies that are efficient, safe, environmentally friendly and cost-
effective, are a popular workplace. Especially, using liquid, compressed or metal hydride
hydrogen tanks in fuel cell systems used in application where the system’s energy density is
critical, provides disadvantages with regards to volume, safety or weight, and reduces the

energy/mass ratio considerably.

2.6. Sodium Borohydride (NaBH4)

Boron is an important source of wealth for Turkey, which has 72.2% of the world's boron
mineral reserves [25]. However, boron without added value cannot contribute to the
country's economy to the desired extent, and it may even cause a negative impact on the
import/export balances of imported industrial products produced with boron mine exported
as raw material. In Figure 2.7., the Lewis structure and 3-D structure of Sodium Borohydride

chemical powder are shown.

|
Na* B

Figure 2.7. Lewis structure and 3-D structure of NaBH4 chemical powder

The safest ways to store hydrogen are to use solid-state metal hydride tanks or chemical
compounds such as NaBHas [4]. Sodium boron hydride is the most efficient type of hydride
that uses chemical methods to store and produce hydrogen. The fact that NaBHa is a catalytic
reaction, it can store high hydrogen in its content, it is lighter than pressurized/compressible
tanks and the flexibility of the hydride in hydrogen production provides many advantages
and therefore has opened a new era in hydrogen storage and production technology. The use
of NaBHj4 has been one of the important research areas in aviation applications and fuel cell
technologies. Boron-based materials, especially NaBH4; for many years, they have become
a potential solution in energy storage technologies because they have H» storage capacity,

are more economically advantageous, and do not have problems such as storage and
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transportation. Boron-based materials constitute a serious option for many fuel cell
applications and are frequently mentioned in every field of fuel cell technology [26].

Picture 2.1. Sodium borohydride powder

The stabilized NaBH4 solution is practical, suitable, effective and reduces safety concerns
for high purity hydrogen storage [27]. NaBHs has many advantages such as having a
catalytic reaction, high hydrogen storage capacity, lighter and flexibility in hydrogen
production. The hydrogen storage capacity of the boron-based materials is very high.
Therefore, especially NaBH4 powder, which is one of the boron-based materials, have
turned into a frequently used material in the energy storage for many years [5,28]. In special
applications like aeronautical applications that have long operating times and have to
working away from the energy sources, the energy demand supplies from the hydrogen, is
gain very big advantage. The NaBH, based hydrogen production systems have more benefits
rather than the heavy metal hydride or pressure tanks like the hydrogen storage systems
[4,29]. The hydrogen content percentage and the theoretical hydrogen storage capacity
percentage of NaBH4 are 10.6 % and 10.8 % by weight, respectively. That is an easy-to-use
hydride and has a stable hydrogen production, when compared to other chemical hydrides.
[30]. The different catalysts and reaction parameters are tried in the hydrogen production

studies based upon the NaBH4's hydrolysis reaction, that is given the equation as below:

NaBH, + (2 + x)H,0 - NaBO, - xH,0 + 4H, T +210 kj (Equation 1)
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2.6.1. Catalysts

Many of the NaBHjs studies are based upon faster and more efficient gas production from
the hydrolysis reaction of NaBHa. In addition, the high activity and long-lasting catalysts
synthesis is one of the objectives. It is incredibly valuable the hydrogen gas supply, that is
quickly and sustainably with small quantities of chemicals are using during the hydrolysis

processes, both academically and industrially.

The impacts of various transition metal catalysts, that used in catalytic hydrolysis reaction
of the NaBHg , are investigated on hydrogen production . The hydrogen production's increase
observes with the addition of catalysts to the reaction. Today, in line with the researches on
NaBH4, the most successful catalyst type in hydrolysis of NaBH4 is the catalyst types
containing noble metals. Although noble metals that are Pt ,Ru and Pd based are used in the
NaBHa4’s hydrolysis studies [31-33], it is observed that the catalytic activity is increased,
and because of their high cost and rarity, their production for industrial applications is
constrained. In the studies, transition metal (such as Fe, Cu,Ni,Co) catalysts, that are high
catalytic activity and being less costly, have more advantages than noble metals, considering
when used in NaBH4 reactions. So, this metals are expected that are used as a catalyst in
more studies [34-36]. The previous studies, that have the hydrolysis reaction of NaBH4
based upon obtain of hydrogen gas, have been conducted using various catalysts such as Co-
Ni, Co-P, Ni-B, Ni-P and Ni-Co-B catalysts, catalyst and Co-supported catalysts [37-39],
Ni-based catalysts [40], Cu-Co catalyst, Co-WB catalyst, Pd modified catalyst [41-43], Pt
[32,44], Ru and Ru-Ni alloy catalysts [33], Co-B nanocatalyst [26]. In the production studies
of high efficiency and low costs catalysts made with noble metal catalysts, especially Co-B
catalysts has high catalytic activity and stability in the hydrolysis of NaBH4[14]. The metal-
containing catalysts used as catalysts in hydrogen production reactions from NaBH4 have
high catalytic activity. A new catalyst is able to produce for use as a catalyst in these
hydrogen production reactions from industrial waste such as clay which contains high

amounts of metal and is rich in content [36,45-48].

Support materials

Support materials have an important place among the components needed in the catalyst

design . One of the most important reasons for using support materials is that the active
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ingredients provide the required surface area for adsorption and catalytic reactions.

In addition, it improves the mechanical properties of the catalyst and provides longer use.
Catalyst particles are added on the catalyst support to increase the impact surface of the
catalyst used in the hydrolysis of NaBHs . An ideal catalyst support should have a large
surface area, high conductivity or a high degree of graphitization, a suitable pore structure
to provide mass transport, and desired functional groups on its surface so that metal particles
can be easily attached to their surface [49]. Generally, materials with high mechanical and
thermal resistance such as Al20s, SiO2, ZrO, Pt, Co, Ni are used as reinforcement. While
preparing these catalyst designs, many porous materials such as Al.Oz [50], SiO2 [51], TiO2
[52-54], activated carbon [36], clays [45,49,55], zeolite [56,57] and ceramics [58] can be
used as support components. Enhancers are substances that increase the activity and stability
of the catalyst with auxiliary properties by adding small amounts to the catalytic structure in
order to assist the active ingredient and support.

Al,O,

Ceramics

Support

: Metarial
Zeolite

Activated

Figure 2.8. Some Support Materials for Catalyst production

Clay is preferred as a support material due to it has different pore size (low, high and meso),
high structural and thermal strength. In the study using Co -B catalysts supplemented with

acid-modified sepiolite clay as the support material, the maximum hydrogen gas production
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rate of the hydrolysis reaction with these catalysts is approximately 3 times higher than the
maximum hydrogen gas production rates of the acid-treated sepiolite clay-supported Co-B
catalysts. The catalyst samples obtained from the hydrolysis reactions of NaBH4 According
to the performance results of catalyst that made with clay , are the nature harmless, easy to

process, inexpensive, efficient , reusable, and as contribute to recycling. [49].

Table 2.6. The hydrogen gas production properties of Co-based catalysts

Catalyst’s type NaBH4 Hydrolysis Hydrogen References
(wt %) temperature production rate
(°C) (L/min.Qcatlayst)
Co - 1 25 0.13 [30]
powder
Co-Cu-B 7 25 2.81 [59]
Co-B - 20 30 2.75 [60]
Co-B AT (Attapulgite 5 25 3.35 [45]
Clay)
Co-B AT (Attapulgite 5 25 1.27 [45]
Clay)
Co-B TiO2 1 30 12.50 [52]
Co-B Al203 1 30 11.65 [52]
Co-B CeO2 1 30 10.39 [52]
Co SiO2 5 40 8.70 [61]
Co-B SiO2-AC 5 25 0.40 [61]
Co-B MWCNTSs 20 30 5.10 [62]
Co-B Graphane 8 50 56.61 [63]
Co-B Carbon black 10 25 8.03 [64]
Co-B Modified AC 1 27 10.29 [65]
Co-Ce-B | CSAC 5 25 16.42 [36]
Co-B Acid treated 5 30 1.49 [49]
sepiolite clay

Based on the literature studies, it can be expected that the slag by-product will be an
alternative as catalyst support material, since its content is similar to clay and contains more

metal.
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i.  Amorphous and crystalline Co2B samples produced by the researchers were used as
catalysts in the hydrolysis reaction of NaBH4. These amorphous Co2B catalysts have
a higher Ha production rate than catalysts produced by calcination under air or under
Ar at 500°C. Amorphous Co2B with NaBH3 solution has 1% w/w concentration , H»
production rate is 1.1 L/g catalyst . Min [66].

ii.  Fuel powder containing solid NaBHs , NaOH and Al particles were used in the
hydrolysis reaction . The optimized mix produces 1778 ml of hydrogen/g of mix in
100% yield in 50 minutes at 323 K. As a result of their studies, when the catalytic
promoter catalyst BNi> / AI(OH)z is added in the hydrolysis process, an increase in
the production rate is observed [67].

iii.  Some NaBHjs hydrolysis experiments made with some catalysts such as and Ni-Co -
P-Al>Oz3. The results of this studies show that Al>Os catalysts have a positive effect on

the efficiency of hydrogen production [68].

2.6.2. Blast Furnace Slag

Blast furnace slag is a by-product produced in high quantities during iron production in blast

furnaces in iron and steel plants.

Picture 2.2. BFS production in the Iron-steel factory
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Slag, which is a major source of waste, is a complex of lighter-than-metal oxides and silicates
and accumulates on the surface due to the difference in density and is defined as a by-product
formed when metals or metal-containing ores are melted. During the reduction interaction
of 1 ton of metal between 1450 °C and 1550 °C, around 200-600 kg of slag are produce [69].

Usually, the of BFS powder content' more than 95 % occur of impure parts that are from
coal, limestone and iron metal. Substances such as limestone and dolomite reduce iron
oxides and turn them into molten raw iron. The temperature of the molten slag collected in
the upper part of the furnace is between 1400-1600 °C, which is very close to the temperature
of the raw iron collected in the lower part of the furnace. The slag is collected by sweeping
from the upper surface of the furnace over time. Ca-Al-Mg silica glasses with glassy
structure are formed by rapid cooling of the molten slag with jet water engines. If the molten
blast furnace slag is suddenly cooled with the help of water, a fine-grained glassy structure
is obtained [70]. The chemical compounds of BFS that produced in different countries are

given in Table 2.6.

Table 2.7. Chemical compound of the BFS powders [70,71]

Chemical SOUTH
Compounds (%) USA AFRICA TURKEY CHINA
CaO 29-50 30-40 34-41 40.43
SiO2 30-40 30-36 34-36 30.18
Al2O3 7-18 9-16 13-19 10.77
Fe20s3 0.1-1.5 - 0.3-2.5 0.64
MgO 0-19 8-21 3.5-7 7.91
MnO 0.2-1.5 - 1-2.5 -
S? 0-2 1-1.6 1.2 -
SOs - - - 3.21
Na20 - - - 0.28
K20 - - - 0,56
Na20 + 0.658 K20 - - - 0.01

Classification is made according to BFS alkalinity indexes. The simplest alkalinity index is
a CaO/SiO; ratio has greater than 1 [72]. The hydraulic activity of BFS depends on the
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degree of basicity. When BFS is used with alkaline activators, its hydraulic activity increases
[70,73]. Anincrease in mechanical strength was observed as Al>Os content increased in BFS
with a constant alkaline ratio. In case of low quantity of CaO in BFS, low mechanical
properties are compensated by high alumina reinforcement. With the increase of MgO
amount up to 8-10 %, a slight increase in mechanical properties is observed, but with further
increase in this ratio, the mechanical properties are adversely affected [73]. In addition, it
was stated that the hydraulic activity increased as the CaO, AlOs: and MgO content
increased, and the hydraulic activity decreased as the SiO content increased. By creating a
high alkaline environment, the ratio of the quantity of CaO and MgO to the quantity of SiO>
by mass is greater than 1. Thus, the hydraulic activity of BFS can be increased [70,73].

In Turkey, a large part of the steel production is done by the the of scrap/electric arc furnace
technology. The consist of BFS by-product, that obtained in Turkish steel factories, is
occurred Al203 (12.94 %), SiO2 (39.66 %), CaO (34.20 %), Fe>03 (1.58 %), MgO (6.94 %),
SO3 (0.72 %) Na20O (0.20 %), K20 (1.44 %), in accordance with literature informations
[70,74,75].. Large storage areas, that are create the pollution of soil, water and air, are filling
with waste products, and thus effect on the environment and the human health’s negatively.
Also, if the slag by-product is not used or reutilised, as well as the disposal’ costs are rising
daily, when the raise on production in the steel-iron industries A lot of associations have
been doing different examinations for the reusing of waste products such as dust, sludge and
slag occurred in results of the steel-iron process. Also, they want to draw attention as part of
the zero-waste project that effects the all industry. The amount, disposal cost of the waste
products and the using energy are decreased when the reusing of the BFS. Therefore, both

environmental and economic earnings will be accomplished with slag recycling [69].

2.7. Development of the Hydrogen Generators

In the H, generator studies in the literature, NaBH4 solutions are used in the designed

reactors or many problems are observed in the solid NaBH3 cartridge applications.

i. A developed high-density hydrogen generator has been evaluated by Kim et al for stable,
sustainable hydrogen production and start-stop system to affirm the commercialization
possibility of hydrogen generator. According to the performance assessments, the

hydrogen production efficiency of the system is 89.9%, the hydrogen generator
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gravimetric is 739.1 W h / kg and the volumetric specific energy densities are 272.8 W h
/ L. The hydrogen storage density of the system is 5.1% by weight; in addition, it is 1.44
times higher than conventional hydrogen generators using NaBH4 aqueous solution. The
control of the production rate is enhanced by a working control algorithm system that
measures the hydrogen production rate with a pressure sensor attached to the reactor
pressure. This pressure value is determined by considering the volume and flow rate of
the hydrogen gas quantity need for the fuel cell's optimum operating condition. The
hydrogen generator, that is designed in a cylindrical structure by researchers of this study,
have placed in the hull of a UAV. The size of this hydrogen generator ,which has 5.5 kg
weight, are 358 mm length and 230 mm diameter [76].

ii. In 2016, Okumus et al., in this study, a generator with a reactor volume of 11 cm?, a
hydrogen production rate of 5.4 L/min and a lifetime of 10 times was designed using a
special Co-based catalyst . It is sufficient to feed a fuel cell system, which has capable of
producing capacity 218 W power, has 50-cells. The system's energy density is 325 Wh/kg
and the full system has 7.5 kg weight [77].

iii. In 2015, Kim et al. A hydrogen generator system for a 100 W fuel cell was designed by

A hydrogen generator system is designed using the separation of solid state NaBH4 and

HCI concentration. In this study, the system's the gravimetric value of the hydrogen

density was measured as the highest value when solid state NaBH4 and 4.0 N HCI solution

were used together. The hydrogen efficiency of the system was 95% and the hydrogen

production rate of the system was measured as 650 ml/min [78].
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3. MATERIALS, EXPERIMENTAL METHOD, SETUP AND TEST RIG
AND PROTOTYPE DESIGN

3.1. Materials

3.1.1. Chemical materials

The slag by-product substance, needs to go through certain chemical processes and be treated
by certain synthetic compounds and chemical material, to be utilized as a catalyst support
material. The extra pure Co nano powder, NaBH4 powder and HCI acid solution were from
the Turalab Ltd. and the Nanografi Co.Ltd. Also, HCI acid, NaBH4 and Co nano powder are
other chemical materials used in preparing new catalyst synthesis from BFS slag for using

in the NaBHy4 reaction.

NaBH4 powder

The NaBH4 chemical powder (extra pure) was purchased from Tekkim Ltd. and the Turalab
Ltd.. The NaBHa4 is 98.5% pure and contains 0.05% Si and 0.005% Fe. The NaBH4 chemical
powder was used as the H> storage and H> production material in the synthesis of the BFS
catalysts, in the NaBH4 reaction and in the Hydrogen generator prototype.

Table 3.1. Technical features of the NaBH4 chemical powder

Molar mass 37,83 g/mol

Appearance white crystals hygroscopic

Density 1,07 g/cm?®

Melting point 400 °C (752 °F; 673 K)(decomposes)

HCI acid solution

The HCI acid (extra pure) solution was supplied from the Turalab Ltd.. The HCI acid used
in preparing new catalyst synthesis from BFS slag for using in the NaBHj4 reaction.
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Cobalt (Co) micron powder

The Cobalt (Co) Micron powder was supplied from the Nanografi company. The Co Micron
powder is 99.99% pure and has a size of 1 um. The Co Micron powder was used as catalyst
support material in the synthesis of the BFS catalysts, also, was used as a catalyst in the H»
generation from NaBHj4 reaction that are using in the Hydrogen generator prototype .

Table 3.2. Technical features of the Co micron powder

Purity 99.99 %

Particle Size 1 pum

Cas 7440-48-4
Density 8.92 g/cm?
Boiling Point 2900 °C

Melting Point 1495 °C

Coeff. Of Expansion @ 20°c 125x 10 ¢
Electric Resistivity 6.24 microhm-cm
Crystal Structure Hexagonal

Form Powder
Applications Alloys, Customer Manufacturing, Industrial- general

Granulated blast-furnace slag (GBFS)

In this thesis, the catalyst support material is obtained from the raw granulated blast-furnace
slag (GBFS) by-product. The GBFS by-product was procured from the Iron-Steel Factory,
Iskenderun, Hatay. The fines of the grinding of BFS are such that 92 % can be sifted out a
30 mm sifter. The GBFS' X-ray Fluorescence (XRF) analysis by using the Malvem
Mastersizer 2000 device was made. The X-ray Fluorescence analysis and particle size

distribution are given in Figure 3.1.
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Figure 3.1. X-Ray Fluorescence analysis of GBFS that are used in thesis [70,74,79]

In Table 3.3., the XRF analysis results of the synthesised GBFS's chemical compound were
given. In this characteristic, an amorphous hump has observed at around 30°, it has probative
the presence of huge amounts of glass content. The 99 % of GBFS content has a vitreous

material, also, it has a specific surface area which is 540 m?/kg. [70,74,79,80].

Table 3.3. Chemical compound of the BFS [70,74,80]

Chemical Type Chemical Compound (%0)

CaO 36.25

SiO2 43.08

Al203 11.34

Fe203 0.74

MgO 6.10
MnO -

S? 0,51

SOs 0.60

Na20 0.28

K20 0.75

Naz2O + 0.658 K20 0.77
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3.1.2. Tools and apparatus

Digital precision balance (0.001)

In this study, a digital laboratory balance with an accuracy of 0.001 g was used. In this way,
the chemical powders used were measured with high precision, allowing for high accuracy
work.
Oven

In this study, an oven was used to production of new catalysts powder synthesis.

Magnetic stirrer with heater

In this study, a magnetic stirrer with heater was used to obtain a homogeneous mixture.

Dehumidifier

In the study, it is used to prevent the water vapor released due to the dehumidifier reaction

out of going to the fuel cell together with the hydrogen gas.

Alicat mass flow meter

In this study, Alicat M-Series Gas Mass Flow Meter shown in Figure x was used. This
flowmeter was chosen because it can measure more than 98 types of gases over a wide flow
range. In addition, it can simultaneously measure both the volumetric flow of the gas, the
mass flow of the gas, and the temperature and pressure values of the gas. The measurement

accuracy is between 0.01% and 100% of full scale.



33

of TARE
ogxsnl 2609 FLow

LN
Q00%
Hass Flou

080 Sin mow

Picture 3.1. Alicat M-series gas mass flow meter [81]

PT-100 thermocouple

Since temperature differences are an observable and important factor in reactions,
temperature sensors and thermocouples are used to determine the total heat transfer
coefficients. The main difference between PT100 sensors and thermocouples is that Pt100
sensors have a high accuracy rate, whereas thermocouples have a fast response time. In this

thesis, the reason for choosing PT100 thermocouples is faster data acquisition [82].

Picture 3.2. PT-100 thermocouple
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Arduino uno

Arduino Uno is a microcontroller board based on the ATmega328P and contains everything
needed to support the microcontroller. It has 14 digital input/output pins (6 of which can be
used as PWM outputs), 6 analog inputs, a 16 MHz ceramic resonator (CSTCE16M0V53-
R0O), a USB connector, a power jack, an ICSP header and reset button. It is very simple to
use, you just need to connect it to a computer with a USB cable or run it with an AC to DC
adapter or battery to get started. Arduino is an easy to use microcontroller, it's using is very
common in both the hobby and professional project market. Arduino uses a simple C-derived
programming language that has limited instruction sets. Thus, it allows to easily create
interface circuits, write programs, and control motors and lights. So, therefore, becomes

more user-friendly [83-85].

Picture 3.3. Arduino uno rev3 [86]

3.1.3. Glass materials

e 250 mL 4-necked flask
e 25-50-500 mL beakers
e Petri dishes of 120x20 mm
e Petri dishes of 100x20 mm
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e 100- and 50-mL measuring tapes
e 120 mm funnel

e 40 cc sample jar

3.1.4. Prototype material and electronic apparatus

Plexiglass

Poly-methyl-methacrylate (PMMA), called plexiglass, is a low-weight and break resistant
transparent thermoplastic homopolymer that finds widespread application in various fields.
In order to achieve high specific strength, traditional metal parts used in applications are
replaced with polymers in products. In addition to the fact that they are generally available
and sold in different thicknesses, sizes and shapes such as sheets, rods or tubes, it can
likewise be formed to suit specific designs. Plexiglas is preferred in prototype projects due
to its features such as the lightweight, the dimensional stability, the high optical clarity and

the high resistance to impact, weather, UV lights, chemical material.

Table 3.4. Technical features of the plexiglass

Density: 1.17 g/cc
Ultimate tensile strength (UTS): | 48-76 MPa
Elastic modulus (Tensile): 1800-3100 MPa
Poisson‘s ratio: 0.35-0.4

Thermal conductivity: 0.167-0.25 W/m.K
Specific heat capacity: 1466 J/kg-K

Solenoid valve

In this study, a one-way solenoid valve, which has two 1/2" outputs and operates with 12 VV
DC, has a minimum pressure requirement of 0.02 MPa, is used. This solenoid valve can

operate at different DC voltages such as 6V DC by opening more slowly. A TIP120 or N-
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Channel power FET with 1N4001 flyback diode can be used to drive this valve from a
microcontroller pin. An adapter/battery with 12V 1A power is used as power source.

A

Picture 3.4. Water solenoid valve - 12V - 1/2" [87]

Table 3.5. Technical features of the water solenoid valve - 12V - 1/2"

Working Pressure: 0.02-0.8 MPa
Working Temperature: 1-75 °oC
Response time (open): <0.15 sec
Response time (close): <03 sec
Actuating voltage: 12V (it would work down to 6 V) DC
Actuating life: > 50 million cycles
Weight: 122 gr
Dimensions: 76.2 x57.15x 50.8 mm
Nozzle

Rainbird Van Spray Nozzle Rain Bird 1800 series has adjustable nozzles for sprayers and
UNI-spray. The stainless-steel screw at the top of the nozzle regulates the spray within a

range of 0.9 to 1.2 meters.
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Picture 3.5. Rainbird van spray nozzle [88]

Table 3.6. Technical features of the nozzle [88]

Connection internal thread

Flow 0.05t00,2m3/h

Spray 09tol2m

Operating pressure 1to 2.1 bar
Relay

1 Way 5V of Relay Module is a relay board. This relaycan handle its contacts with 5V by
means of a microcontroller board. Relays are triggered with logic 0 (0V) and draws 20 mA

of current from microcontroller when triggering.

Picture 3.6. One Way 5V Relay Module [89]
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Resistance 330 ohms

A 330R ohm resistor durable up to energy 0.25W.

028 IR T2 mm [
E ™
&.9 mm % e | § S

— o

Picture 3.7. 1/4W 330R resistor

LCD display

The LCD display module used in this study is 2 lines and 16 characters. It is backlit and has
IIC communication interface. An LCD driver can be easily connected to the circuit
connection on the Arduino with 4 pins. It allows us to read the values such as flow rate,

pressure, temperature occurring in the system as a blank.

[CPU Sreed @ 2454;
f cCPU Loaging a BEJ

Picture 3.8. 16x2 LCD Display- Blue Display with 12C Solder

Buzzer

In this study, a piezo buzzer shown in Figure x was used. Piezo Buzzer is a type of acoustic
warning device that works based on piezoelectric principles. It has many usage areas such
as alarm, timer, confirmation response alert. Piezo buzzers are highly preferred because they
have low cost and high performance. They can react differently from each other according

to electric current. Thus, they can produce sounds in different tones at different times.



Picture 3.9. Piezo buzzer [90]

Table 3.7. Technical features of the piezo buzzer [90]

39

Rated Voltage:

Operating Voltage:

Max. Rated Current:
Resonant Frequency:

Min. Sound Pressure Level:
Tone Nature:

Case Material:

Operating Temperature:
Store Temperature:
Weight:

12

8to 15

15 (at 12V DC)
3.3+05

88 (at 12V DC / 30cm)
Continuous

ABS

-20 to + 60

-30 to +70

8

V DC
V DC
mA
kHz
dB

°C
°C

Voltage requlator-LF33CV

In this study, a voltage regulator shown in Picture 3.10 was used. It is a type of regulator

with TO-220 sheath, which is used to reduce the voltage to 3.3V in electronic card circuits.

Picture 3.10. Voltage regulator-LF33CV [91]
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Gas sensor

In this study, a gas sensor with a high accuracy was used for measure of hydrogen gas
volume. This module has MQ2 type Gas sensor. It uses for detect gasses like Liquid Nature

gas (LNG), butane, propane, metane, alcohol, hydrogen and smoke.

Picture 3.11. MQ?2 type gas sensor [92]

Pressure and temperature sensor

In this study, a High Precision Digital Temperature and Humidity Sensor module was
used. It will measure humidity and temperature changes in the system with high precision.

Picture 3.12. High precision temperature sensor [93]
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3.1.5. Characterization devices

The XRD and SEM analyzes are carried out to determine the characterization results of

treated and untreated clays.

The X-Ray diffraction device

In XRD analyzes carried out to determine the pore structure of slag and synthesized catalysts,
Iskenderun Technical University, ISTE Center for Science and Technology Studies and
Research (ISTE-CSTSR), X-Ray Diffractometer (XRD) Laboratory, “Malvern Panalytical
EMPYREAN (3rd Generation) XRD” device used. In this study, Malvern Panalytical
EMPYREAN (3rd Generation) brand/model XRD device is shown in Picture 3.13. The
working principle of the XRD method device is based on the principle that each crystal phase
refracts X-rays in a characteristic pattern depending on their unique atomic arrangement.
The XRD investigation technique does not damage the sample during investigation, also,
permits investigation of even tiny pieces of sample. The XRD device can measure the thin
films and polymers, the amorphous and crystalline materials, quantitative and qualitative

analysis of rocks [94].

Picture 3.13. Malvern panalytical empyrean (3rd generation) XRD device [95]
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Scanning electron microscopy

In SEM analyzes carried out to examine the morphological structure of slag and synthesized
catalysts, Iskenderun Technical University, ISTE Center for Science and Technology
Studies and Research (ISTE-CSTSR), Scanning Electron Microscopy Laboratory, “Thermo
Fisher Scientific Apreo S LoVac SEM” device was utilised. In this study, the working
principle of the Scanning Electron Microscope shown in Picture 3.14 is that the electrons
detached from the electron source are dropped onto the sample with the help of collector
lenses in a column under vacuum. For example, it is based on obtaining information about
its topography and chemical compound. This SEM device has a Field Emission Electron

Gun and 1 nm image resolution at 1 kV and operates in the 0,2 — 30 kV range [96].

Picture 3.14. Thermo fisher scientific apreo S LoVac SEM device [97]
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3.2. Experimental Method, Setup and Test Rig

3.2.1. Experimental method of the BFS-Co-B catalysts synthesis

Firstly, the chemical impregnation-reduction technique was utilized meanwhile the HCI acid
treating process was applied to the Raw GBFS by-product. The impregnation technique,
which is utilized, is one of the best catalyst preparation methods. In this method, the support
material that has porous structure is mixing with an aqueous solution that has one or more
metal compound. Then,other steps of the method such as the waiting a while filtration,
washing, drying and reduction are done to this mixture. The catalyst samples prepare using
the GBFS(-) and GBFS(+) that were load by different percentages of the Co metal powder.
Then, the distilled water and the catalysts such as the Raw BFS, the Co-B-BFS(-) catalyst
and the Co-B-BFS(+) catalyst are used to hydrolysis reaction of the NaBHa.

Preparing of the Co-B-BFS(-) catalysts samples

Firstly, 20 % amount Co nano powder and 2 g the raw BFS powder were blended for through
30 minutes in 100 ml beaker which has 25 ml of distilled water. This process repeating with
another different amounts (30 %, 40 %, and 50 %) Co nano powders. Consequentially, these
raw BFS powder, which were added with various amounts percentages Co nano powders,
were prepared. These powder sludges were filtered and dried at 110°C in the oven.
Thereafter, using 5% NaBH4 powder, 20 ml distilled water and dried BFS-Co mixtures were
reduced with Co ions. Throughout the reduction a black precipitate sludge has occurred,
when it was filtered. This filtered black sludge, which was dried in an oven throughout 24
h, after that, it was manually milled. In the Picture 3.15., the stored GBFS catalyst sample

powders are shown.

! P ! -y
—) _— — | ) -_—
| o \

Co- BFS® powder Dry at 110°C,24 h
+

2 g BFS® powder
+ Dry at 110°C
% Co powder + 20 ml Distilled water

(50°C, 30 rpm, 1 h) 5% NaBH, + 20 ml Distilled water

(50 °C, 30 rpm, 1 h)

Figure 3.2. The flow chart of the preparation steps of the Co-B-BFS(-) catalyst
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a) Base BFS
Base BFS- 3 A‘-"“{'-' : o ’ Base BFS-
iy £ 50% Co-B
Base BFS- Base BFS-
30% Co-B 40% Co-B

Picture 3.15. The granulated raw BFS and the raw BFS supported different % quantity
Co -B catalysts

Preparing of the Co-B-BFS(+) catalysts samples

First step, the 1 M HCI solution was added to the 10 g of Raw GBFS powder that is in a 250
ml beaker. Then, second step is this mixture is mixing method that has the 30 rpm velocity,
the 50-70°C temperature range and 1 h experiment time on the magnetic stirrer. After that,
it was stood during 1-day impregnation time. As a result of this way, slag powder pieces had
a void volume and large surface area. Then, the other steps of impetration (filtration,
washing, drying(110°C)) method was used 3 times. As a result of, the GBFS(+) material that

is treated with HCI acid was prepared.

(1cay ' O
impregnation time)
= — — T
[ Ol \ ' '

10 g BFS? powder
+
1 M HCI solution
(50-70°C, 30 rpm, 1 h)

3 times
Filitration & washed Dry at 110°C
with distilled water

Figure 3.3. The flow chart of the preparation steps of the 1M HCI acid treated Raw BFS
powder
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The preparation steps of Co-B-BFS(-) catalysts were applied in the same way using the
GBFS(+) powder while preparing Co-B-BFS(+) catalysts. In the Picture 3.16., the stored

Co-B-BFS(+) catalyst powders are shown.

! Py ; Py
[ o>\

Co- BFS* powder Dry at 110°C, 24 h
+

2 g BFS* powder
+ Dry at 110°C
% Co powder + 20 ml Distilled water

, -
(50 °C, 30 rpm, 1 h) 5% NaBH, + 20 ml Distilled water

(50 °C, 30 rpm, 1 h)

Figure 3.4. The flow chart of the preparation steps of the Co-B-BFS(+) catalysts

b) 1M HCL BFS
1M HCl- BFS- ' , 1M HCI- BFS-
zosg VCo-B 50% Co-B

>

1M HCI- BFS-30% Co-B 1M HCI- BFS-40% Co-B

Picture 3.16. The acid treated BFS and the acid treated BFS supported different %
quantity Co-B catalysts

3.2.2. Experimental setup and test rig of the hydrolysis reactions of the NaBH4

A reaction vessel with a volume of 250 mL was used in the performance tests of the catalyst
samples. This reaction vessel has four necks and a rounded bottom. Each neck is used for a
different purpose. A PT100 model thermocouple was used to measure the temperature of the
experiment. This thermocouple is fixed to the 1st neck of the reaction vessel, its tightness is
strengthened and its connection to the microprocessor is made. A plastic pipe was used to

discharge the hydrogen gas released as a result of the reaction to the flowmeter. This pipe is
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fixed to the 2nd neck of the reaction vessel, its tightness is strengthened and it is connected
to the desiccant. The hydrogen gas produced is first transferred to the dehumidifier. It is
aimed to separate the water vapor, which can be released as a result of the reaction and can
be discharged together with the gas, from the hydrogen gas. Then, a highly sensitive Alicat
brand flowmeter is used in the experimental setup to determine the amount of hydrogen gas
produced. The flowmeter was connected to the microprocessor and the hydrogen gas output
was recorded throughout the experiment. The reaction model used in this experimental setup
is based on the hydrolysis of NaBH4 to produce hydrogen gas and the catalytic activities of
the synthesized catalyst samples. Performance tests of these catalytic hydrolysis reactions
were carried out with 20 mL distilled water, 2g NaBH4 powder and 0.5 g catalyst sample.
The powder materials used in the experiment were weighed with a precision scale. The water
was measured using a dropping funnel with a tape measure and transferred to the reaction
vessel with this funnel. Finally, the data obtained during the experiment were transferred to
the microprocessor simultaneously and the results of the experiment were recorded on the
computer. The schematic view of the experimental setup used in this study is shown in
Figure 3.5.

eme e e e
} NaBH4-
Catalysts |
Powder P i ﬂ T Ll | _
T Arduino Uno Computer
e — A |
. IAas
Destiletted Hz2 (o) = Ha (q)
Water 4 Necks Glass 8
2 Reaction Vessel Flowmeter
Dehumidifier

Figure 3.5. Experimental setup flow chart

Performance tests of these catalytic hydrolysis reactions were carried out with the raw BFS
powder, the Co-B-BFS(-) catalysts and the Co-B-BFS(+) catalysts sample. The NaBH4
percentage was optimized at 10 % to be able to produce hydrogen gas in sufficient quantity.
Generally, all experiments were started in a 250mL reaction vessel by adding 2g of NaBH4
powder and 0.5g of catalyst sample from the 3rd neck of the reaction vessel and then adding

20 mL of water from the 4th neck of the reaction vessel. This vessel was sealed tightly with
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rubber stoppers and gas sealing Teflon tape. Afterwards, the test vessel was preheated up to
50 °C with the magnetic stirrer-heater. The test temperature was recorded continuously by
means of a thermometer. The hydrogen gas produced was separated from the water vapor
using a bubble-type dehumidifier. As can be seen in Picture 3.17, all mechanical, electronic
and plastic connections of the test system were made and the sealing of all connections was
supported. The volume of hydrogen gas produced during the experiment was measured with
a flow meter. These experimental data were recorded using a microprocessor. Experiments

were repeated at least three times in order to optimize the results.

Picture 3.17. Hydrogen gas production system test rig

3.2.3. Experimental setup and test rig of the hydrogen generator prototype

The water + catalyst mixture was be added with the help of a pump to on the NaBH4 particles
that are in the fuel reservoir. The reaction is expected to occur rapidly at room temperature.
The hydrogen gas produced owing to the fact that the NaBH4 reaction taking place in the
reactor was transferred through the humidifier to the flow meter. The pressure, temperature
and production amounts taken from the flow meter collected by the microcontroller were be
monitored and were be realized with an automatic control system for sustainable electricity

generation.
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Figure 3.6. The test rig of the hydrogen generator system

The algorithm of the autonomous control system was be designed depending on the changes
in reactor pressure. A test station was be installed in this way; the system tests such as
pressure, temperature and the performance of hydrogen production are planned in this
system. The electronic operating performance of systems and autonomous systems
requirements of the system were also be evaluated. After optimal results obtained from these
experimental tests, a prototype of the size that were be integrated into a stack of the fuel cell
were be prepared. It is planned to conduct performance tests of the generator using the
autonomous control system for 1 hour of different working phases and to record the test

results.

3.3. Prototype Design

Firstly, hydrogen gas production trials and performance analyzes were carried out by
manually controlling the generator system, whose installation was completed. Afterwards,
the control card of the analyzed generator was designed, and then autonomous operation
trials were carried out on the prototype. The algorithm of the Autonomous control system of
the Hydrogen Generator depends on the changes in the reactor pressure. By monitoring the
pressure, temperature and production amounts taken from the flow meter collected with the

microcontroller, the initiation of the reaction in the next reaction chamber for sustainable
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electrical energy production is provided by the automatic control system. In this way, both
the system's feedback information was followed and sustainable production was ensured
without any problems [98,99]. The generator, in which the autonomous control system was
used, was put back into the experimental setup and performance tests were done for various
working phases of 1 hour, and the test data were recorded. Consumption values of NaBH4

and catalysts and system cost were calculated in line with the test results obtained.

3.3.1. 3D design and analysis of hydrogen generator

After calculating the quantity of hydrogen gas needed for supply a fuel cell for 1 hour, the
generator’s size and volume and its sections were determined depending on the quantity of
NaBHs powder and water volume required to produce this gas. The quantity of water
required to completely dissolve and hydrolyses 2 g of NaBH4 powder was determined as 20
ml. The first prototype design was made by considering other equipment such as water

pump, nozzle, pipe, sensors and Arduino, whose volumes are given in the material section.

\/I7 » water+catalyst reservoir

\/

Y pump
——— pipe
—— nozzle

» fuel reservoir

» metal mesh

Figure 3.7. The design of the hydrogen generator system

In this study, a four-chamber generator was designed. The design of each of the rooms; It
consists of 4 sections, namely the control unit, the water reservoir, the auxiliary equipment

section and the NaBHa reservoir. The control unit is positioned above these 4 reaction
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chambers. The water reservoir consists of a chamber with a conical structure as a mixture of
catalyst powder and water. It is aimed to provide the necessary water pressure for the water
pump due to the shrinking structure of gravity and the conical structure. The water pump,
sensors and other auxiliary equipment are kept away from water and moisture contact in the
auxiliary equipment section. Water and catalyst solution, the flow of which is controlled by
a water pump, is sprayed on the NaBH4 powder with the help of nozzles and a homogeneous
distribution is achieved. The fuels are discharged from their respective chambers into the
reservoir where the reaction takes place. It is explained in detail in the experimental scheme

and setup section is shown in Figure 3.7.

-

Figure 3.8. The 3D design of the hydrogen generator system

The hydrogen generator , whose size and volume were determined, was manufactured using
plexiglass material. All connections of the generator were pasted with chloroform adhesive

to prevent possible hydrogen leakage, providing a high sealing environment. The first
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hydrogen gas production experiments and performance analyzes of the prototype were
carried out under manual control. The hydrogen generator prototype manufactured was put
instead of the 4-necked glass balloon reaction vessel from the experimental setup used in the
hydrolysis experiments of the catalysts, and the experiments were carried out in the same
experimental setup and the test results were recorded with the help of Arduino. The
hydrogen generator prototype 3D design is shown in Figure 3.8.

3.3.2. Autonomous control card design and writing control system algorithms

Autonomous control card design

The basis of this project is to ensure the continuity of the energy source required for the duty
period of the system, depending on the decrease in the gas level in the system. The gas sensor
placed in the prototype of the gas sensor measures the hydrogen gas level, activates the
water pump when the gas level starts to decrease depending on the situation and enables the

reaction in the second reaction vessel to start.

Pressure And Temperature Sensor

LCD Display

Figure 3.9. The design of the autonomous control system

A temperature and humidity sensor has been added to the prototype to take into account
other environmental conditions that may affect the operating performance of the system.

With this sensor, it works independently of the system's autonomous control, but they are
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programmed to shut down the system when high values are measured. A reference value has
been entered for the operation of the system. When the value measured by the gas sensor
falls below this reference value, the next water pump will be activated and the reaction will
be activated. According to the data coming from the gas sensor, a system mechanism that
works automatically by triggering the 220 V water pump with DC 5V has been established.
The sensors are connected to the analog input of the Arduino. When the gas level drops
according to the values between 0 and 255 read from our sensors, it activates the relay and
controls the water flow. Since the water pump works with 12 volts (it can work minimum 6
volts), it is controlled with the help of a relay. The purpose of the relay is to prevent the
Arduino used in the system from being burned due to the current. Since this process has a
unidirectional working principle, transistor can also be preferred. Values and important

information read from the sensors can be read from the LCD screen.

Autonomous control card design and writing control system algorithms

The working algorithm written for the simultaneous monitoring of the autonomous operation

and working parameters of the hydrogen generator is implemented using the Arduino board.

@ deneme_27 | Arduino 1.8.13 - O >

Dosya Diizenle Taslak Araclar Yardim

_
~

// 8tart up the library
sensors.begin () ;

1

void loop (void)
{
// call sensors.requestTemperatures() to issue a global temperature
// request to all devices on the bus
Serial.print ("Requesting temperatures...");
sensors.requestTemperatures(); // Send the command to get temperatures
Serial.println ("DONE") ;
// Bfter we got the temperatures, we can print them here.
// We use the function ByIndex, and as an example get the temperature from the first sensor only.

float tempC = sensors.getTempCByIndex(0);
v

Picture 3.18. A part of the autonomous control system working algorithm
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The system is programmed using the 1.6.3 version of the Arduino software and the
ATmega328 programming language. Picture 3.18. shows part of the Arduino software that
contains the program's instructions. For the required energy need during the first operation,
since the Arduino should be fed with at least 6 volts and the valves should be work at around
minimum 6 volts, Lithium-Polymer batteries with a capacity of 7.4 V and 2-cell were
preferred.
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4. RESULTS AND DISCUSSION

4.1. Characterization Analyses of BFS Catalysts

4.1.1. XRD characterization analyses

The purpose of characterizing BFS supported catalysts by the XRD is to verify the presence
of minerals in their content. The different peaks that occur in the diffraction peak profiles
during each process can be observed in the below Figures. The Figures.4.1. XRD pattern
figure show the Raw BFS powder. The impacts of acid treatment and Co loading on the
formation of new compounds and amorphous structure in slag-based catalysts upon the
change of synthesis parameters are remarkable. The X-ray diffraction peak values of the raw
BFS examined in this thesis (2e = 29.73, 38.26, 44.5, 51.84, 64.91, 78.05°) indicate the
presence of crystal structures in BFS content. The slag catalysts exhibit highly crystalline
phases containing CaCOs (calcite), Ca(OH). (portlandite), SiO2, AlzO3, Fe;O3 and TiO>
(rutile) [75]. However, the XRD peak profiles of the samples are showed the same strong
peaks at 2e = 38.26° and 44.5° in Figures.4.1.

XRD Patterns of Base BFS Powder
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Figure 4.1. XRD peak profiles of the Raw BFS powder
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Considering the XRD peak profiles of the raw BFS powder, the XRD peak profiles of the
40% Co-B-BFS catalyst obtained after loading 40% Co metal on the raw BFS powder are
given in Figure 4.2. The density and intensity of the peaks in the XRD peak profile of this
catalyst sample decreased according to the XRD analysis of the raw BFS powder, also some

new weak peaks occurred in the Co nano species.

XRD Patterns of BFS support 40% CoB Catalyst Powder
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Figure 4.2. XRD peak profiles of the 40% Co-B-BFS catalyst

Considering the XRD peak profiles of the Raw BFS (BFS(-)) powder, the XRD peak profiles
of the BFS(+) powder obtained by acid treatment of the raw BFS powder with 1M HCI are
given in Figure 4.3. As a result of treating BFS powder with acid, the chemical composition
and structure of BFS powder changes. This process ensures the separation of slag particles,
removes mineral impurities in the slag content, removes metal exchange and proton
exchange cations from the content of the chemical compound. As a result of this process,
the improvements on the catalytic properties and surface reactivity of BFS powder were
investigated. The density and intensity of the peaks in the XRD peak profile of this powder
sample decreased compared to the XRD analysis of the raw BFS powder, but some of the
crystalline peaks converted to amorphous structure. However, comparing the XRD analysis
of raw BFS powder and the XRD analysis of BFS(+) powder, it is seen that there are still
some peaks in the peak profile of BFS(+) powder.
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XRD Patterns of 1M HCI Acid Treated BFS Powder
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Figure 4.3. XRD pattern of 1M HCI acid treated BFS sample

Considering the XRD peak profiles of the BFS(+) powder, the XRD peak profiles of the
40% Co-B-BFS(+) catalyst obtained after loading 40% Co metal on the BFS(+) powder are
given in Figure 4.4. The peaks intensity in the XRD peak profile of this catalyst sample are
shown to differ according to the XRD analysis of the BFS(+) powder, also more new weak

peaks occurred in the Co nano species.

XRD Patterns of 1M HCI Acid Treated BFS Support 40% CoB
Catalyst Powder
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Figure 4.4. XRD peak profiles of the 40% Co-B-BFS(+) catalyst



57

When the structure of materials such as acid-treated clay in the literature is examined, it is
observed that silica formation and degradation in octahedral layers occur. The dissolution of
the plates of the support material after this acid treatment, the increase in the porosity of the
plates and the observation of amorphous silica formation have been supported by many
studies [49]. In addition, depending on the acidity in acid applications, there is a change in
the direction of reduction in micro and mesopores. These results are confirmed by the
changes in XRD peak profiles shown in Figure 4.1 and Figure 4.3. Deformations and
amorphous silica formations occurring in the BFS(+) structure indicate a decrease in the
peak intensity occurring in the characteristic peaks of the material. Protons in the interlayer
spaces are cations of the material and with this process, they start to move around the edges
of the sample particles. As a result of acid treatment of BFS powder, new bridges form "OH
groups and this increases the acidity of the material. In addition, as a result of
dehydroxylation of OH groups, Al, Mg and Fe ions begin to be released from some material
layers such as octahedral and tetrahedral [100].

4.1.2. SEM characterization analyses

SEM imaging technique shows the surface morphologies of the sample crystals; was used
to examine in more detail in terms of shape, size and distribution changes. The raw BFS,
the BFS(+),the Co-B-BFS(-) and Co-B-BFS(+) catalysts are used. Figure 4.5 and Figure
4.6, there are SEM image at (2.00 kV, spot: 8.00 and mag.:1000- 5000) various scales.

The surface morphology of Raw BFS powder changes after being treated with acid,
becoming a more homogeneous surface morphology. However, the size of the particles
decreased and their surface area increased. In addition, while the Co-B-BFS(+) catalysts
were being synthesized, the surfaces of the BFS(+) powder were coated with Co metal

powder almost homogeneously.
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Figure 4.5. (a) SEM image of the Raw BFS powder,
(b) SEM image of the Raw BFS- Co-B catalyst

@

Figure 4.6. (c) SEM image of the HCI acid-treated BFS powder,
(d) SEM image of the acid-treated BFS- Co-B catalyst
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4.2. Performance Analyses of BFS Catalysts

4.2.1. Performance impact of HCI acid on BFS powder and BFS catalysts on

hydrolysis reaction performance

The performances of the catalyst samples prepared using BFS for the purpose of using in
NaBHas hydrolysis were tested experimentally. The raw BFS, %20 Co-B-BFS(+) and %20
Co-B-BFS(-) catalysts were used to do the experiments. The raw BFS and %20 Co-B-
BFS(+) are showed higher performance in experiments. However, both the Raw BFS and
%20 Co-B-BFS(+) was better than %20 Co-B-BFS(-) catalysts. As shown in Figure 4.7.,
the %20 Co-B-BFS(+) were had a high performance for hydrogen production than the raw
BFS. The hydrolysis reaction that using BFS catalysts untreated with acid was completed

in about the same time.
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Figure 4.7. The hydrolysis reaction performance analyses of the Raw BFS, the Co -B-
BFS(-) and the Co-B-BFS(+) catalysts samples

In addition, total hydrogen production volume and the hydrogen gas production average

flowrate of the Raw BFS is approximately 240 L and 54.63 L/min.gcatalyst, respectively.
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These values of %20 Co-B-BFS(-) are approximately 183 L and 48.06 L/min.gcatalyst,
respectively. These values of %20 Co-B-BFS(+) are approximately 277 L and 65.99
L/min.gcatalyst, respectively. In line with these results, it can be said that the reason for this
increase in the catalytic activity of BFS powder by acid treatment is the attachment of more

Co ions to the increased surface area as a result of acid treatment.
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Figure 4.8. The total volume of hydrogen gas of the Raw BFS powder, the Co-B-
BFS(-) and the Co-B-BFS(+) catalysts samples

4.2.2. Performance impact of Co nano powder % quantity on hydrolysis reaction

performance

When the literature studies are compared, it is seen that the effect of Co metal addition on
Co-B-BFS(+) catalysts is more effective than the sepiolite clay supported Co-B catalyst
[49]. Catalyst samples were prepared by loading different percentages of Co nano powder
into BFS(-) and BFS(+) powders. In these experiments, the effect of these Co nano powder
percentages on the catalytic performances will be investigated. Experiments were made by
adhering to the experiment method in the experiment setup section. In the experiments,
20%, 30%, 40% and 50% Co-B-BFS(-) catalyst samples and 20%, 30%, 40% and 50% Co-
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B-BFS(+) catalyst samples were used. For this reason, the experimental results were
analyzed in the different sections.

Impact of different % quantity Co nano powder addition on the Raw BFS catalysts samples

Average hydrogen gas production rates of the 20%, 30%, 40% and 50% Co-B-BFS(-)
catalysts samples are approximately 48.06, 65.71, 61.73 and 44.4 L/min.gcatalysts,
respectively. As shown in Figure 4.9, the 30% Co-B-BFS(-) and 40% Co-B-BFS(-)
catalysts samples results showed high performances in hydrogen gas production reaction.
The Co-B-BFS(-) catalyst samples create a noticeable change in reaction temperature.
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Figure 4.9. The hydrolysis reaction performance analyses of the 20% Co-B-BFS(-), 30%
Co-B-BFS(-), 40% Co-B-BFS(-) and 50% Co-B-BFS(-) catalysts samples

The completion times of these hydrolysis reactions are shown in Figure 4.10. Hydrolysis
reactions using the 20%, 30%, 40% and 50% Co-B-BFS powder catalysts samples were
completed in approximately 20, 26, 28 and 24 minutes, respectively. The highest total
hydrogen gas production amount of the 20%, 30%, 40% and 50% Co-B-BFS powder
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catalysts samples is approximately 341.70 L. These experiments show us the importance of
the amount used in Co nano powder loading on the outcome of the hydrolysis reaction.
Looking at the graph, it will be seen that hydrogen production reached the highest peak
when the amount of Co nano powder was 30%. Therefore, using less or more than 30% of

Co reduces the catalytic activity.
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Figure 4.10. The total volume of hydrogen gas of the 20% Co-B-BFS(-),30% Co-B-
BFS(-), 40% Co-B-BFS(-) and 50% Co-B-BFS(-) catalysts samples

Impact of different % quantity Co nano powder addition on the BFS(+) catalysts samples

The average hydrogen gas production rates of the 20%, 30%, 40% and 50% Co-B-BFS(+)
catalysts samples are approximately 66.98, 61.4, 66.36 and 65.16 L/min.gcatalysts,
respectively. As shown in Figure 4.11, the 40% and 50% Co-B-BFS(+) powder catalysts
samples had higher performances in the hydrogen gas production reaction. The catalyst
samples, which show a linear increase in hydrolysis reactions, show the same linear effect
on the temperature of the reaction, while creating a noticeable effect on both the average

hydrogen gas production rate and the efficiency of hydrogen gas production.
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Figure 4.11. The hydrolysis reaction performance analyses of the 20% Co-B-BFS(+), 30%
Co-B-BFS(+), 40% Co-B-BFS(+) and 50% Co-B-BFS(+) catalysts samples

The highest total hydrogen gas production amount of the 20%, 30%, 40% and 50% Co-B-
BFS(+) powder catalysts samples is approximately 338.81 L. These experiments show us
the importance of the amount used in Co nano powder loading on the outcome of the
hydrolysis reaction. Looking at the graph, all samples will be seen that hydrogen production
reached the linear peaks. Therefore, Co nano powder adding has created a noitable effect
on the efficiency of the hydrolysis reaction. Also, 40% Co nano adding has created big
effect on catalytic activity and the total hydrogen production value was increased higher
than %10.



64

350

325

300

275

250

225

200

= =
w1 ~
(=] wi

-
P
w

-]
i

Total Hydrogen Production (L)
wn =Y
(=] (=]

]
i

0
00:00:00 00:02:53  00:05:46 00:08:38 00:11:31 00:14:24 00:17:17 00:20:10 00:23:02 00:25:55 00:28:48

Time (hh:mm:ss)

—Acid treated %20 Co-B-BFS —Acid treated %30 Co-B-BFS Acid treated %40 Co-B-BFS —Acid treated %50 Co-B-BFS

Figure 4.12. The total volume of hydrogen gas of the 20% Co-B-BFS(+), 30% Co-B-BFS(+),
40% Co-B-BFS(+) and 50% Co-B-BFS(+) catalysts samples

4.2.3. Performance impact of the catalyst quantity on hydrolysis reaction performance

In this section, the effect of the change in the amount of catalyst on the catalytic activity
was investigated with the addition of 40% Co-B-BFS(+) powder catalyst sample used in 3
different amounts such as 0.2 g, 0.3 g and 0.5 g. the results of the experiment are showed
in Figure 4.13. As can be seen in the Figure 4.13 and Figure 4.14, with the increase in the
quantity of catalyst, the reaction time shortened.
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Figure 4.13. The performance analysis of the impact of the catalyst quantity on hydrolysis
reaction

Although, based on the test results, it is observed that the hydrogen gas production rate
decreases. When 0.2 g catalyst was used, the experiment took about 25 minutes and the
hydrogen gas production reached 319.86 L and the highest hydrogen gas production rate
was 2.1 L/min.gcatayst. The reaction was completed in less than 15 minutes and the quantity
of hydrogen produced was 174.04 L and the highest hydrogen gas production rate was
measured 1.23 L / min.gcatalyst, When the 0.3 g catalyst quantity was used. When the 0.5 g
catalyst quantity was used, the reaction time is approximately 15 minutes, the quantity of
hydrogen produced was 177.33 L and the highest hydrogen gas production rate was
measured 1.23 L / min.g caayst. The reaction time was shortened, but the quantity of
hydrogen gas production decreased during the reaction, when the quantity of the 40% Co-
B-BFS(+) powder catalyst sample was increased. According to the results of the literature
studies and these experiments in the thesis, the hydrogen gas production rate in applications

can be controlled by changing the amount of catalyst.
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Figure 4.14. The performance impact of the catalyst quantity on the total volume of hydrogen
gas

4.2.4. Performance impacts of the NaBHs4 quantity on hydrolysis reaction

performance

In this section, hydrolysis reaction experiments were carried out using 0.2 g 50% Co-B-
BFS(+) powder catalyst sample and 3 different concentrations (7.5%, 10% and 15%)
NaBH4 solution. The effect of the amount of NaBH4 powder on hydrogen gas production

was investigated.

As shown in Figure 4.15., the average and maximum flowrates of hydrogen produced from
this hydrolysis reaction increase linearly due to the change in NaBH4 concentration. The
total volume of hydrogen gas production obtained are 168.48, 337,88 and 232.17 L
respectively. Additionally, the average rates are 56,14, 67,58 and 72,55 L/min.gcatalyst, the

maximum rates are 1.85, 2.25 and 2.60 L/min.gcatalyst, respectively.
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Figure 4.15. The performance analysis of the impact of the NaBH4 quantity on hydrolysis
reaction

As shown in Figure 4.16., the total volume of hydrogen gas production reached optimum
value when the %10 NaBH4 concentration was used. This may be due to the blocking of
the catalytic activity, both by coating the active sites on the surface of Co-B-BFS catalysts
by sodium metaborate crystals that are formed as a result of the hydrolysis reaction, and the
adsorption saturation that inducted with BH4- ions [31]. In the literature, this situation is
similarly observed in other studies using many various catalyst samples [101,102]. In
applications, very low concentrations are not preferred because they cannot provide
sufficient hydrogen gas to the system [103]. Because they cannot supply enough hydrogen

gas to the system, low reactant concentrations are not preferred in applications [36].
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Figure 4.16. The performance impact of the NaBH4 quantity on the total volume of hydrogen
gas

4.2.5. Performance impacts of the temperature on hydrolysis reaction performance

The number of molecular collisions in catalytic reactions increases with temperature. As a
result, high reaction rates are observed in catalytic reactions [104-106]. In order to make
hydrogen gas production measurements more accurate and easier, the optimum temperature
is preferred [26,107,108]. The quantity of hydrogen gas production increases in direct
proportion to the temperature in all the experiments. Therefore, the effect of preheating
temperature on the hydrolysis reaction was investigated using 20% Co-B-BFS(+) catalyst
sample. The variation of hydrogen gas production rates with time is shown in Figure 4.17.
Looking at the graph, it is observed with the activation of hydrogen formation that the
catalysts are activated at temperatures above 30 °C. As a result, it can be said that there is

a need for preheating or an induction time in catalytic reactions.
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Figure 4.17. The performance analysis of the impact of the preheating temperature on
hydrolysis reaction

The 20 % Co-B-BFS(+) catalyst samples were used to investigate the temperature impact
of hydrolysis reactions containing 10 % NaBHs on hydrogen gas production rate at
preheating temperature 40°C, 50°C and 60 °C and is shown in Figure 4.17. As can be seen
in the figures, the preheating temperature has a great influence as catalysts in this hydrolysis
reaction. The maximum hydrogen gas production rates were measured as 1.85, 2.1 and 2.85
L /min.gcatalyst, respectively. The linear increase in the preheat temperature is likewise
observed at the maximum and average flow rate of the hydrogen gas produced. According
to these data, a linear increase is observed in the hydrogen gas production rate obtained
with preheating temperature at 40 to 60°C. In Table 2.6, the comparison of hydrogen gas
production rates, that produced at different preheating temperatures in the literature studies,
are given [49,52,60-62]. As shown in Figure 4.18, the total hydrogen gas production
volumes of hydrolysis reactions, that are with reaction times of approximately 23 minutes
and were preheating up to 40, 50 and 60°C, are 275.64, 270.80 and 309.82 L, respectively.
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Figure 4.18. The impact of the preheating temperature on the total hydrogen gas

4.2.6. Performance impacts of the PVA film on hydrolysis reaction performance

70

In this section, the effect of PVA film coating on the hydrolysis reaction is investigated.

The powder mixture consisting of 2 gr NaBH4 powder and 0.2 gr 30% Co-B-BFS(+)

catalyst sample was coated with PVA film and turned into a tablet. Afterwards, the

experiment was completed by using the hydrolysis reaction test method used in the thesis.
The reaction of both 30% Co-B-BFS(+) catalyst/NaBH4 powder mixture uncoated with
PVA film and 30% Co-B-BFS catalyst/NaBH4 powder mixture coated with PVA film was

completed in equal time. As shown in Figure 4.19, the uncoated sample showed high

catalytic performance than the coated sample in the hydrolysis reaction.
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Figure 4.19. The performance analysis of the impact of the PVA coating on
hydrolysis reaction

The maximum hydrogen gas production rates of the uncoated and the coated samples are
2.35 and 1.40 L/min.gcatalyst, respectively. Additionally, the average rates and total
volumes of the uncoated and the coated samples are 61.43 and 51.50 L/min.gcatalyst; 307.13
and 216.29 L,respectively. As a result of the hydrogen gas production started after 40
seconds than the uncoated sample and their production starting temperature and reaction
times were same, but their production quantities were decreased. The reason for this is that
when the PVA film dissolves, it reduces the fluidity of water. The quantity of PVA film
and the quantity of NaBH4 were equal in this experiment. This impact would be reduced

when using the big quantity of NaBH4 and water.
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Figure 4.20. The impact of the PVA coating on the total hydrogen gas

Picture 4.3 shows powder samples coated and uncoated with PVA film. At the end of the
36-hour waiting period, the sample that was not covered with PVA film completely turned
into gas form, but no change occurred in the PVA-coated sample. According to the reaction
results, although coating with PVA film had negative effects, it prevented the contact of the
sample mixture with moisture and oxygen in the environment, making it more durable. Thus,
the dosage adjustment problem of the user in portable applications and the effects of adverse

environmental conditions are eliminated.

Picture 4.3. The impact of environmental conditions on the uncoated NaBH4 powder and
on the NaBH4/BFS catalyst powder coated with PVA
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4.3. Performance Results of Prototype Design

Firstly, manual experiments have been carried out in order to record hydrogen gas
production and reaction conditions such as hydrogen flow, generator' temperature, generator'
pressure and to evaluate the prototype's feasibility, sealing, efficiency and performance. The
sealing and the performing experiments were made using Co nano powder instead of a small
quantity of synthesized Co-B-BFSs catalyst sample in this part. After then, the Co-B-BFSs

catalyst samples were used in autonomous experiments of prototype.

4.3.1. Manual performance experiments of the prototype

The manual experiments of prototype were carried out using 2 g of NaBH4, 20 ml of distilled
water and Co nano powder as a catalyst was used in 2 different amounts as 0,2 gand 0, 5 g.
A series of experiments were carried out until the sealing of the prototype was optimized.
That is the sealing of the prototype was increased until the quantity of hydrogen gas produced
by the Co nano powder in the glass reactor vessel and the quantity of hydrogen gas produced

in the prototype were approximately the same.

Co Nano powder Hydrolysis Reaction

Flowrate Hydrogen (L)

0,00
Q0:00n00 OMO2:33 00546 0O0E:38 O011:31 00:14:24 001717 OOe20:10 OCeE3:02

Time [mm:ss)
—8—Co_05g —8—Co_0,2g

Figure 4.21. The hydrogen gas production flowrate of the Co Nano powder hydrolysis
reaction
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In the experiments with 0,2 g and 0,5 g of Co nano powder, the total flow rates are
approximately 340 L and 360 L, respectively. The total hydrogen amounts of the 0,2 g and
0,5 g Co powders are very close to each other, but the reaction using 0,5 g of Co powder
ends 2 times faster. As can be seen in Figure 4.21 and 4.22, the reaction time shortened with
the increase in the quantity of catalyst, however, the hydrogen gas production rate decreased.
Figure 4.21. is show relatively constant hydrogen flow (of about 17,5 L/min) along 20 min.
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Figure 4.22. The total hydrogen production of the Co Nano powder hydrolysis reaction

4.3.2. Autonomous performance experiments of the prototype

Lastly, each part of the 4-segment generator prototype was started at end of previous
segment's hydrolysis reaction. The hydrolysis reactions of the Co nano powder end suddenly,
therefore, using Co nano powder was not efficient in manual 4-segment experiments.
Depending on the decrease in hydrogen gas in the system, it may be considered to change
the algorithm to be used for activating the next segment for some special cases. The
autonomous experiments of prototype were carried out using 2 g of NaBH4, 20 ml of distilled
water and 0,5 g Co nano powder and the %40 Co-B-BFS(+) catalyst powder as catalyst were

used. Hydrogen production performance graphs of the %40 Co-B-BFS(+) catalyst powder



75

and the Co nano powder were given in the performance results of catalysts in other parts of

this thesis. A series of performances experiments were carried out until the autonomous

controlling of the prototype was optimized.
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Figure 4.23. The working flowrate performance of the Co nano powder catalyst in the 4-part
autonomous hydrogen generator

The results of the Co nano powder performance experiments were shown in Figure 4.23.
The results of this experiment such as the working time the maximum flow rate of the
reaction, the average flow rate and the maximum flow rate of the 4-part autonomous
generator were almost 58 minutes, 2.15 L/min.gcatalyst and 2.90 L/min.Qcatalyst, respectively.
Each part of the 4-part generator was started when the rate of the previous segment's
hydrolysis reaction to decrease. A working time is designed to have a maximum
instantaneous hydrogen production of almost 3 L / min.gcatayst continuously for 1 hour. In
this working cycle, the quantity of hydrogen produced instantaneously decreases to 1 L /

MIN.geatalyst from time to time.
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Figure 4.24. The working flowrate performance of the Co-B-BFS(+) catalyst in
the 4-part autonomous hydrogen generator

The results of the %40 Co-B-BFS(+) catalyst performance experiments were shown in
Figure 4.24. The results of this experiment such as the working time the maximum flow rate
of the reaction, the average flow rate and the maximum flow rate of the 4-part autonomous
generator were almost 57 minutes, 2.33 L/min.gcatalyst and 3.05 L/min.gcatalyst, respectively.
Each part of the 4-part generator was started when the rate of the previous segment's
hydrolysis reaction to decrease. A working time is designed to have a maximum
instantaneous hydrogen production of almost 2.33 L / min.gcatalyst continuously for 1 hour.
In this working cycle, the soft ripples are spied on the hydrogen-produced quantity from time
to time. These ripple situations can be adjusted by increasing the quantity of NaBH4 used
according to the instantaneous hydrogen requirement of the system to which the generator

will be connected.
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5. DISCUSSIONS

5.1. Discussions of BFS Catalysts

The hydrogen gas production rates of Co-based catalysts that are given in Table 5.1., are
lower than the hydrogen gas production rates of these catalysts. Consequently, these
catalysts with high catalytic activity can be an alternative catalyst for hydrolysis

applications.

Table 5.1. The comparation of some Co-based catalysts’ hydrogen gas production

performance
Catalyst’s Support NaBHs  Hydrolysis Hydrogen References
type Material (wt %) temperature  production rate
(°C) (L/min.gcatiayst)

Co powder | - 1 25 0,13 [30]
Co-B - 20 30 2,75 [60]
Co-B Graphane 8 50 56,61 [63]
Co-B Acid treated 5 30 1,49 [49]

sepiolite clay
Raw BFS - 10 50 54,63 This thesis
Co-B Raw BFS 10 50 48,05 This thesis
Co-B Acid treated 10 50 65,99 This thesis

BFS

In line with the results obtained from the experiments, the study successfully achieved the

two main objectives aimed at the beginning of the project.
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Table 5.2. Comparing of the BFS catalysts samples experimental analysis

Hydrogen Flowrate
Production Catalyst Type (L/min Geataye)
ycatalys
Properties '
Acid treated 0
BES % Co-B
Optimum H;
. + 40 66,3
production
Instant
maximum H: + 20 65,9
production
Total H2
. ke 30 65,7
production
Maximum H>
production at low - 20 48,05
temperature
Easy production
yP ] 30 65,7
process
Efficient H - 30 65,7
production + 50 65,15

Firstly; alternative cheap catalysts were produced instead of the expensive noble metal
catalysts that are used in the NaBHa4 hydrolysis reaction. However;

I. A new usage area of the slag by-product has occurred with the synthesis of these
catalysts. In this way, a new alternative method has been found for slag waste
recycling, which is the main problem of the iron and steel industry. Waste recovery
was achieved by using slag by-products produced in large quantities in iron and steel
industry processes. By recycling the slag, the quantity of waste, the cost of waste
disposal and energy use will be reduced. As a result, both environmental and

economic gains are expected to be achieved.
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The use of by-products with high metal content in the hydrolysis reaction of the
chemical NaBH4 has been paved.
The availability of NaBH4 in solid form in the hydrolysis reaction has been

increased.

5.2. Discussion of Hydrogen Generator Prototype

Secondly; It is the development of an autonomous and portable Hydrogen generator.

In the results of working;

Vi.

Vil.

viii.

The BFS by-product is deposited in hydrochloric acid solutions and activated.
Supported catalysts were synthesized using Co nano powder.

Slag powder supplemented using Co nano powder has been tested in a series of
experiments. The impact of each method on the hydrogen gas production rate and the
characteristics of the slag supported catalysts in the hydrolysis reaction were
extracted.

The impacts of different component ratios, catalyst concentration, reaction
temperature, water flow rate on the production performance of hydrogen gas were
determined.

In this hydrogen generator prototype, the chemical material NaBH4 was used in solid
form. There are examples of hydrogen generator designs or prototype works in the
world. However, in these designs, NaBH4 solution is used as fuel.

It is seen that there are problems such as the continuity of the system, durability and
low gravimetric Hydrogen storage capacity in the designs of the solution-used
Hydrogen generators. It is planned to solve the problems of solution supported
designs with the use of solid-state boron hydrides.

The use of solution increases the weight of the systems and requires the transport of
the liquid solution to sustain hydrogen gas production. With the use of solid-state
boron hydride, the weight of the system decreased. In addition, the extra load weight
is reduced by the volume of water, with the fuel material transported in powder form
instead of solution.

Since the fuel will be in solid form, it has been easily transported, but the user will
have a dosage adjustment problem in applications.

The use of stabilizers required to stop the low hydrolysis of NaBH4 aqueous solutions
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is expected to disappear.
The shelf life of the storage system is increased by adding solid NaBH3 to the reactor.
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6. CONCLUSION

In recent years, although there has been an increased interest in solid-state NaBH4
hydrolysis, limited studies have been conducted on this subject in the literature. Studies are
generally based on catalyst synthesis and focus on hydrogen gas production. With the
catalyst synthesis made in the first part of this study, a cheap and efficient catalyst has been
added to the literature and a new waste recycling alternative has been introduced for the iron
and steel industry, which has a high potential in our country. The supported Co-B catalyst
on the BFS treated with hydrochloric acid was synthesized by the impregnation method for
hydrogen generation from catalytic hydrolysis of NaBH4. This result indicates that the acid
treatment on slag is quite successful. As a result of the mutual effects of the reactions of
NaBH; with these materials, the combination of these materials has various advantages such
as hydrogen gas production rate and fuel conversion. The hydrogen generation amount and
rate analyzed regulated by changing chemicals weight ratios, amounts, reaction temperature,
water types etc. The impacts of component ratios, catalyst concentration and water content

on the hydrogen gas production performance of the system have been explained.

The best performance of these powder mixture is showed the acid treated BFS catalyst
sample supported 40% and 50 % Co-B/NaBH4 mixture when average hydrogen gas
production rate approximately 65 L/min.gcaalyst With high efficiency within 25 min at
maximum preheating 50 °C. The acid treated BFS catalyst/NaBHs mixture may be applied
as a portable hydrogen generation material. A new field of research has been opened
regarding the use of by-products with high metal content. In addition, the use of solid-state
NaBH4 hydride in studies where hydrogen generator design is carried out is very low. With

this study, it is aimed to close the gap related to solid state NaBH4 hydrolysis in the literature.

In addition to solid state NaBHa4 hydrolysis, the energy needed by portable systems such as
radios, telephones, night vision devices used in defence technologies is met by traditional
energy storage technologies, which are large in volume and heavy in mass. For these
systems, it is of great importance to develop lighter and more efficient alternative
applications such as hydrogen generators instead of heavy energy storage technologies. With
the outputs obtained as a result of the prototype work, the problems in the insufficient energy

capacity of the batteries used as the traditional method have been solved. The weight and
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volume of the systems have been reduced, thus increasing their duty times. This project is
expected to be of great strategic importance for applications used in the defence industry,
camping and mountaineering activities. In terms of military defence systems, the
development and production of systems locally is important for national security. Given the
requirements in military or civilian life worldwide, it is important both academically and
commercially to lead the development and manufacture of these systems, which are of high

strategic importance due to the large gaps that exist in this market.
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