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Abstract

The hydrolysis of sodium borohydride (NaBHg) over efficient metal catalysts is a
promising approach to hydrogen storage. An alkali such as NaOH is often added to
stabilise the system in practical applications. The concentration of the NaBH4 solution
should be as high as possible to improve energy density of the system, However, the by-
product sodium metaborate (NaBO,) would become saturated and precipitate from the
solution when the concentration of sodium borohydride is over a limit, resulting in piping
blockage and the decrease of the catalyst efficiency. The theme of this thesis was to
investigate the maximum NaBH, concentration. Below the maximum concentration, the
precipitation of the by-product will not occur, and above the maximum concentration, the
by-product tends to precipitate from the solution. Hydrogen generation rate was then

investigated up to high concentration.

The maximum concenfration was studied using a thermodynamic approach. The
relationship between the solubility and the temperature was derived based on the equality
of the chemical potential of the solute in solution and in its solid state. The solubility data
of NaBH; and NaBOQ, were obtained by analysing the phase diagrams of NaBH;-NaOH-
H,O and NaB0,-NaOH-H;0 respectively. The model parameters were then determined
by regression of the solubility data and the temperature. Activity coefficients of NaBH,
and NaBO; were needed during the regression and these were achieved by hydration
analysis of the phase diagrams. The maximum concentration of NaBH,4 was obtained by
taking the maximum between the water in saturated NaBH, solution and the sum of the
water in saturated NaBO; solution and the water consumed for hydrolysis. The maximum
concentration of NaBHj is mainly determined by the solubility of NaBO,. The modelling

of the maximum concentration was then validated experimentally.

The rate of hydrogen generation from NaBH, hydrolysis was then investigated over
carbon supported ruthenium catalyst over a wide range of concentrations. The intrinsic
hydrolysis rate is zero-order to NaBH, concentration, and has a linear relationship with
the basicity of the solution (-In[OH]). The overall kinetics was modelled by building
diffusion and heat effect into the intrinsic rate expression. Experimental results agree well

with model prediction.
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b Thiele modulys

Subscript

B NaBOQO; or NaBH4
p Pressure

eff  Effective

i Initial

f Final

H, hydrogen

HA4  General acid
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Chapter 1

Introduction

1.1 Motivation and Objectives

With the progress of human society and the population growth, the use of energy and the
exploitation of energy resources has expanded rapidly. A good supply of energy has
become an indispensable factor for economic development. The history of humanity is in
fact the history of the availability and utilisation of energy. Each revolution in new energy

utilisation brings about significant progress in human society.

In ancient times, people were able to use the power of water to drive watermills for
grinding grain and the power of wind energy for pumping water and driving ships. The
beginning of the industrial revolution in the 19" century in Great Britain saw the use of
fossil fuels on a large scale. The extensive use of coal and oil has made a great
contribution to the development of modern industries. Various energy conversion devices
were then invented to enable the use of fossil fuels to drive automobiles, aeroplanes and
other means of transport, to generate electricity, to heat and to cook. Nowadays, nuclear
energy, wind energy, hydro-energy and solar energy are in use. However, fossil fuels still
play a dominant role in the world, and it will still account for the main part of energy

sources in the foreseeable future.

Unfortunately, fossil fuels are not a renewable resource, They will eventually become
depleted. Moreover, the emission of carbon dioxide and NO, gases has been linked to the
problem of global warming. These present challenges to the world and have become key
factors that must be considered for a sustainable development in the 21% century. A
sustainable energy supply has thus become increasingly necessary. Prof. George A Olah,
the winner of the Nobel Prize in chemistry in 1994, pointed out in 1991 that “Oil and gas
resources under the most optimistic scenarios won’t last much longer than through the
next century. Coal reserves are more abundant, but are also limited. ... I suggest we should
worry much more about our limited and diminishing fossil resources” [1]. In order to
tackle the challenge of diminishing fossil fuel reserves and the ever-increasing

environmental problems, great attempts have been made to improve energy efficiency and



to explore clean and renewable energy sources.

Renewable energy refers to the energy obtained from sources that are essentially
inexhaustible [2], which includes bio-energy, hydro-energy, geothermal energy, solar
energy and hydrogen energy. Bio-energy is the energy released from the reaction of
biomass with oxygen [3]. Biomass is a flexible feedstock capable of conversion into
solids, liquid and gas (such as methane, carbon monoxide, ethanol and charcoal) by
gasification method [4]. The bio-fuels obtained can be used to substitute fossil fuels. The
biomass feedstock can be agriculture and forestry waste, energy crops, landfill and
sewage gas and municipal solid waste. Solar energy is the sun’s radiant energy.
Geothermal energy is the energy contained as heat in the interior of earth, such as natural
steam and hot water. The origin of geothermal energy is linked with the internal structure
of the earth and the physical processes occurring there [5]. Wind energy refers to the

power produced by the flow of air hamessed by humans.

Strictly speaking, bio-fuels are not clean since the combustion products contain carbon
dioxide. Geothermal energy, hydropower and wind energy are region-restricted, They are
not available everywhere. For example, wind energy is distributed mainly in the US,
Spain, Germany, India and Denmark [6], while hydro-energy is concentrated in the US,
Brazil and China [7]. The most promising renewable energy sources should be solar

energy and hydrogen fuel since they are clean.

Hydrogen is the only universal fuel that can run everything from spaceships to
automobiles as summarized in Figure 1.1. It can be used in liquid or gaseous form in jet

engines, internal combustion engines and fuel cells.
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Figure 1.1 The uses of hydrogen in a liquid or gas form.

The main problems are how to generate hydrogen from renewable resources and how to
store it in a manageable form since hydrogen has the minimum density among all the
gases and hence takes up a lot of storage space for a comparable amount of energy. The
two aspects of the problem are equally important. At the present time, the lack of practical
storage methods has hindered the more widespread use of the renewable and
environmentally friendly hydrogen fuels. Various methods have been investigated for
hydrogen storage such as high-pressure gas cylinders, liquid hydrogen, adsorption using
carbon nanotubes and metal hydride compounds. Research so far has proven that the use
of the hydrolysis of sodium borohydride (NaBH,4) is one of the most promising methods
of producing hydrogen. This is because NaBH; is a stable compound and the hydrolysis

reaction can be carried out in very mild conditions[8, 9].
The main advantages of using sodium borohydride are as follows:

High temperature is needed for producing H; by some methods, but via the hydrolysis of
NaBHy, H; can be produced in a more controllable way at a wide and moderate
temperature range (from —5°C to 100°C). NaBHj is a non-flammable liquid at normal
pressure. During the hydrolysis, there are no side reactions or other volatile products. The
generated hydrogen has a high purity (no carbon monoxide and sulphur) with just some

water vapour, However, there are two main barriers for its commercialisation. One is

3



how to improve its energy density. The other is how to recycle the by-product sodium
metaborate (NaBO»),

The theme of this thesis is to gain insight into the utilization of the hydrolysis of sodium
borohydride centred on the concentrated NaBH,4 solution. Using concentrated NaBH;
solution for Hy production is desirable because it can assure the H; storage density.
However, if the concentration is too high it leads to precipitation of the by-product,
NaBO;, which leads to pipe blockage and a decrease in catalyst activity. In this thesis, the
maximum concentration of NaBH; that can be used in the system is studied

thermodynamically and kinetically.

The solution of NaBHj is not stable at room temperature because hydrolysis occurs and
hydrogen is released gradually. A base, typically NaOH, is used as the stabilizer. The
effect of NaOH on optimal concentration of NaBH4 and the hydrogen generation rate is

also extensively studied in this thesis.

Experiments are carried out to test the effects of various factors on the rate of hydrogen
generation, including temperature and the concentration of NaBH,4, NaOH and NaBO,.
Based on the experimental results, an empirical model is obtained to simulate the reaction

and predict the hydrogen storage density.

In the rest of this chapter, the basics of energy systems and the background of the research
are reviewed. The related theories of chemical thermodynamics are introduced in the

chapters where they are used.

1.2 Basics of Energy Systems
1.2.1 Energy and Power

Energy has various definitions. In physical sciences, energy refers to the capacity of doing
work: that is to move an object against a resisting force [10]. In everyday language, the
word ‘power’ is often used as a synonym for energy. But when speaking scientifically,
power is defined as the rate of doing work, that is, the rate at which energy is converted
from one form to another, or transmitted from one place to another [11]. The unit of
measurement of energy in the SI system is ‘joule’ (J), and the unit of power in the SI

system is ‘watt’ (W).



1.2.2 The Forms of Energy [7, 11]

Energy can take many different forms. At its most basic level, it can be classified into four

types: kinetic energy, gravitational energy, electrical energy and nuclear energy.

Kinetic energy is the energy possessed by any moving object. Thermal energy, or heat, is
the name given to the kinetic energy associated with the random motion of molecules of

any matter.

Gravitational energy, also termed gravitational potential energy or potential energy, is
(simplistically) the energy due to position difference with the earth. Gravity is an
insignificant force at the molecular level. However, a major application of gravitational
energy is hydro-electricity, in which the potential energy of water is changed into

electrical energy.

Electrical energy is the energy associated with the electrical force between atoms that
constitute matter. Chemical energy can be considered as a form of electrical energy.
Another form of electrical energy is that carried by electrical currents: organized flows of
electrons in a material. The third form of electrical energy is that carried by

electromagnetic radiation (energy).

Nuclear energy is the energy bound up in the nuclei of atoms. It is released by the fission
or fusion reactions of nuclei, notably uranium-235 and plutonium-239. The complete
fission of a kilogram of uranium-235 should produce, in principle, as much energy as the
combustion of over 3000 tonnes of coal. In practice, the fission is incomplete and there
are other losses. The heat generated by nuclear fission in a nuclear power plant is used to
generate high-pressure steam, which then drives steam turbines coupled to electrical

generators, as in a conventional power station.

1.2.3 Fuel

A fuel is a substance which interacts with oxygen and in doing so releases energy and
changes into different chemical compounds—~the combustion products [11]. According to
this definition, wood is a fuel but sand not. The energy released in this process is termed

the energy content of the fuel.

1.2.4 Energy Services



Mankind does not actually need energy carriers such as coal, oil, wood or electricity. We
need energy services. Unlike energy, energy services are independent of technology and
can not be easily quantified. For example, when we drive a car, we have used an amount
of fuel: energy. The energy service in this case might be described as the distance we
travel. We live in a warm and cosy house; we bumn gas, energy, to heat the radiators. For
heating purposes, the energy service is often described as the room temperature desired
[12].

1.2.5 Primary Energy

Primary energy is the total energy ‘content’ of the original resource. Present main
resources are fossil fuels (coal, oil and natural gas), biofuels (wood, straw, etc.), nuclear
power stations, hydroelectric and geothermal plants and other ‘renewables’ such as solar

or wind power.

The measurement of the consumption of primary energy in the world has two units: units
based on oil and units based on coal. One tonne of oil equivalent (toe) is the heat energy
released in the complete combustion of 1000 kg of oil, which is 41.88 GJ (world average
value). The commonly used unit is millions of tonnes of oil equivalent (Mtoe), which is

approximately 4.2 x 10" 1.

1.2.6 Energy Efficiency

In the use of energy for various purposes, not all of the energy can be converted to the
desired work according to the second law of thermodynamics. The concept of energy
efficiency is thus raised. The conversion efficiency of any energy conversion system
(often simply called the efficiency) is defined as the useful energy output divided by the

total energy input, as shown in equation (1.1).

Efficiency = g" x100% (1.1

1

where E,, is the energy output and Z; is the energy input. In another definition as given by
the World Energy Council, energy efficiency has the sense of what is usually understood
with an implicit reference to technological efficiency only: it encompasses all changes
that result in decreasing the amount of energy used to produce one unit of economic

activity (e.g. the energy used per unit of GDP or value added) or to meet the energy



requirements for a given level of comfort. Energy efficiency is associated with economic
efficiency and includes technological, behavioural and economic changes. Energy
efficiency improvements refer to a reduction in the energy used for a given energy service

(such as heating and lighting) or level of activity.

1.2.7 Prime Mover

The prime mover is a device that converts the energy of any natural source into motive
power: the driving power of machines. Any system designed to obtain continuous motive
power from heat is called a heat engine. The heat energy comes from the combustion of
fossil fuel or nuclear reaction. Heat enginés can be classified into external combustion
engines, such as steam turbines and jet turbines for aircraft, and internal combustion -

engines.

According to the second law of thermodynamics, it is impossible to have a perfect heat
engine. The efficiency of any heat engine abides by Camot’s law: any other heat engine
operating with the same input and exhaust temperatures must have a lower efficiency than
the Camot engine. The efficiency of the Carnot engine is expressed using equation (1.2).
T, -T.
Efficiency = —‘?—3-

1

(1.2)

where T) is the temperature of ‘boiler’, Ts is the temperature of the ‘condenser’ into

which that exhaust is rejected.

1.2.8 The Grade of Energy

It is known that heat is the kinetic energy of randomly-moving molecules, a chaotic or
‘low grade’ form of energy. We know this process of changing energy into work should
comply with the second law of thermodynamics: no process is possible in which the sole
result is the absorption of heat from a reservoir and complete conversion of that heat into
work. On the other hand, mechanical energy and electric energy have a higher grade,

because they are due to the ordered movement of particles.

Therefore, energy sources can be graded in quality. High-grade sources provide the most
organized forms of energy and low-grade sources are the least organized, or have low and

negative entropy energy [13]. The higher grades include the kinetic energy of moving



matter, gravitational potential energy and electrical energy. These can be converted with
small losses. Larger losses occur when the lower forms are converted. Regarding heat
energy, high grade means high-temperature heat, and low grade means low-temperature
heat.

1.3 Problems Caused by the Utilisation of Fossil Fuels
1.3.1 Present Energy Sources

In order to better understand the problems caused by current energy utilisation, an
overview is given of the primary energy used by humanity. The evolution of energy

consumption from 1971 to 2001 in the world is shown in Figure 1.2,
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Figure 1.2 Evolution of total primary energy supply from 1971 to 2001 of the world (source: International Energy Agency (IEA)[14]).



From Figure 1.2, it can be seen that present energy sources include fossil fuels (coal, oil
and natural gas), nuclear energy, bio-energy and other renewable energies. The rate of
increase in total primary energy supply is very rapid. The total primary energy supply in
the world was 6,043 Mtoe in 1973, 9,401 Mtoe in 1998, and 10,165 Mtoe in 2001, an

increase of 68% in 28 years,

Fossil fuels include coal, oil and natural gas. They are extremely attractive due to their
high energy concentration and easy distribution. Fossil fuels are formed after a long
period of geological processes and originate in the growth and decay of plants and marine
organisms that existed long ago. The fossil fuels now supply nearly 80% of the world’s
current energy consumption. The fossil fuels have various applications but mainly as fuels

for means of transport and for electricity generation.

Nuclear energy accounts for about 7% of primary energy consumption at the present time.
However, the growth rate in recent years has largely stopped, and may be in decline due
to the difficulty of disposing of nuclear waste and the public concern over radiation

disasters [14].

The item “combustible renewables and waste” mainly refers to bio-energy, which

accounts for about 11% and has been stable for the last three decades.

Hydro-energy from flowing water has been used for centuries for purposes such as
milling grain and driving machinery. Currently its main use has been in the generation of

hydro-electricity. It provides about 2.2% of primary energy.

According to the present pattern of energy consumption, it can be noticed that fossil
energy (oil, coal and gas) is the most widely used. Although its share decreased slowly

from 86.1% to 79%, fossil fuel still accounts for the major part of present energy uses.
1.3.2 Problems by the Use of Fossil Fuels

1.3.2.1 Air Pollution

From the above analysis, the share of fossil energy accounts for about 80% of total
primary energy consumption. The use of coal, oil and gas is mainly through combustion
to produce heat, followed by conversion of that heat into secondary fuels and motive

power in various engines. In this process, many emissions are produced, as shown in

10



Table 1.1. These emissions cause an ever-increasing environmental problem.

Table 1.1 Main emissions from combustion of fossil fuels [15].

Emissions Greenhouse | Ozone layer Acid Smog
Effect Depletion Precipitations

Carbon dioxide (CO2) + £

Methane (CHa) + +

Nitric oxides (NOy) t +

Ozone (O3) + +

Sulfur dioxide (SO,) - +

Nitrous oxide (N-O) — + +

Note: + stands for positive factor; — stands for negative factor, and + stands for uncertainty.

As can be seen from Table 1.1, there are two types of emissions that cause air pollution
from burning fossil fuels. One is the noxious gases released: sulfur dioxide (SO2), carbon
monoxide (CO), nitrogen oxides (NOy, N20), ozone (Os) and volatile chemical vapours

(VOCs). The other is particulate matter (PM) pollution, which has a size of about 2.5 um.

1.3.2.2 Noxious Gas Polution

Fossil fuels are composed mainly of carbon and hydrogen. An ultimate analysis reveals
that they also contain other elements such as oxygen, nitrogen and sulphur. During
combustion, nitrogen can combine with oxygen to produce oxides of nitrogen. These
compounds (N20, NO, NO,, etc.) are known as NOy gases. The nitrogen in NOy mainly
comes from fossil fuels. However, nitrogen from the air also contributes. Any sulphur
present in the fuels will readily form sulphur dioxide (SO;). The incomplete combustion

of the fuels will produce carbon monoxide (CO).

The formation of air-polluting ozone at ground level is the result of a chain reaction
system initiated by the photolysis of nitrogen dioxide that effectively absorbs ultraviolet
(UV) radiation reaching the earth’s surface as shown in Scheme 1.1, where NO;, adsorbs
radiation to decompose into NO and atomic oxygen. The atomic oxygen then reacts with
oxygen to form ozone directly, or on mediums such as particles or inert gases (as shown
Scheme 1.2).
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hv
N02 — NO + O

Scheme 1.1 The reaction for the formation of atomic oxygen.
O + O —=» 0Oy

02+0+M-1—)-03+M

Scheme 1.2 The formation of ozone.
where M represents a non-reactive gas or particle.

The pollution by particulate matter (PM) in the air is mainly due to the various means of
transport as described by Heywood [16]. The particles to be emitted as PM are born as
soot nuclei in the highly oxygen-deficient core of fuel sprays. Particulate matter is a
danger to human health. Fundamentally the danger arises from the size spectrum, many of
the particles being small enough to bypass the respiratory system’s defences e.g. mucous
filtering. PM may also slow capiliary function and cause bronchitis. Particles smaller than
5pum can enter the trachea and primary bronchi; those smaller than 1um can reach the

alveolae.

1.3.2.3 Ozone Layer Depletion

Ozone (O3) forms a layer in the stratosphere, which is 15-35 km above the earth’s surface.
This ozone layer acts like a giant sunshade, protecting plants and animals from much of
the sun’s harmful ultraviolet (UV) radiation. A depletion of the ozone layer will increase
the UV radiation at ground level, which may cause skin cancer, eye cataracts, damage to
the immune system in animals as well as human beings and have an adverse effect on

plant growth.

In recent decades, it has been found that the layer of ozone in the stratosphere is thinning.
This thinning is particularly extensive over the poles and a hole has formed above the
Antarctic. Research indicates that this depletion is caused by the emissions of halon

{chlorinated and brominated organic compounds) and NO,.

1.3.2.4 Global Climate Change

Besides noxious gases, the combustion of fossil fuels emits a large amount of CO,,
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which is known as a greenhouse gas. The accumulation of CO; has reached such an extent
that global warming has become a most serious problem which has caused climate change,
The rate of global warming has increased rapidly in recent decades. It is expected that
global surface temperature could increase by 0.6-2.5°C in the next fifty years, Although
other gases such as CHy, CFCs (chloroflurocarbons) and N,O also contribute to the global

warming, CO; accounts for most.

1.3.3 Immediate Remedies for Control of the Environmental Impact
1.3.3.1 Policy Approach

To prevent significant changes to the environment, important policies have been made to
put in place an effective international mechanism for the reduction of emissions of the six
greenhouse effect gases. This includes the introduction of the Kyoto Protocol in 1997, and
the six gases are CO,, CO, CHy, hydrofluorocarbons (HFCs), perfluorocarbons (PFCs)
and sulfur hexafluoride (SF¢). Meanwhile, more and more strict regulations have been
introduced to enforce emission standards. For example, the EU Emission Standards for
passenger cars and light vehicles decrease the allowable emissions to a much lower level
than before.

1.3.3.2 Technological Approach

Two aspects of work have been undertaken to reduce the environmental impact of fossil
fuels from a technological way: combustion of fossil fuels in an environmentally benign
manner and post-treatment of exhaust gases to minimize their emission to the

environment.

The combustion efficiency of coal has been improved mainly by the introduction of
pulverized fuel boilers, where coal is ground into power of about 100 pm in size. In the
1970s and 1980s, fluidised bed boilers were developed and represent a great advance. The
most commeonly used process is circulating fluidised bed combustion. Recently,
pressurized fluidised bed combustion has been developed to improve combustion

efficiency, where the operating pressure is about 10 bar.

In the fluidised bed, most of the sulphur compounds are removed at source by introducing
limestone particles into the bed. The SO, reacts with the limestone to produce calcium

sulphate, NO, is reduced by maintaining the bed temperature under 1000°C. The
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particulate matter produced is removed by post treatment of the flue gas [7].

The combustion efficiency of oil has been mainly improved by reforming techniques.
Fuel reforming is the process of turning the liquid fuel into a gaseous one. This concept
was brought forward because fuel reforming produces hydrogen-rich gaseous fuel, which
can not only lower pollutant emissions but also extend the lean limit of conventional fuels
to achieve higher efficiency. Collier et al [17] have shown that feeding hydrogen
containing gaseous fuel mixture to an internal combustion engine is quite successful in

minimizing emission of NOx to below 200 ppm.

Through improving combustion efficiency, the production of noxious gases and
particulate matter is reduced significantly. To'furth.er lower hazardous emissions, post
treatments of the exhaust are often carried out through catalytic decomposition of NOy to
N, and O, and oxidation of CO to CO;. In a stationary source of noxious gas emissions, a
demonstrated technology for NO removal in the flue gas is commercially available. It is
known as selective catalytic reduction and uses V,0;-TiO; supported on ceramic or
metallic monolith as catalyst(s)[18]. Other technologies under development for flue gas
clean up include the thermal DeNO, urea injection, NO,SO, the copper catalyst method
and lean combustion [19]. With regard to mobile emission sources, the three-way catalyst
in the automobile exhaust line controls NOy, hydrocarbons and CO emissions well. The
three-way catalysts are able to oxidise carbon monoxide and hydrocarbons and, at the
same time, reduce oxides of nitrogen [20]. Most strategies for controlling ambient ozone
concentrations are based on the control of hydrocarbons, CO and NOy via catalytic
converters. All of these methods have some problems such as catalyst poison, high cost
and difficulty in control .(usually needing a microprocessor). Moreover, the emission of

CO; is inevitable when fossil fuels are used.

1.4 Development of Sustainable and Clean Energies

A once and for all solution to the use of fossil fuels is to develop clean and renewable
energies to replace fossil fuels. The various renewable energy sources developed so far
are listed in Table 1.2. It can be seen that there is a long way to go to gét the renewable
energy sources to play a leading role. Even intervention at government level to encourage
new technologies may have comparatively little impact. This is because good operating

practice generally develops gradually and it is also necessary to establish a strong
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manufacturing base.

Table 1.2 Renewable energy sources and the means of utilization.

Energy source Energy utilization Availability
Agriculture and forestry waste Combustion process Now
Energy crops Combustion process Now -
Landfill and sewage gas Combustion process Now
Municipal solid waste Combustion process Now
Direct solar {active and passive) Heating Now
Geothermal Heating/electricity Now/limited scope
Hydro power Electricity Now
Wind power Electricity Now and developing
Hydrogen/Fuel cells Electricity Now and developing
Solar photovoltaic Electricity Now and developing
Tidal power Electricity Now/limited scope
Wave power Electricity Medium-/long-term
Solar-thermal Electricity Medum-/long-term

Bio-fuels are not clean (their combustion products contain carbon dioxide). Geothermal
energy, hydropower and wind energy are region-restricted. The most promising renewable
energies should be solar energy and hydrogen fuel since there are no harmful by-products.

In this section, solar energy exploitation is briefly introduced.

Solar energy is free and renewable for the sun should continue to supply power for
another 5 billion years [11]. The use of solar energy is demonstrated in three options:
solar thermal, solar photovoltaic and solar power plant [13]. Solar thermal refers to the
use of solar energy in a collectors such as solar hot water heaters, solar cookers, solar
dryers, and in solar desalination, which are commonly used in Jordan [21] and in Pakistan

[22]. Solar power plant is the use of solar energy on a large scale such as the 350 kW

power plant in Saudi Arab [23].
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The conversion of solar energy into electricity is mainly by photovoltaic (PV) cells, which
are devices that convert sunlight directly to electricity, bypassing thermodynamic cycles
and mechanical generators. PV stands for photo (light) and voltaic (electricity), whereby
sunlight photons free electrons from silicon to generate electricity. This phenomenon was
first discovered by the French physicist Edmond Becquerel in the 18th century. The

photovoltaic cells were developed at Bell Labs in 1950, primarily for space applications.

Photovoltaic cells are made of semi-conducting materials (usually silicon). The use of
silicon crystals in the photovoltaic cells is expensive. First of all, silicon crystals are
currently assembled manually. Secondly, silicon purification is difficult and a lot of
silicon is wasted. In addition, the operation of silicon cells requires a cooling system
because performance degrades at high temperatures. Therefore, the share of world
consumption is extremely small. However, 1t has convinced analysts that solar cells will

become a significant source of energy by the end of the century.

Hydrogen energy is universal and clean since its combustion product is only water. It has
attracted extensive research regarding its production, storage and application. In the
following sections, a detailed review will be presented on hydrogen, its production and its

storage.

1.5 Hydrogen
1.5.1 Occurrence of Hydrogen

Hydrogen is the lightest element and accounts for about 73% of the observed mass of the
universe [24]. It is believed that hydrogen atoms were the first atoms to form in the early

universe and that the atoms of the other elements formed later from the hydrogen atoms.

Hydrogen is the tenth most common element on earth, where it is found primarily in
water and organic compounds. However, since it is so light, hydrogen accounts for less
than 1% earth’s total mass. Pure hydrogen gas rarely occurs in nature, although volcanoes
and some oil wells release small amounts of hydrogen gas. Many minerals and all living

organisms contain hydrogen compounds.

1.5.2 Atomic and Physical Properties of Hydrogen

A hydrogen atom contains one proton and one electron. Pure hydrogen exists as hydrogen
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gas (hydrogen molecules), in which pairs of hydrogen atoms are bonded together. Data on
the atomic structure of hydrogen is provided in Table 1.3 and its physical properties are
given in Table 1.4.

In the ionic compounds of hydrogen with metals, hydrogen can exist either in the form of
an anion H’ or in the form of cation H'. In hydrocarbon molecules, hydrogen atoms form
covalent bonds with other atoms. Hydrogen can also behave like a metal and form alloys

with metals or intermetallic compounds at ambient temperatures [25].
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Table 1.3 Atomic structure of hydrogen.

Atomic Radium 0.79A
Atomic Volume 14.4cm’/mol
Covalent Radius 0.32 A

Cross Section 0.33*10%%cm?

k

Crystal Structure

Electron Configuration

Electrons per Energy Level 1

Shell Model

Ionic Radius

Filling Orbital
Number of Electrons 1
Number of Neutrons (Stable nuclide) - 0
Number of Protons 1

—

Oxidation States

Valance Electrons 1s'
Electro negativify (Pauling) 22
Ionisation Potential (eV) 13.598
Valance Electron Potential (-eV) 1200
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Table 1.4 Physical properties of hydrogen.

Description Tasteless, colourless, odourless and extremely
flammable gas
Atomic Mass Average 1.00794(7)
Boiling Point -252.732°C
Density 0.0899 g L at 0°C and 1bar
Enthalpy of Atomisation 217.6 kJ mol™ at 298K
Enthalpy of Fusion 0.059 kJ mol”’
Enthalpy of Vaporization 0.449 kJ mol™
Auto Ignition Temperature 500°C
Explosive Limits Lower (LEL): 17%, Upper (UEL): 56%
Flammable Limits Lower (LFL): 4%, Upper (UFL): 75%
Flash point -253°C
Melting Point - 258.975 °C
Molar Volume 14.1 cm’ mol”
Optical Refractive Index 1.000132 (gas), 1.12 (liquid)
Relative Gas Density (Air=1) 0.0694
Specific Heat 14.304J g K
Vapour Pressure 1570 mmHg at ~250 °C
Critical point - 240.15°C
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The phase diagram of hydrogen is shown in Figure 1.3. At a temperature of — 262°C,
hydrogen becomes a solid with a density of 70.6 kg m>. At 0°C and 1 bar, the density of
the gas is 0.089886 kg m™. Hydrogen is a liquid in a small zone between the triple and
critical points with a density of 70.8 kg m? [26]. At ambient temperature, hydrogen gas
can be described using the Van der Waals equation (1.3).

0.02476n°
( p+ TJ(V —0.000026611) = nRT (1.3)

where p is the gas pressure (Pa), ¥ the volume (m3 ), T the temperature (K), n the number
of moles, and R the gas constant (8.314 J moi™ K™).
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Figure 1.3 Phase diagram for hydrogen {25].
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1.5.3 Hydrogen Production

As reviewed in the previous sections, hydrogen is the most abundant element in the
universe. However, it mostly occurs in the form of water and hydrocarbons on earth.
Hence it needs to be produced or, strictly speaking, extracted from other sources in order
to facilitate its widespread use as a fuel. In the following, the main methods of extracting

hydrogen are reviewed.

1.5.3.1 Hydrocarbon Reforming

The reason for the use of hydrogen as a fuel is to reduce the environmental impact of
fossil fuels and the concerns over their depletion. Thus it seems ridiculous to produce
hydrogen from hydrocarbons. However, currently hydrogen is produced by this method.
On the other hand, a lot of research has shown that the extraction of hydrogen from
hydrocarbons and the use of this hydrogen to fuel cells to produce energy can reduce
emissions [27]. Hydrocarbon reforming uses heat and chemical reactions to convert
hydrocarbon feedstocks into hydrogen. The feedstocks include natural gas, petrol,
alcohols and biomass. So far three processes are used for the reforming. They are steam

reforming, auto-thermal decomposition and partial oxidation.

Steam reforming

Steam reforming is the oldest method for reforming hydrocarbon feédstock to produce
hydrogen. In this process, a hydrocarbon is converted to synthesis gas (Ha, CO and CO»)
by addition of steam in the presence of a nickel-based catalyst. The synthesis gas then
undergoes a water shift reaction to increase the concentration of hydrogen in the product
gas. Steam reforming is mainly used for light hydrocarbons because of the problems of
soot formation with heavier hydrocarbons [28]. The reactions involved during

hydrocarbon steam reforming are shown in Scheme 1.3.
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CH; + H,0O — CO 4+ 3H;

CpH, + mHO — mCO + (m+1/2n)H;
CO + HO —» CO, + Hy

Scheme 1.3 Steam reforming of hydrocarbons,

The objective of a catalytic steam reforming process is to liberate the maximum qﬁantity
of hydrogen held in water and the feedstock fuel. Carbon in the fuel is converted into CO
by oxidation with oxygen supplied in the steam. Hydrogen in the fuel, together with
hydrogen in the steam, is released as free hydrogen. In other words, the resulting
hydrogen comes from fuel as well as from the steam. The reaction is endothermic, i.e. it
requires external heat input through a heat exchanger surface. In practice, a steam to
carbon ratio in the range of 3.5 to 4.0 must be used to suppress soot formation. This has

the effect of lowering the molar hydrogen output to 50% [29-31].

Partial Oxidation (POX)

Partial oxidation is based on extremely fuel-rich combustion (low air/fuel ratio). This
technique involves the exothermic reaction of feed hydrocarbons in the presence of a
small amount of air, such that incomplete combustion should occur. The extent of
oxidation depends on the amount of oxygen used. The reformation reaction is followed by
a shift reaction, where steam is used to convert carbon monoxide into hydrogen. POX is
considered to be the most promising method after extensive reviews and case studies of

the various reformer technologies {28]. The main reaction involved is shown in scheme
1.4.

CH4+1/20,—CO+2H,
CO+H,0—-COy+H,

Scheme 1.4 Partial oxidation of hydrocarbon to convert it to hydrogen.
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This process can be a non-catalytic flame reaction at high temperature (in the range
1000°C-1500°C) without catalysts. However, in the presence of a catalyst, the reaction
temperature can be reduced, and the efficiency of hydrogen production depends on the

catalyst.

The main challenge in partial oxidation is the development of efficient catalysts. There
are mainly two components in the catalysts for POX. The first is one or more transition
metal(s), especially the precious metals; the second is an oxide of a Group III or Group IV

element[18].

Auto-Thermal Reforming (ATR)

Auto-thermal reforming is similar to partial oxidation in that the hydrocarbon feedstock is
burned in-situ. However, ATR also resembles steam reforming in that steam is injected,
and a catalyst is used to hasten the reactions and lower the reaction temperature. The
steam reforming reaction utilises the heat produced by the partial oxidation reaction. Both
a platinum based catalyst and a nickel based catalyst are used in this process. The

reactions involved in ATR process are shown in scheme 1.5.
CH4+1/20,—CO+2H,
CrHptmH20—-mCO+(m+(1/2)n)H,
CO+H,0—CO,+H;

Scheme 1.5 Reactions involved in ATR process.

1.5.3.2 Water Electrolysis

Electrolysis is the process whereby electricity is passed through an electrolyte via
electrodes in order to cause a non-spontaneous reaction to occur. Hydrogen reacting with
oxygen to form water is a spontaneous reaction, while the reverse process is non-
spontaneous. In order to produce hydrogen from water, an electrolytic cell is needed.
Today, water electrolysis is one of the most utilized industrial processes for hydrogen

production and all the on-site hydrogen generation and pure hydrogen requirements are
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achieved by the electrolysis of water into hydrogen and oxygen.

1.5.3.3 Photo-Production

The photo-production methed is to use sunlight for the splitting of water to produce
hydrogen. This is one of the most promising ways and thus has promoted considerable
research. The photo-production of hydrogen has been a goal of scientists and engineers
since the early 1970s when Fujishima and Honda [32] reported the generation of
hydrogen and oxygen in a photoelectrochemical cell using a titanivm dioxide electrode

illuminated with near ultraviolet light.

hv
H,0 — H, + 120,

Scheme 1.6 The Photo-production of Hydrogen.

Pure water does not absorb solar radiation. Thus a sensitizer must be involved to induce
the water-splitting reaction (Scheme 1.6): a molecule or semiconductor that can absorb
sunlight to reach its excited state. According to the sensitizer, the system for carrying out
this reaction can be classified into four categories; photochemical systems, semiconductor
systems, photobiological systems and hybrid systems (a combination of the above

systems).

There are three systems to produce hydrogen using this method, based on different
sensitizers. Photochemical systems use a compound as sensitizer, semiconductor systems
use a semiconductor as sensitizer and photobiological systems use a bacterium as the

sensitizer (such as blue-green algae).

1.5.4 Hydrogen Storage

Interest in hydrogen as a fuel has grown dramatically and many advances in hydrogen
production and utilisation technologies have been made. However, hydrogen storage
technologies must be significantly advanced if a hydrogen based energy system is to be
established, particularly if the intended use is in the transportation sector. The main
obstacle in the way of a transition to a hydrogen economy at the present time is the

absence of a practical means of hydrogen storage. For years the goal of researchers has
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been to develop high-density hydrogen storage systems that can release hydrogen at
temperatures lower than 100°C. A hydrogen economy will flourish when adequate storage
technology exists, allowing people to tap and trade regional, renewable power sources.
This cache of stored energy will offer viability to the full range of local and global

renewable energy sources.

For practical use, the energy density for any storage methods must reach a high level. For
example, the US Department of Energy (US DOE) recommended that an energy density
of 6.5% and 62 kg m™> must be achieved in order for a hydrogen storage system of
appropriate weight and size to facilitate a fuel cell vehicle driving a distance of 560 km.
Storing hydrogen is somewhat difficult due to its low density and low critical temperature.
Currently, there are a number of technologies available for hydrogen storage and they are

still rapidly evolving.

o High pressure gas cylinders (up to 800 bar)

¢ Liquid hydrogen in cryogenic tanks

¢ Adsorbed hydrogen on materials with a large specific surface area (at T < 100 K)
s Metal hydrides

1.5.4.1 Compressed Hydrogen at Higher Pressure

Storage as a compressed gas is inexpensive and provides for ease of operation but its
weight and bulk are the main problem apart from fire/explosion risk. Generally, the
common gas cylinder has a maximum pressure of 200 bar. New lightweight composite
cylinders have been developed which support pressures of up to 800 bar, allowing
hydrogen to reach a volumetric density of 36 kg m™ [26]. To store a practical quantity for
vehicles in high pressure vessels would result in a very large and heavy storage system. In
addition, the storage of any high-pressure gas presents a safety hazard in the event of
vehicle collision and the safety of pressurized cylinders is an issue of concern especially
in highly populated regions. Additionally, compression of hydrogen gas, up to say 35

MPa, consumes nearly 20% of its total energy content.

1.5.4.2 Liquefied Hydrogen Storage

Hydrogen can be stored as a liquid at —253°C in a super insulated tank. The volumetric
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density of liquid hydrogen is 70.8 kg m~. This method is the most frequently used fuel in
space travel. For use as a fuel in automobiles, it presents too many problems to be
practical, such as refuelling and a complex insulating system that is required to keep the
temperature as low as — 253°C. Moreover, loss rates of 1-2% per day have to be countered,
and there is a 10-25% fuel boiling off during refuelling [33]. The cost and energy
associated with the liquefaction process must also be considered, which consumes nearly

30% of the total energy contained in the hydrogen.

1.5.4.3 Slush Hydrogen

A mixture of about 50% solid and 50% liquid hydrogen at the triple point temperature (-
259°C) and the correspondent vapour pressure (0.07 bar) is called ‘slush hydrogen’. Its
higher density (15% more than liquid hydrogen) and higher refrigeration capacity (18%
more) as well as its flow behaviour similar to the liquid phase have been considered an
advantage and this was investigated for space flight in the 1960s and for the planned
supersonic space shuttle carrier in the 1980s [34]. The idea was abandoned due to, among
others reasons, the high production costs and the difficult handling caused by the fact that

the vapour pressure is lower than the atmospheric pressure.

1.5.4.4 Adsorption

Adsorption of hydrogen on activated carbon materials or other nano-materials has
attracted great attention in recent years. The adsorption techniques rely on the affinity of
hydrogen and substrate atoms. Hydrogen is pumped into a container with a substrate of

fine particles where it is held by the interactions.

One of the most exciting advances recently has been the announcement of carbon
nanotube technology [35, 36]. It has been proposed that hydrogen can be adsorbed by
nanotubes in two ways: physical adsorption and chemical adsorption. Physical adsorption
occurs in carbon nanotubes by trapping hydrogen molecules inside the cylindrical
structure of the nanotube or by trapping hydrogen in the interstitial sites between
nanotubes {26]. The maximum energy density can reach 12.5 kg m™ at 10 MPa and 300 K
from a simulation study [37]. The amount of hydrogen adsorption depends on the
characteristics of the nanotubes such as their size and surface activity, temperature and
pressure. Chemisorption of hydrogen on carbon nanotubes occurs by hydrogen

dissociation and reaction with carbon [38]. The storage capacity of carbon naontube can
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be improved by doping with some nano-particles [39, 40].

It would be appropriate here to mention that there is a great deal of disagreement
surrounding the capacity of carbons [41], and there is a big gap between the energy
density and its requirement for vehicle use. Up to now, there are no indications that
carbon nanostructures can adsorb unusually high amounts of hydrogen and that these

novel materials can be utilized for hydrogen storage in technical applications.

Zeolite adsorbents are another class of materials for hydrogen storage [42, 43]. Zeolite
has the structure of a molecular sieve. Hydrogen can be held within its microporous
media. The best result at the present time is 9.2 ml H, per gram by using a sodalite zeolite
[42].

Graphite is a new material for hydrogen storage [44]. This type of carbonaceous material
was ignored previously. However, hydrogen could be stored between two basic planes of
graphite. By a computer simulation, graphite may store hydrogen with a capacity that can
satisfy the requirements of US DOE standard,

1.5.4.5 Metal Hydrides

Many metals and alloys are able to absorb large amounts of hydrogen to form metal

hydrides according to reaction (Scheme 1.7);
Me+x/2H,>MeHy
Scheme 1.7 Formation of metal hydrides.

where Me is a metal, a solid solution, or an intermetallic compound, MeH; is the hydride

and x the ratio of hydrogen to metal.

Metals can be charged with hydrogen using molecular hydrogen gas or hydrogen atoms
from an electrolyte. The first step is the physisorbed state by Van der Waals force. The
second step is the chemisorption, in which the hydrogen overcomes an activation barrier
for dissociation and for the formation of the hydrogen metal bond. The third step is the
diffusion of the dissociated hydrogen atoms rapidly through the bulk metal to form an M-
H solid solution commonly referred to as o phase, where hydrogen occupies interstitial

sites in many cases. The negative hydrogen is bonded ionically or covalently to a metal,
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or is present as a solid solution in the metal lattice.

Besides binary metal hydrides, group 1, 2, 3 light metals, e.g. Li, Mg, B and Al can form
a large variety of metal-hydrogen complexes, such as BHs, AlH,, and derivatives of
these [26]. These complex metal hydrides are especially interesting for transport

applications.

Thermal decomposition or pyrolysis of the metal hydrides is a reversible reaction. The
metals can adsorb hydrogen and the hydrogen can be released when heat is applied. The
decomposition of some metal hydrides is shown in Figure 1.4[45]. Work is being done on
finding cheaper metal alloys which have the ability to absorb large amounts of hydrogen
and at the same time release the hydrogen at a relatively low temperature. In this respect,

LiBH, has been studied extensively [46].
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Figure 1.4 Van't Hoff plots of some technically important reversible metal hydrides.

The hydrolysis reaction is another method to release hydrogen from metal hydrides, Ever
since World War II, lithium hydride (LiH), calcium hydride (CaH,;) and sodium
borohydride (NaBHy) have been used as fuel sources in case of emergency [47]. Since
this reaction can extract hydrogen from water, the energy density is higher than thermal

decomposition.
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Most of the reactions between metal hydride and water are vigorous with a large amount
of heat being released, which may cause an explosion. Therefore this reaction is difficult
to control except in the case of sodium borohydride. Table 1.4 gives the heat released
when one gram of hydrogen is produced by the reaction between water and different
hydrides. It can be seen that the heat generated by the hydrolysis of sodium borohydride
is only about 50% of that produced by the hydrolysis of other hydrides. It is therefore
considerably safer compared with other hydrides such as LiH, LiAlH4, NaAlH4 and CaHa.

Table 1.4 Heat released for 1 gram hydrogen with different hydrides [48].

Hydrides NaBH, LiH LiAlH; | NaAlH, CaH,
AH® (kJ g H2) -37.1 -54.3 -62.5 -56.2 -58.0

Another advantage of NaBHy as a hydrogen carrier is its high energy density. Assuming
100% stoichiometric conversion of NaBHy, 37.8 g of NaBH,4 (1 mol) produces 8 g of
hydrogen (4 mol), while more reagents by weight are needed for other reductants to
produce the same amount of hydrogen. Table 1.5 lists the weight of reactants necessary to
produce one gram of hydrogen. It is shown that the weight of NaBHs required to
producing one gram of hydrogen is the least among the reactants except for LiH, while

the reaction between LiH and water is vigorous and explosion inducing.

Table 1.5 Weight of hydrides necessary for generating one gram of hydrogen.

Metal hydrides NaBH, LiH LiAlH, NaAlH, CaH;
Weight (g) 4,73 4.00 12.2 14.3 10.5

Therefore, the hydrolysis of sodium borohydride is the most effective, safe and
controllable among the various hydrides, which renders it most suitable for generating

hydrogen on-board.

1.5.4.6 Comparison of the Energy Density of Different Hydrogen Storage Methods

Five different hydrogen storage methods have been reviewed in this section. Although
each method possesses desirable characteristics, no approach satisfies all of the efficiency,

size, weight, cost and safety requirements for transport and utility use. The comparison
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between the above methods is listed in Table 1.6, and the volumetric versus gravimetric

hydrogen density for the various methods is shown in Figure 1.5.

High-pressure gas cylinders and liquid hydrogen technologies are well established. The
energy density is low due to the weight of the cylinders. The liquid hydrogen method is
very complex and not suitable for on-board applications. Although adsorption of
hydrogen on carbonaceous materials has greatly advanced, there is still a gap between its
capacity and requirements. It can be seen that only metal hydrides offer a safe and
efficient way to store hydrogen. Direct thermal decomposition of metal hydrides is a
reversible reaction. Research is being undertaken to lower the decomposition temperature.
The hydrolysis reaction is not reversible. However, it can provide higher energy density -
since this reaction extracts one mole of hydrogen from water. Sodium borohydride is the
most suitable material for hydrolysis due to the lower heats evolved and its higher
hydrogen content. Extensive research is being performed for its commercilisation. This

thesis mainly addresses the obstacles of using sodium borohydride as a hydrogen source.

Table 1.6 Comparison of the current hydrogen storage methods.

Gravimetric | Volumetric Temperature | Pressure
Storage method density density Fo C) (bar) Comments
{mass%) (kg Ho m™)
; .10
High pressure gas 13 <40 Room 300 Loss of 1-2%
cylinders temperature per day
Liquid hydrogen in Size
cryogenic tanks dependent 708 252 1
Usually
Hydrogen adsorption 2 20 -80 100 carbonaceous
materials
Usually at
Metal pyrolysis <18 150 >100 1 elevated
. temperature
hydrides Room Not
hydrolysis <40 >150 temperature ! reversible
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Figure 1.5 Comparison of different hydrogen storage methods[49].
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1.6 Summary

In this chapter, the current situation of world energy supply has been reviewed. Most of
the problems are associated with the utilisation of fossil fuels, the use of which has caused
extensive problems from air pollution to global warming. The main approach to this

challenge is to develop clean and renewable energy.

Hydrogen is a universal energy. The use of hydrogen energy has therefore been studied
extensively, from its production to usage. The main barrier hindering its wide application
is the lack of efficient, low cost, and safe storage technologies for hydrogen. There are
currently five main storage methods available: high-pressure cylinder, liquid hydrogen,
slush hydrogen, hydrogen adsorption and metal hydrides. It is believed that the hydrolysis
of an aqueous solution of sodium borohydride is a safe and efficient way to store

hydrogen.

1.7 Thesis Organization

The later chapters of this thesis are organized as follows. Chapter 2 reviews NaBH, and
its current status as a hydrogen storage method. Chapter 3 and 4 investigate the maximum
concentration of NaBHy from a point of view of thermodynamics. Chapters 5-9 study the
kinetics of hydrogen generation from NaBH4 hydrolysis over metal catalyst. Chapter 10

concludes the thesis and recommends the future work.
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Chapter 2

Overview of Sodium Borohydride Hydrolysis for
Hydrogen Generation

2.1 Introduction

The discovery of sodium borohydride by H. J. Schlesinger, H.C. Brown, H. R. Hoeckstra,
and L. R. Rapp can be traced back to 1942 [1]. It was first synthesized as a consequence
of the atomic bomb related efforts at the University of Chicago, together with many novel
compounds containing boron and hydrogen. Soon after its discovery, it was found that this
compound could be used as a hydrogen generation agent. After that, its chemical and
physical properties were studied in detail. Extensive research of its synthesis and
application was mainly conducted in 1950s. In the 1990s, the hydrolysis of NaBH4 has
been actively investigated due to the strong desire to look for alternative clean energies. In
this chapter, a detailed review is given of the production, hydrolysis and applications of
sodium borohydride, as well as the routes for transformation of sodium metaborate back

to sodium borohydride.

2.2 Production of NaBH,

Over 100 methods for the preparation of sodium borohydride have been described, but
few of these have achieved any practical significance. There are two main technologies to
produce it: one is the organic process (the Schlesiger method) and the other is the

inorganic process (Bayer method).

2.2.1 Organic Process (Schlesiger Method)

The Schlesiger method to manufacture NaBH, uses sodium hydride and trimethyl borate
in a mineral oil medium at about 275°C [2]. The flow diagram of the process is shown

schematically in Figure 2.1, and the main reaction is given in Scheme 2.1.
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4NaH+(CH30);B — NaBH;+3NaOCH;

Scheme 2.1 Organic process for preparation of sodium borohydride.

In this process, sodium hydride is prepared in mineral oil in a reactor and then transferred
to another reactor, where trimethyl borate is added to react with the sodium hydride
forming sodium borohydride. After that, a complex separation procedure is performed to

recover pure sodium borohydride. The yield is over 90%.

2.2.2 Inorganic Process

This process was first developed by the Bayer Company [3], and is referred to as the
Bayer process. The flow diagram of the Bayer method is shown schematically in Figure

'2.2, and the main reaction is given in Scheme 2.2.

Na,B40,* 75i0; +16Na +8H; — 4NaBHy + 7Na,Si03

Scheme 2.2 The main reaction in the Bayer process.

In this process, the borosilicate (Na;B407.7S810,) is produced by the fusion of borax
(NazB407) and quartz sand (5i0;). The borosilicate is cooled, ground, and then reacted
with sodium in an atmosphere of hydrogen at 300 kPa and 400-500°C in a partly
heterogeneous reaction. The sodium borohydride is extracted from the borosilicate-silicate

mixture with liquid ammonia under pressure. The yield is over 90%.
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2.3 Properties of NaBH,

In order to better understand the hydrolysis reaction to produce hydrogen from NaBHy, its
main properties are introduced in this section. The physical and thermodynamic properties
are listed in Table 2.1 and 2.2 respectively, which were mainly obtained from

spectroscopic studies [4].

Table 2.1 Physical properties of sodium borohydride

Molecular weight 37.84
Colour White
Crystalline form (anhydrous) Face centred cubic a = 6.15A
Melting point 305°C (10 bar Ha)

Decomposes above 400° C in vacuum

N Will not ignite above 400°C on a hot plate.
Thermal stability

Ignites from free flame in air, Burning quietly
Density (g/cm’) 1.074

41



Table 2.2 Thermodynamic properties of sodium borohydride [4-7]

Sodium borohydride
Free energy of formation - 125.82 kJ mol”
Heat of formation - 190.32 kJ mol”
Entropy 101.41 Y mol” X~
Heat capacity 86.40 Jmol” K~
Free energy of ionisation ¥
NeBH,(s)=Na™+BH; - 23.66 kJ mol
Borohydride ion BHy4
Free energy of formation - 119.55 kJ mol”
Heat of Formation - 51.83 kJ mol™
Entropy 106.59 Y mol™ K™
Heat of hydrolysis

. , -371.18 XJ mol’!
BH,+H"+3H,0(liq)=H3BOs+4Hx(g)

Half electric reaction
BH4+80H=B(OH), +4H,0+8¢"

1.24V

An important physical property is its solubility in water, which is related to hydrolysis
reaction. Jensen [8] has accurately measured the solubility of sodium borohydride in
water at the different temperatures, and the results are reproduced in Figure 2.3. The data
presented in Figure 2.3 shows the equilibrium temperature of the two crystal forms
NaBH; and NaBH; 2H,0. The curve below 36.4°C represents the solubility of the
dihydrate, and above 36.4°C, the solubility of anhydrous NaBHa.
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Table 5.4 Sieve set and catalyst size

Sieve aperture (um) Average catalyst size (um)
600 -
500 550.
106 _
90 98
53 _
45 49
32 _
25 ' ' - 29

5.4.3 Experimental set-up to monitor reaction rate

For kinetic research, the change in concentration of NaBH, with respect to time should be
monitored. The measurement of the concentration of NaBHj is rather difficult due to its
hydrolysis even at room temperature. In this study, a method for measuring the hydrogen
volume with time was used, since hydrogen volume and NaBH,4 concentration can be

related using the stoichiometric coefficients in the following reaction scheme,
NaBH; + 2H,0 = NaBO; + 4H;

A schematic diagram for the experimental set-up is shown in Figure 5.6. The rig consisted
of three parts: the reaction system, a sytem to monitor temperaturé and a system to
measure the volume of hydrogen that is generated. The reaction system consists of a
three-port reactor and a magnetic stirrer, a water bath that was used to adjust reaction
temperature and a feeding system. One side-port of the reactor was equipped with a
thermocouple and another side-port was connected to the water replacement system. The
middle port of the reactor was used to site a feeding funnel. Since NaBH4 can be
hydrolysed even at room temperature when contacting water, a special feeding system
was used as shown in Figure 5.6. NaBH,4 and catalyst were added to the reactor first and
then water was added through the feeding system to the reactor. Once the chemicals come

into contact, hydrogen is produced and the amount that was generated was recorded.
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The volume of hydrogen that was produced was measured using a water replacement
system. The water replacement system consisted of a graduated cylinder full of water and
a water reservoir that was used to immerse the cylinder. A container was placed onto an
electronic balance. Before starting the experiment, the water in the reservoir was filled to
such a level that any extra water would overflow from the cylinder through a slope into
the container on the balance. The electronic balance was connected to a computer using a
standard RS232 connector. Software provided by the balance manufacturer was used to
record the time and the weight of the water displaced from the cylinder. The time interval
for recording the weight was one second. Both the software and the electronic balance
were purchased from A & D Company Ltd. (UK).

In order to monitor the temperature of the reaction system, a thermocouple was put into a
side port of the reactor. This K-type thermocouple was connected to a data logger, which
transferred the information to a computer. The data logger and the thermocouple were

purchased from Pico Company Ltd (UK).

Before conducting the experiment, the reactor was cleaned using distilied water and then
dried in an oven for 24 hours. After the temperature was stable, the reactor was put into
the water bath with a fixed amount of catalyst inside. A pre-determined amount of NaBH,
powder was then put into the reactor. After all these were ready, the cork of the feeding
funnel was opened to let the water flow into the reactor to start the hydrolysis. The water
that was displaced by the hydrogen production and the overail reaction temperature were
both monitored by using the computer. When calculating the reaction rate, the saturated

vapour pressure at room temperature was considered.

The amount of catalyst that was used was based on the convenience of reaction control.
Reaction rate for heterogeneous catalysis is proportional to the mass of catalyst. The rate

data is based on unit mass of catalyst.
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Figure 5.6 A schematic experimental set-up for the research of NaBH4 hydrolysis kinetics.

5.4.4 Analysis of non-isothermal rate data in order to obtain isothermal rate data

The general analysis process is described briefly as follows and a detailed procedure will

be described together with results and discussion in later chapters.

The rate for any reaction can be expressed using equation (5.11).
r=Ae BRI e (5.11)

Where # is the reaction rate, E is the activation energy, R is the universal gas constant, T'is
the temperature, C is the concentration of reactant, a is the reaction order, and A is the

pre-exponential factor,

To deriving isothermal rate data from non-isothermal rate data, take logarithms of both

sides, yielding
E

InF=lnA+alnC—-— (5.12)
RT

Since A and o are constants for a specific reaction, Inr against 1/7 will have a linear

relationship when Cis fixed. In the following, the determination of the parameters {InA +

alnC) and E/R is given using the illustration in Figure 5.6,
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Figure 5.6 Schematic graphs showing analysis of non-isothermal rate data to obtain

isothermal rate data, (a) reaction rate ~ myggoz, (b) temperature ~ myapo2.

As shown in Figure 5.6a2 and b, five runs (a, b, ¢, d and ¢) are performed with the same
initial NaBH4 concentration and the same amount of catalyst but with a different initial
reaction temperature. The extent of the reaction is indicated using the concentration of
NaBO,. The initial temperature increases steadily from a to e. The reaction temperatures

and rates are measured simultaneously with time as shown in Figures 5.6a and b
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respectively.

At a given NaBO; concentration, such as in the position of the vertical line, five different
rates (r1, r2, 73, ¥4 and rs) can be obtained from Figure 5.6a, and the corresponding
temperatures (71, T», T3, T4 and Ts) can be obtained from Figure 5.6b. When the reaction
rates and the corresponding reciprocal temperatures (1/7) are plotted the result should be
linear, with a slope corresponding to -£/R, and an intercept on the y axis of In4 + alnC.
Hence equation (5.12) is determined, which can be then used to calculate the reaction rate
at any temperature when the concentration of NaBQ; is mnaso2. In the same way,
equations for any other NaBO; concentrations can be determined. Reaction rates at these
NaBO; concentrations can also be determined for any temperature. Through this method,

isothermal reaction rates are obtained for different NaBO, concentrations.

If five groups of the above experiments are performed, each of which has a different
initial NaBH4 concentration, then equation (5.12) can be determined at the same NaBO;
concentration in each group. Since initial NaBH,4 concentration in each group is different,
the rate at different NaBH, concentrations is obtained with the same NaBO; concentration

and temperature.
Therefore, the following procedures are used for each group of experiments.

» Hydrogen release experiments were conducted to obtain Vi ~ ¢, and T'~ ¢,

o Transform Fuy ~ f to riz ~ £ by differentiation.

» Transform ty ~ t 10 7z ~ Myypo,, and T~ £ 1o T~ my,z0, by using equations
(5.13) or (5.14).

* Using the relationship 7z ~ my,p0, and T'~ my,z0, , plot Inryy ~ 1/T.

e Derive the reaction rate for any temperature at specific NaBH4 or NaBO,

concentrations.

(Fo = Pr,0WWy, /(4RT)
Wfr){zo ~{(Fo = Py,0 W, M 0 (2RT)

™M Nago, = (5.13)
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Wyastt, ~[(Po = Prr,0 Wir, M yupps, 1/(ART)
M NaBH, [W?ho ~(Fy — P HZO)VHz M H>0 H2RT)]

M Nap, = (5.14)

Where Vi is the volume of hydrogen released at time ¢, T'is the reaction temperature, ri
is the hydrogen generation rate, w is mass, Py is atmospheric pressure (assumed to be
101325 Pa), Puo represents saturated vapour pressure at ambient temperature for
measuring hydrogen volume, M is the molecular mass, V is the volume, and R is the

universal gas constant (8.314 T mol” K7). The superscript O represents initial value.

5.5 Summary

In this chapter, the fundamentals of heterogeneous catalysis are reviewed. When deriving
intrinsic kinetic equations for the hydrolysis of NaBH;, diffusion limitations must be
removed including both heat and mass transfer. Due to the extensive heat effect, an

isothermal heterogeneous reaction is difficult to perform.

A rig has been designed to monitor the kinetics thorough a water placement method.
Instead of maintaining constant temperature, a new analysis method is established to

obtain isothermal rate data from non-isothermal rate data.
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Figure 2.3 The solubility of sodium borohydride in water.

Sodium borohydride is used extensively for the reduction of organic compounds. Its broad
synthetic utility is based on its ability to reduce aldehydes and ketones selectively and
efficiently in the presence of other functional groups, and to reduce other functional
groups, e.g., esters, di- and polysulfides, imines and quaternary iminijum compounds,

under special conditions or with added catalysts or co-reagents.

2.4 Hydrolysis of NaBH,

Sodium borohydride is a white solid, stable in dry air up to a temperature of 300 °C. It
decomposes slowly in moist air or in vacuum at 400 °C [9]. The aqueous solution of
sodium borohydride is also stable at normal environmental temperatures and pressures
provided that the pH of the solution is high, which is usually achieved by adding NaOH to
stabilize it {10, 11]. However, when an acid, a metal salt or a selective catalyst is added,
NaBH;, starts to hydrolyse to release hydrogen. In the following, the mechanisms for the

three types of hydrolysis are reviewed respectively.
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2.4.1 Acid Catalysis

Acid catalysis can be classified into two types: general acid catalysis and specific acid
catalysis [12].

In a typical acid catalysed reaction A + B = product, a reactive protonated intermediate
AH" is formed as shown in Scheme 2.3, where A and B are the reaction substrates.
A + H —= aAH’

k
AH" + B —2:- product

Scheme 2.3 The mains steps for acid catalysis reaction.

If step 2 is the rate-determining step and step 1 is the acid-base equilibrium, the
mechanism is called specific acid catalysis. The rate depends only on the concentration of

specific acid H, i.e. the pH value of the solution, as shown in equation (2.1).

knky

=1

rate = k[ AH* [B] = -2 {A][BI[H*] @.1)

If step 1 is the rate-determining step, the mechanism is called general acid catalysis. The
rate depends not only on pH but also on total acid concentration since any general acid
can provide H" as shown in Scheme 2.4. The rate equation for this type of mechanism is

shown in equation {2.2). A general case is shown in Table 2.3,

k
A+ HX —» AH' + X

Scheme 2.4 General acid catalysis reaction.

rate =k, [ AL H * ]+ k; [ AILHX] 2.2)
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Table 2.3 Different rate laws for acid catalysed hydrolysis of sodium borohydride.

Ky =ko +k,.[H']

Specific acid catalysis General acid catalyss
rate = d[Products] rate = d[Products]
dt dt
_ d[Substrate] _ d[Substrate]
Tt Cdt
=k, [Substrate] =k, [Substrate]

Ko =ky +k [H*1+ D ky, ,[HAL

k, = rate constant for uncatalyzed k, = rate constant for uncatalyzed

reaction (s*) reaction (s™)

k.. =hydroxideion catalytic

p k.. =hydroxideion catalytic
coefficient (M 's™)

coefficient (M s ™)
k. = catalyticcoefficient for

generalacid HA ;M "s™)

It has been confirmed that the hydrolysis reaction of sodium borohydride is a general acid
catalysis not specific acid catalysis [13]. Davis and Swain [10] studied alkali metal
borohydrides hydrolysis in dilute buffer solutions. They found that the rate expression was
first order in hydrogen ion concentration in the pH range of 7.7 to 10.1, and the rate is less
sensitive to hydrogen ion concentration at high pH (12 to 14). The apparent reaction order
in hydrogen ion concentration decreases to about 0.4. Davis and Bromels [10, 14] found
that the rate depended upon the ionic strength and upon the anion component of the buffer
solution., They suggested a mechanism which involved a rate-determining proton transfer
from a general acid onto the borohyride ion (as shown in Scheme 2.5), in which the
hydrolysis of the borohydride solution was controlled by the formation of [H'BH4 A;]*.
The intermediate hydrolyzed immediately to an aquated borine radical ((BH3)aq) which
also hydrolyzed rapidly:
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*
] H'BH,
BH4 + HA; _ —_— H + -
i [ A ] 2 + BHy), + A;

(BH3)yq fist’ products

Scheme 2.5 Proposed hydrolysis mechanism for borohydride catalysed by acid.

Kreevoy’s work [11, 13, 15, 16] on the hydrolysis of BHy by acid has shown that the loss
of the first hydrogen determines the overall rate, and the reaction is first order to both the

concentrations of BHy and H'. In acidic solution, the rate-determining step is the

formation of HoBH3. He proposed the mechanism of this reaction as shown in Scheme 2.6.

BH, + H® == H,BH;

H,BHj; —> Hy + BH;

fast
BH; +3H,0 — H,+ B(OH)3

very fast

OH™ + B(OH); B(OH)4

Scheme 2.6 Proposed reaction mechanism for the hydrolysis of borohydride

Wang and Jolly [17], however, suggested H,OBH;, BH,(H,0),’, H;OBH(OH); as

intermediates in low temperature reactions as shown in Scheme 2.7.
BH, + H' + H,0 —» H,0BH; + H;
H,0BH3 + H' + H,0 —» BHy(H,0)2' + H,
BH,(H,0);" —> H,OBH(OH), + H* + H;
H,OBH(OH), — B(CH); + H,
Scheme 2.7 Proposed reaction mechanism for the hydrolysis of borohydridé

No matter what the intermediate is, the hydrolysis of the borohydride is confirmed to be

first order in both hydrogen ion and borohydride ion. The rate equation can be expressed
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using equation (2.3).

T2 =y (BHLH,0") + iy (BHI(H,0) + by (B YHA) @.3)

Equation (2.3) can be simplified to equation (2.4), where (BHy), (H:0"), (H,0) and (HA)

represent the activities of the corresponding species in the system.

Z2 - BHILY o (HA)]

(2.4)

Schlesinger et al [18] have shown that the rate of hydrogén release slows down rapidly as
the pH increases due to the increased presence of borate ion. Since the borate ions

produced are alkaline, acids are therefore not an efficient catalyst.

2.4.2 Transition Metal Salt Catalysis

Acid catalysis comprised the majority of the research on the hydrolytic reaction of NaBHa.
In the 1950s and 1960s, the search for more practical catalysts led to investigations of
some first row transition metal chlorides [18], which includes MnCl,, FeCl,, CoCls, NiCl,
and CuCl,. Kaufman [19, 20] conducted detailed research on the effect of these salts and

concluded that the transition metal salts can accelerate the hydrolysis greater than acids.

The catalysis by metal salts can be described as an additive combination of acid catalysis
and metal surface catalysis, the kinetics of which can be approximated by equation (2.5)
[19].

rate =k, (BH7)(H") + ky 2.5)

where ky' is the rate constant for the acid catalysis and ky is the rate constant for the

metal surface catalysis.

2.4.3 Metal Catalysis

Due to the low efficiency of acid catalysis, high efficiency catalysts have been
investigated to hydrolyse sodium borohydride to hydrogen. The most efficient catalysts so

far are the transition metals.
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The advantages of transition metal catalysis over acid catalysis are as following [19]:

e The hydrolysis rate can be controlled by the amount of catalyst used and is usually
unaffected by changes in solution alkalinity.
¢ Minimal foaming of solutions.

o Possible recovery and reuse of catalysts.

As early as the 1950s, Schlesinger et al [18] reported that alkaline borohydride solutions
undergo hydrolysis, in the presence of various transition metal catalysts, to produce
hydrogen. Based on this data, various metals such as Pt, Ru, Ni, Co and their supporting
materials have been developed for hydrogen production from borohydride solutions and

reported in recent years.

Brown {21] examined several metal catalysts for the hydrolysis of sodium borohydride
solutions and found that Ru and Rh liberated hydrogen rapidly. Amendola [22] used
supported high surface area Ru on ion exchange resin beads to catalyse the hydrolysis.
Wu [23] used carbon supported platinum as the catalyst for the hydrolysis. Richardson {24]
used Ru as the catalyst without any carrier. Krishnan [25] stated that CoO; can be used as

an efficient carrier for Pt, Ru and Li for catalysis.

The mechanism of metal catalysis is not well understood. Some researchers proposed a
zero-order reaction mechanism [19], while some others proposed a first-order reaction
mechanism [24].

2.4.4 The Factors Affecting the Hydrolysis of NaBH,

The pH of the solution has a great effect on the hydrolysis of sodium borohydride in the
absence of catalyst. The solution temperature also has a significant effect on the
hydrolysis. Kreevoy and Jacobson [11] proposed the following empirical equation to

predict the rate of hydrolysis of NaBHj.
log(t,, ) =pH - (0.034T -1.92) (2.6)

Where 7, is the time it takes for one-half of a NaBHj4 solution to decompose (min), pH

represents the pH value of the solution and T is the temperature (K).

In the following, the change of the half-life of NaBH4 solution with NaOH concentration
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is calculated according to equation (2.6). In all aqueous systems, water maintains an
equilibrium with the H" and OH ions. The value of the equilibrium constant is

K, =1.0x107*at 25°C.

K, =[H"J[OH ]=1.0x107 2.7

K
pH =-log[H*]=~log [0}*1" ] =14 +1og[OH"] 2.8)

where [H'] and [OH'] are the concentration of hydrogen ion and hydroxide ion (mol/dm?), .
which can be calculated from the concentration of NaOH, assuming that the density of the

solution is approximately equal to that of water.

10 X Wy o _ Wnaon

[OH }=[NaOH]= 2.9
NaOH 4

where wy,.y 1S the concentration of NaOH in the solution (wt%).

Combining equations (2.7) and (2.8), yields

pH =13.4 + log(wy,on) (2.10)

Substitute equation (2.10) into equation (2.6), the relationship between the half-life of
NaBHj, hydrolysis and the concentrations of NaOH is obtained.

logt,, =13.4 +log(Wy,on ) — (0.034T -1.92)

(2.11)
=15.3 + log(wyoy ) ~ 0.034T

The effect of NaOH on the stabilisation of NaBH4 solution can be seen clearly by plotting

logti» against wy,,, at different temperatures according to equation (2.11), as shown in

Figure 2.4.
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Figure 2.4 NaOH effect on the stability of NaBHj at different temperature.

From Figure 2.4, it can be seen that the stability of NaBH, increases with an increase in
NaOH concentration, while it decreases with an increase in temperature. Table 2.4 lists

values of the half-life of NaBH, solutions with different NaOH concentration at room

temperature (25°C).

Table 2.4 Stability of NaBH, in NaOH solution at room temperature.

NaOQOH Concentration (wt%)

WNaOH ti(days) tin(years)
1 110 0.3
5 550 1.5
10 1100 3
20 2200 6

2.5 Current Status of NaBH, as a Hydrogen Source

Sodium borohydride has been known as a viable hydrogen generator since 1943 [26]. At
first, it was used as a convenient hydrogen source when a small amount of hydrogen was

needed. It was overlooked after World War II due to its high cost. However, in recent
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years, it has attracted great attention as an alternative hydrogen storage method. Currently,
several companies and groups such as Millennium Cell, Toyota Motor Company, and

Hydrogenics are investing in this research.

Great efforts have been made to commercialise the sodium borohydride system as a
hydrogen source, For example, Millennium Cell has established a portable hydrogen
generator using agueous sodium borohydride solution with Ru catalyst [22]. In Oak Ridge
National Laboratory of USA, a 500 W power system based on sodium borohydride
hydrolysis has been constructed [24].

2.6 Transformation of Sodium Metaborate to Sodium Borohydride

When sodium borohydride undergoes hydrolysis, sodium metaborate is formed (Scheme
2.8). In this section, the properties of sodium metaborate and possible routes to transform

it back to NaBHj, are reviewed.
NaBH4+2H,0—NaBO,+4H,
Scheme 2.8 The hydrolysis of sodium borohydride.

2.6.1 Properties of Sodium Metaborate

NaBO; is relatively inert and non-toxic; it is a common detergent and soap additive but is
toxic to ants and is an ingredient in ant poisons. An anhydrous form can be obtained when
crystallizing from melts of 1:1 of Na,0.B;0;. The octahydrate, Na,0.B;03.8H,0, the
tetrahydrate, Na,0.B;03.4H;0, and the monohydrate, Nay0.B,03.H;0, occur in the
system Na,0-B,03;-H,0. However, there is no evidence for the existence of a dihydrate
[27].

The simple ionic unit (BO7") only exists in the sodium metaborate vapour in the form
M+(O—B*—0) [27]. The anhydrous solid sodium metaborate is composed of sodium
ion and trimeric metaborate ion, (B3O(,)3', as shown in Scheme 2.9. However, the solution
of sodium metaborate is a binary electrolytes system, which has been proved by
cryoscopic results and Raman spectrum of dissolved sodium metaborate [27]. The cyclic
triborate ions present in the crystals of the solid salts evidently break up on dissolution.

Therefore, what is referred to as a solution of sodium metaborate is in fact a solution of
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the binary electrolyte NaB(OH), that is usually simplified as NaBO,.
— z 7
[ ]

i C{ b 7/ \o

3.

Scheme 2.9 The structure of the trimeric metaborate ion, (B306)3'.

A solution of sodium metaborate is highly basic. It can be used as a component of

photographic developers and repléhishefs due to its étroﬁg buffering ability which can

control the pH within close limits. It is also a component for the preparation of starch and
dextrin adhesives, due to the high degree of alkalinity., Sodium metaborate can also be
used as a stabilizer for textile processing. It can also be incorporated into liquid laundry

detergents for pH control and enzyme stabilization.

2.6.2 Routes for Transforming Sodium Metaborate back to Sodium Borohydride

In order to use NaBH, hydrolysis in a sustainable way, the by-product must be converted
back into NaBH,. Little attention has been paid so far to the conversion of NaBO; to

NaBHj in the literature. This section gives possible routes for the conversion.

2.6.2,1 Coupling reaction

One possible way to convert NaBO; into NaBH; is to use the reaction expressed in
Scheme 2.10. However, this reaction has a very high positive Gibbs energy (A,G? =

796.8 KJ.mol"), as shown in Table 2.5 for the relationship between reaction Gibbs energy,
equilibrium constant for chemical reaction (K) and reaction directions. This indicates that

direct reaction through this route is impossible.

NaBO;+2H,—NaBH4+0,

Scheme 2.10 A direct reaction to convert sodium metaborate into sodium borohydride.
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Table 2.5 The relationship between AG® and X at 298 K [28].

AG® (kJ) K Significance
200 1x10% Essentially no forward reaction; reverse
100 3x1078 reaction goes to completion
50 2x107
10 2x10?
1 7x 10"
0 1 Forward and reverse reactions proceed to
-1 1.5 some extent
-10 50
-50 5x 108
-100 3 x 1077 Forward reaction goes to completion;
-200 1x10% essentially no reverse reaction

It is known that some reactions with negative AG can drive a reaction that is not
spontaneous as coupling reactions (just as the combustion of petroleum supplies enough
free energy to move a car [29]). Therefore, some reactions with very negative reaction
Gibbs energy are proposed to couple with reaction (2.10) to make it possible to convert
NaBO; back into NaBH4. The potential chemical species for coupling with the NaBO,
conversion reaction should not have any chemical reactions with NaBH, and the resulting
NaBHj, should be separated from the reaction mixture easily. Metal oxidation, such as that
of sodium, silicon and aluminium, satisfy the above criteria and therefore can be used to
couple with the conversion reaction. The nature of the industrial inorganic method for
producing NaBH, can be classified as a coupling reaction. The calculation of the reaction

Gibbs energy for the overall reaction is given in Table 2.6.
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Table 2.6 Calculation of possible coupling reaction with reaction 2.10. The value of the

fundamental thermodynamic function was taken from Literature [30]

Basic reaction Coupling reaction Overall reaction ArGﬂ (kJ.mol'])
NaBO; + 2H, = | 4Na +0; = 2Nay0 NaBQ; +2810,+4Na { -40.7
NaBHy +O, Si0; + NazO = NapSi0; | +2H; =
NaBH,4+2Na,Si0;
NayO + Si+0; = NaBO; + Na,O +8i | -290.5
NaySiOs +2H, = NaBH4
+Na;S10;
2Mg + Oy = 2MgO NaBO, +Mg +2H, = | -341.8
NaBH, + 2MgO
4A1+ Na,O +30; = 3NaBO; +4Al + -3720.8
4NaAlO, 2NaO + 6H, =
NaBH; + 4NaAlQ,

As can be seen from Table 2.6, all of the above coupling reactions can be used to drive
reaction 2.10 to completion. Coupling reactions are possible routes for coverting NaBO;
back into NaBHj.

2.6.2.2 Electrochemical methods

From the thermodynamic analysis, it is known that it is impossible to transfer NaBO; into
NaBH; without the use of a coupling reaction. In order to make the reaction proceed
quickly, tricky conditions such as high temperature and hydrogen pressure are needed to
fulfil the requirements of the coupling reaction. Electrolysis may be an alternative to solve
the problem. In contrast to the coupling reaction approach, this is a relatively simple

technology.

There are two electrode reactions dealing with BHy4 preparation in the Handbook of
Physics and Chemistry [31] as shown in Scheme (2.11) and (2.12). Electrode reaction
(2.12) may not be suitable for use in the production of borohydride because the

borohydride ion is readily hydrolysed in an acidic environment.
HoBO1+5H,0+8¢ <> BHs+80H" °=.1.24V

Scheme 2.11 Half-cell reaction of boric acid in basic conditions.
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H;BO;+7H +8e¢» BH4+3H,0 °=_0.481V
Scheme 2.12 Half-cell reaction of boric acid in acidic conditions.

The solution of sodium metaborate is a binary electrolytes system. However, the ions in
its aqueous solution are not Na* and BO,". Actually, the anion in the solution is B(OH)4
[32}. Hence, Scheme 2.11 should be written as Scheme 2.13, which can be designed as the
cathode reaction of an electrolytic cell [33]. Oxygen evolution is the main anodic reaction,
as shown in Scheme 2,14. The overall reaction is given in Scheme 2,15, A schematic
diagram of the cell required to produce NaBH,4 from a NaBO, solution is shown in Figure
2.5. The cell contains one anode, one cathode, one semi-permeable membrane. Under an
external electric p(').wer, B(OH)4' is reduced to BH4 in tﬁé cathode and OH is oxidiied to.

0O, in the anode.
B(OH)4+4H,0+8e = BH, +8OH"
Scheme 2.13 The actual half cell reaction of metaborate ion in basic conditions.
40H = O, +2H,0+4e
Scheme 2.14 Oxygen-evolution reaction on anode.
B(OH)4" = BH4+20;

Scheme 2.15 Overall reaction of electrolysis of metaborate ions.
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Cathode |

Semipermeable.
membrane

Figure 2.5 A schematic diagram of the proposed electrolytic cell for NaBO;

In practice, there are competing reactions on the cathode. Because the cathode reaction
with the higher reduction potential reacts at the cathode first, water may be reduced into
hydrogen on the cathode instead of the metaborate ion, B(OH)4', due to its low standard

electrode potential, as shown in Schemes 2.16.
2H,O0+2e=H,+20H" E°=-0.8277V
Scheme 2,16 Hydrolysis of water on cathode.

By selecting suitable cathode materials and hydrogen pressure, the electrochemical

method may be possible.

2.6.2.3 Raw materials for existing processes

Sodium metaborate may be changed into the raw materials for the existing processes. For
an inorganic process, NaBO, can be transformed into borax through the following

reactions. When contacted with boric acid, sodium metaborate can be changed into borax.

2NaBO; + 2B(OH); = Na;B407+ 3H,0

Scheme 2.17 Transformation of sodium metaborate into borax using boric acid

Sodium metaborate can absorb atmospheric carbon dioxide, forming borax and sodium
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carbonate,

4NaBO;+ CO; — NayB4O7+ NaxCOs

Scheme 2.18 Transformation of sodium metaborate into borax using CO;

For the organic process, sodium metaborate reacts with strong mineral acids to form boric

acid, which can react with methanol further to give trimethyl borate. This is the raw

material for the production of sodium borohydride by the Schlesiger method. The process

can be expressed as shown in Schemes 2.19 and 2.20.

NaBO;+ H'+ H,0 — Na*+ B(OH);

Scheme 2.19 Transformation of metaborate into boric acid

B(OH); + 3MeOH —> B(OMe); + 3H,0

Scheme 2.20 Transformation of boric acid into trimethyl borate

2.7 Conclusions

There are two commercially available methods for producing NaBHjy: an organic

process and an inorganic process. Both processes are commercially available.

Three mechanisms are used for the hydrolysis of NaBHj: acid catalysis, metal salt

catalysis and metal catalysis. Metal catalysis is believed to be the most efficient.

Although there is a significant amount of research and development being focused
on the use of NaBH; as a hydrogen source, some important issues remain with
regard to its utilisation, such as its optimal concentration and conversion of the
side product NaBOs.

Three routes to transform sodium metaborate into sodium borohydride have been
proposed: coupling reaction, eclectrochemical methods and a raw materials

approach.

From a calculation of Gibbs free energy, direct hydrogen adsorption by NaBO; is
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thermodynamically impossible due to the high positive Gibbs energy. Direct
hydrogen adsorption by NaBO, can be conducted by coupling with other reactions
with high negative Gibbs energy change such as the oxidation reaction of

magnesium, sodium and silicon.

A simple and practical transformation is the electrochemical approach. The key to
this method is the choice of suitable cathode materials to prevent hydrogen

evolution.

Transformation of the by-product NaBO; into raw materials for the existing

process of manufacturing NaBHj is a feasible method.
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Chapter 3

Maximum Concentration of NaBH, in the Absence of
NaOH

3.1 Introduction

As discussed in the previous chapters, the hydrolysis of sodium borohydride is a
promising method for delivering hydrogen to vehicles and other power systems. Previous
studies have focused on the kinetics and mechanism of the hydrolysis in dilute solution.
However, for use as a power source, a concentrated aqueous solution is desirable in order

to improve the energy density.

As is known, the by-product NaBO; is produced from the hydrolysis of NaBH;. The
higher the concentration of NaBH,, the more NaBO; is produced. When the NaBO,
concentration is too high, it tends to precipitate from solution resulting in catalyst
clogging and a reduction in system efficiency. Hence, knowledge of the maximum
concentrations of NaBHjy is needed. Below this concentration, the highest energy density
is not achieved, while above this concentration, precipitation of NaBO, may occur. In this
chapter, the maximum concentration of NaBHj, is investigated in the hydrolysis system
when NaOH is not present. This is a generalised case when NaBH, is used in its solid

state.

The maximum concentration of NaBH, changes with temperature since the solubilities of
NaBOQO; and NaBHj, are temperature dependent, Available solubility data for NaBH, and

NaBO, in the literature is limited, hence a modelling approach is used in this investigation.

In the work, a thermodynamic model is established in order to correlate the relationship
between solubility and temperature by using the equality of chemical potential for a
substance in its solution and its solid form. The parameters in the model are determined
by using solubility data from the literature [1, 2]. The model is then used to predict the
maximum concentration of NaBHs in the hydrolysis system, which is validated

experimentally.
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3.2 Construction of the Theoretical Solubility Model
3.2.1 Theoretical Background

In this work, the relationship between the solubility of a substance and the temperature
was dertved. During derivation, the fact is used that the chemical potential of the
substance present in its solution must be equal to the chemical potential of the substance

in its solid state when the dissolution process reaches equilibrium.

The chemical potential of a substance B (ug) in a mixture B, C... is related to the Gibbs
energy (G) of the mixture by

G . . .
Hp = [:a—] 3.1
np P.Tn #ng

where T'is the thermodynamic temperature, p is the pressure, and #g, ne, ... are the moles
of substance B, C, ... Hence the chemical potential s the partial derivative of G with
respect to the mole number n; when pressure, temperature and other components are kept
constant. The Gibbs energy of a system depends on the composition, pressure, and

temperature of the system.

For a pure substance B, The chemical potential ug" is given by
up =—=G, (32)

where Gy, is the molar Gibbs energy, and where the superscript * attached to a symbol
denotes the property of a pure substance. The superscript © attached to a symbol may be
used to denote a standard thermodynamic quantity. It can be seen that the chemical
potential is another name for the molar Gibbs energy for a pure substance. Conventionally

the standard pressure (p° ) is set to be 1 bar.

For a perfect gas mixture, chemical potential is related to its standard value as in equation

(3.3) by integrating the thermodynamic fundamental equation (Maxwell equation)
(Ou,13p), =V
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u, = ps +RTIn L (.3)
P

where p; is the partial pressure of component i.

In a liquid solution composed of a solvent A and solute B, the chemical potential of
solvent A in the liquid is pa, and its vapour pressure is pa. The chemical potential of
solvent A in the liquid solution must be equal to the chemical potential of the solvent

present in the vapour at equilibrium,

By =, + RTIn 24 (3.4)
- o

For pure solvent A with a vapour pressure of pa , its chemical potential can be expressed

using equation (3.5).
..t p.A
uA "IJA +.RTIH—°— (3.5)
P

Combining equations (3.4) and (3.5), yields

p, =p, +RTIn 22 (3.6)
Pa

Raoult’s law for an ideal solution is
Pp=X\P4 (3.7)
Substituting this into equation (3.6)
Pa=u, +RTInx, (3.8)

The standard state of the solvent is the pure liquid (at 1 bar) and is obtained when x5 = 1.
When the solution does not obey Raoult’s law, i.e. if it is a real solution, the activity is

introduced in order to preserve the form of equation (3.8).

g, =p, +RTna, (3.9)
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where a, is the activity of A, the effective mole fraction.,

Because all solvents obey Raoult’s law (that pa/pa = x4) increasingly closely as the
concentration of solute approaches zero, the activity of the solvent a approaches as the

mole fraction x, approaches unity.

a,—1 as x; =1 (3.10)

A convenient way of expressing this convergence is to introduce the activity coefficient, ,

by the definition

ay,=Y4x4 VYs—lasx,—>1 (3.11)
For the solute B, the vapour pressure is given by Henry’s law

PB = kexp (3.12)
where kg is an empirical constant.

In this case, the chemical potential of B is

P8 _ " RTIn X2 4 RTInx, (3.13)

Pp Py

Hg =,u; + RTIn

By defining a new standard chemical potential:

Hy =pp +RTIn f;f (3.14)
; .

Then it follows

pp =43 +RTInx, (3.15)

The standard state of solute B is a hypothetical state of the pure solute when Henry’s law
still holds. For a real solute, some deviations may occur, and the activity is introduced

again.

Mg =Hp +RTInag (3.16)
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The standard state of solute B remains unchanged in this last stage. As for the solvent A,

it is sensible to introduce an activity coefficient

ag =Xg¥p (3.17)
Because the solute obeys Henry’s law as its concentration goes to zero, it follows that
ag —> Xp yp—1las xzg—0 (3.18)

When the solvent is water and the solute is an electrolyte, the solution becomes an
electrolyte solution. Electrolytes dissociate in aqueous solution but the ions cannot be
studied separately because the condition of electric neutrality applies. Since this is the
case, the thermodynamics of electrolytes have to be treated in a different way from non-
electrolytes. In work with electrolyte solutions it is customary to use the molal scale. The
molality m; is equal to the amount of electrolyte per kilogram of solvent. Thus, the

molality has the units mol kg™

For an electrolyte Ay.B,., where v. is the number of cations and v. is the number of anions,

electroneutrality requires that

n_ n

(3.19)

m=

v, v_

The chemical potential for an electrolyte is the sum of chemical potentials of the cations

and the anions as expressed in equation (3.20)
p=v g, v g (3.20)

The chemical potentials of the cation and anion are given by
w,=u, +RTIny m, (3.21)

p_=p’ +RTIny_m_ (3.22)

where p.° and p° are the standard state chemical potentials and y. and v. are the activity

coefficients of the cation and anion.
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In equations (3.21) and (3.22), the standard values of the molality #° in the denominator
are omitted to simplify the notation. Substituting equation (3.21) and (3.22) into equation
(3.20), gives

p=ps +v_ul)+RTIny "y ml m?” (3.23)

A mean ionic molality 7. and a mean ionic activity coefficient . are defined as

my = (mltm2 ) =m(vytvin)l (3.24)
e =y (3.25)
where

Ve =V, +V_ (3.26)

Then equation (3.23) becomes
u=p"+v,RTIny, m, (3.27)

This is the chemical potential expression of an electrolyte in solution. The standard
chemical potential p° of the electrolyte is the chemical potential in a solution of unit

activity on the molality scale.

3.2.2 Semi-Empirical Model for Electrolyte Solubility and Temperature

In this section, the relationship between the solubility of an electrolyte and temperature is
derived. When a solid solute is left in contact with a solvent, it dissolves until the solution
is saturated. Saturation is a state of equilibrium, with the undissolved solute in equilibrium

with the dissolved solute. Therefore, in a saturated solution the chemical potential of the
pure solid solute, u,(s), and the chemical potential of B in solution, ug, are equal [3].

According to the definition given by equation (3.27), equation (3.28) is obtained.
pp(s)=pg +v,RTIny, pm, 5 (3.28)

Rearranging equation (3.28) gives
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_Hp(8)—pp

Inm,
v,RT

~Iny, (3.29)

The difference between the chemical potentials in equation (3.29) is the mole Gibbs
energy change of the solute from its solid state to unit activity in its solution on the
molality scale. This difference is further related to other thermodynamic property changes

during dissolution as shown in equation (3.30).

AG 5 =y — pg(s)=AH, , —TAS; (3:30)

where AG,,p, AH_ g, and AS| y are the mole Gibbs energy change, mole enthalpy

change and mole entropy change of B of the dissolution of one mol of solid state solute to

unit activity in solution.
Substituting equation (3.30) into equation (3.29), gives

AH.p , AS,e
wRT wv.R

Inm, =—

—Iny, (3.31)

AH . 5 and AS, 5 can be considered to be constants if the temperature change is not large.

7, is a function of temperature and concentration, At higher concentrations it levels off to

a constant, which can be seen from the calculation of the activity coefficient of NaBO; in

the following sections. Due to the lack of the parameters for NaBHy, the activity of
NaBH4 has not been calculated. If the temperature effect on y, is negligible, it can be

assumed constant. In this work, the effect of temperature is shown to have no significant
effect and this is justified by the good linearity of In(m.) against 1/T in the following

section.
3.2.3 Calculation of the Activity Coefficient for NaBO;

The Pitzer equations for mean ionic activity coefficient for single electrolyte solutions [4]

can be written as follows.
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(3.32)

where y,, is the mean activity coefficient when the concentration is in terms of molality,
(that is, y,, =a,, /m), a,, is the activity of the solute and z,, and z, are the charges on
the cation and anion in the solution corresponding to stoichiometric coefficient v, and
vy . The values of vy , vy, 2y, zy and a, are all equal to 1.0 for NaBO..

Alsov =v, +v, =2.
1 2. _—
I= -i-zim,.zj is the ionic strength.,

In NaBO, solution, the amount of I is equal to its molality. 4?is the Debye-Hiickel

coefficient for the osmotic coefficient and is given by

22N, d (e Y
b =1 2ol e (3.33)
3\ 1000 DT

where Ny 1s Avogadro’s number, d,, is the density of water and D is the static dielectic

constant of water at temperature T. k is the Boltzmann’s constant and e is the electronic

charge.

The value of A°* at 25°C is 0.392 and the term b in equation (4.33) is an empirical
parameter equal to 1.2 at 25°C [5]. The parameters B,,, and Bj,, which describe the
interaction of pairs of oppositely charged ions represent measurable combinations of the

second virial coefficients. They are defined as explicit functions of ionic strength by using

the following equations

Byx = Bux + Bk f(a,1"?) (3.34)
Bix =B S (1) 11 (3.35)
where
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S =201-1+x)e™]/ 5’ (3.36)
F1(x)==2[1- 1 +x+0.5x)e~]/ x* (3.37)

where a,=2 for ions in univalent type electrolytes. The single electrolyte third viral
coefficients, C,,y, account for short-range interactions of ion triplets and are important at
high concentrations. They are independent of ionic strength. The parameters C,,, and

C*wx , are related by
Cyux =Chx Q21zyzy ') (3.38)

The ion interaction parameters for NaBO; at 25°C are given in the literature [5-7] and are
listed in Table 3.1, which is valid for molalities below 4, the highest molality of NaBO; at

25°C in its saturated solution.

Table 3.1 The ion interaction parameters for NaBO, at 25°C.

13(0) ﬁ(!) C'"
-0.05289 -0.10888 0.01497

The calculated results for the activity coefficient of NaBO; are shown in Figure 3.1. It can
be seen that the activity coefficient levels off at higher concentrations. This is a

justification for the assumption that activity coefficient is a constant in saturated solutions.
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Figure 3.1 The activity coefficient of NaBO, in water at 25°C.

3.2.4 Determination of Model Parameters for NaBH,; and NaBO;

In order to calculate the solubility of NaBH4 and NaBQO, at any temperature, the
paranieters AH 5 and AS) z must be determined using solubility data obtained at
different temperatures. Since the number of cations and the number of anions in NaBH, or
NaBOQ; is 1, v+ = v. =1 for both NaBH; and NaBOs. v; = v+ + v.= 2 and m; = m. Hence,
equation (3.31) becomes

AH, 5 AS,5

Inmg = + -1 3.39
L R T R (3.39)

In this work, the solubility data for NaBHs and NaBO; in water were taken from the
literature [1, 2] and reproduced in Table 3.2 and 3.3. The solubility data in the literature

was given as weight percent. For NaBHj4, equation (3.54) was used to convert the
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solubility in weight percent into the solubility in the molality scale. The converted data is
shown in the third column of Table 3.2.

Wyaen, / M nasH,

Mepit, = x 1000 (3.40)

100 - wNaBH4

where wy,gy, 1s the solubility of NaBHs, which is expressed as the weight of solute B in

100 g solution. M y,py, is the molar mass of NaBH,.

Table 3.2 The solubility of NaBHj, at various temperatures.

Temperature | Weight percentage of NaBH4 | Solubility in molatity (mol}

(°C) ) kg™)
0 27.5 10.027
7 30 11.329
10 31 11.876
16 33 13.020
25 36.5 15.194
30 39 16.900
35 42.5 19.538

36.5 45 21.628
38 45.5 22.069
42 48 24,401
45 50 26.434
47 51 27.513
50 54 31.031

The calculation of solubility from the weight percentage for NaBO; is more complicated
than that for NaBH, because the existing form of BO,” ion in aqueous solution is B(OH)4".
Therefore, the molality of NaBO; in its saturated solution is calculated using equation
(3.41):
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WnNaBO, M NaBO,
100 — Wyapo, ~ 2% My,0 X (Wiao, / M napo, )

Myapo, = x 1000 (3.41)

where Wy, is the solubility of NaBO, (which is expressed as the weight of solute
NaBO; in 100 g solution) and Mz, and M, , are the molecular weights of NaBO; and
H,O respectively. The converted solubility in the molality scale is shown in the third

column of Table 3.3.

Table 3.3 The solubility of NaBO; at various temperatures.

Temperature Weight percentage of NaBO, | Solubility in molality

(°C) (%) (mol kg™
20 20 4.402
25 21.6 4.931
30 23.6 5.651
35 25.6 6.444
40 27.9 7.463
45 30.8 8.945
50 34.1 10.974

53.6 36.9 13.075
55 37.2 13.326
60 38.3 14.294
65 395 15446
70 40.9 16.938
75 42.2 18.490
80 43.7 20.520
85 454 23.205
90 47.4 27.043
95 49.6 32.445
100 524 42.136
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After converting the solubility data for NaBH4 and NaBO; in water into molality,

In{my)was plotted against % as shown in Figures 3.2 and 3.3, where the subscript B

denotes NaBH4 or NaBQ,, m is the solubility of B in molality and T is the absolute
temperature (K).

ln(mNaBH ‘)

2-2 T I L) l L) '
3.0 3.1 3.2 3.3

3%4 3.5 3.6 3.7
1/T (KHx10°

Figure 3.2 The effect of temperature on the solubility of NaBHj.
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Figure 3.3 The effect of temperature on the solubility of NaBO,.

It can be seen that lnmpg and % does not exhibit a good linear relationship for both

NaBH4 and NaBO, solution, though the discrepancy may be attributed to experimental

0

m,B

error. From equation (3.39), the slope of the line represents — and the intercept

AS; s

represents —Iny, . The enthalpy change AH | ;can thus be calculated from the

AS®
slope. The values of AH |, 5 and };"B —Iny, for NaBH,; and NaBO, are listed in Table

3.4.
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Table 3.4 Parameters for equation (3.39) for NaBH,4 and NaBO, solution.

Species _BSmp AH' (k] mol™) 22 _Iny,(K)
2R

NaBH4 1982.3 32.96 9.47

NaBO, 2912.9 48.43 11,37

3.3 Calculation of the Maximum NaBH, Concentration

Substituting the parameters for NaBHs and NaBO; into equation (3.45), the solubility
dependencies of NaBH; or NaBO; on the solution temperature are expressed using
equations (3.42) and (3.43) respectively.

1982.3

].n mNaBH4 = _T + 9.47 (3.42)

29129 +11.37

].n ’T'I'N‘,!Bo2 = (3 .43)

For one mole of NaBH4 the water contained in the saturated solution W) can be calculated

using equation {3.44).

1000

= (3.44)

mNaBH,

For one mole of NaBO,, the water contained in the saturated solution #; can be calculated

using equation (3.45).

1000

Mya80,

W, = (3.45)

The mass of water that is required to react with one mole of NaBHy, W3, can be calculated

using equation (3.46) since four moles of water are needed to hydrolyse one mole of
NaBH4.

Wy =4x My, (3.46)
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where M, , is the molar mass of water.

The results shown in Figure 3.4 compare the amount of water contained in a NaBH,
solution with the amount of water needed to dissolve one mole of NaBQ, and the water

for the hydrolysis at various temperatures.

350

300 - ®  Amount of water needed to react with 1mole of NaBH,

C J a and to dissolve 1mole of NaBO,
et
g 250- u
o
= 1 L
5 200 [ ]
E | |
Iy L
‘T 1504 "
L]
= e
100 " "

Amount of water in the saturated
s _ solution of 1 mole of NaBH,

50; "../.

[ ]
- ® ® L [ ] ® @ o 9 *

0 I L) I LJ I L) [ T l
20 40 60 80 100

Temperature ('C)

Figure 3.4 Comparison of the amount of water in NaBH,4 saturated solution with that
required for the hydrolysis and to dissolve the by-product NaBO,.

It can be seen that the amount of water required to hydrolyse one mole of NaBH; and to
dissolve the)NaBOZ that is produced is significantly larger than the amount of water
contained in the saturated NaBH,4 solution that contains one mole of NaBH,. Hence, it is
the water required to hydrolysis NaBH; and dissolve the by-product NaBO, that

determines the minimum water required in the system.
The maximum concentration of the system w can thus be calculated using equation (3.47):

1*M
w= S (3.47)
1% M gy, + Wy + W,
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where w is the maximum concentration of NaBHy (wt%), and M, is the molar mass

of NaBH, (g mol™).

Figure 3.5 shows both the calculated maximum NaBH,4 concentration in the hydrolysis
system and the concentration of saturated NaBH, solution at various temperatures, Two
interesting phenomena need to be addressed here. First, the maximum concentration of
NaBHy4 for the hydrolysis system is about half that of a saturated solution of NaBH,.

Secondly, the maximum concentration increases as the hydrolysis temperature increases,

which clearly increases the energy density.

60

50
X 1 i |
= solubility of NaBH,
E 40+ ——— Max concentration of NaBH .
"E in hydrolysis system
= 304
g
=
()
mv 20
=)
= i
Z

10 4

¥ 1 M 1 4 i ! 1 d ¥
0 20 40 60 80 100

Temperature ("C)

Figure 3.5 Comparison of the calculated NaBH, solubility and its maximum
concentration in the hydrolysis system.

3.4 Experimental

3.4.1 Materials

Sodium borohydride (NaBH4) was purchased from Sigma-Aldrich Company Ltd, being in
a powder form with a purity of 98%. The ruthenium catalyst used to accelerate the
hydrolysis of NaBH,4 was purchased from Johnson Matthey Ltd, 3% ruthenium supported

on carbon. The catalyst was in a pellet form with a diameter of 2 mm.
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3.4.2 Method

When the NaBH; concentration is at its maximum value, the by-product NaBO, will
precipitate from the solution. Visual observation of the precipitation of NaBO, from

solution was used to determine the maximum concentration of NaBH, that can be used.

A series of NaBHy solutions were prepared in 10 ml glass vials from low to high NaBH,
concentration around the theoretical maximum concentration as shown in Figure 3.5. The
weight of each vial containing reaction mixture was measured. Hydrolysis was conducted
at the temperature at which the maximum concentration was to be determined. After the
reaction was finished, the weight of the vial containing products was measured again. The
water loss due to the evaporation was added to the vial. The water loss was calculated

using equation (3.48).
My =my ~ My — My (3.48)

Where m, is the weight of the vial before hydrolysis, m, is the weight of the vial after
hydrolysis and m; is the water consumed during reaction, which can be calculated using

chemical equation.

The glass vials were then sealed and transferred to an oven, which was set at the reaction
temperature. After 24 hours, the glass vials was examined visually to determine if there
was any NaBO; precipitate. The minimum solution concentration in which precipitation
occurred was considered to be the maximum concentration of NaBHy solution at that
temperature, The experimental set up is shown in Figure 3.6 and the experimental results

are given in Table 3.5.

Since the interval of the weight percentage between the vials in which precipitation of
NaBO; did and did not occur was 0.5%, the error for each experimental measurement was
taken to be 0.5%.
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Figure 3.6 Schematic diagram for measuring maximum NaBH, concentration. 1: Support;

2: thermometer; 3: hot plate; 4: water; 5-12: reaction vials; 13: support for reaction vials.
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Table 3.5 Experimental determination of maximum concentration of NaBHjy.

Reaction temperature (°C) | NaBH4 concentration (%) Did precipitation occur?

9.0 X

10.0

11.0

26 11.5

12.0

12.5

13.0

13.5

12.0

13.0

14.0

35 14.5

15.0

15.5

16.0

16.5

14.0

15.0

15.5

4 16.0

16.5

17.0

17.5

18.0

18.0

18.5

19.5

20.0

56 20.5

21.0

21.5

22.0

20.0

21.0

22.0

70 22.5

23.0

23.5

24.0
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3.5 Comparison of Modelling Results with Experimental Data

Experiments were conducted at five temperatures (26, 35, 42, 55, and 70 °C) to observe
the precipitation of NaBO; from the reaction system according to the above experimental

procedure. The experimental data and the calculated line are shown in Figure 3.7.

1t is shown clearly that the maximum concentration of NaBH, in the hydrolysis system
increases steadily with an increase in temperature. The experimentally determined
maximum concentration of NaBHj increased from 13.5% at 26°C to 24% at 70°C. The

calculated values are in good agreement with experimental data.
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39. -
T 24
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o 224
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= 20
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Figure 3.7 Comparison between the calculated and experimental concentration of NaBH,.

3.6 Conclusions

In this chapter, a model was established based on the equality of the chemical potential in
solution and in solid form in order to calculate the maximum concentration of NaBH,4 in
its aqueous solution before NaBO; begins to precipitate. The maximum concentration was

then determined experimentally. The experimental data agrees well with and theoretical
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calculation and the following conclusions can be drawn.

The relationship between the solubility of NaBH,; and NaBQ; with temperature

was satisfied by the equation:

Inm, =—

AH;.B AS;:.B
—-Iny,
v,RT  v,R

The activity coefficient of NaBO, levels off approximately to a constant with an

increase in concentration,

The water required to hydrolyse NaBH, and to dissolve the by-product NaBO; is
much greater than is available in the saturated sodium borohydride solution. The

latter controls the maximum concentration in the hydrolysis system.

The maximum concentration of NaBH, increases significantly with an increase in

reaction temperature.
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Chapter 4

Maximum Concentration of NaBH, in the Presence of
NaOH

4.1 Introduction

In Chapter 3, the maximum concentration of NaBH4 in the absence of NaOH was
investigated. In some situations it is convenient to use NaBHj, in solution rather than in its
solid state since the solution is easier to handle. However, an aqueous solution of NaBHy
is not stable. Hydrogen is generated when there is no stabilizer in the solution, even at
room temperature. This would cause a decrease in the energy density and would also
bring about safety problems. The hydrolysis of NaBH4 can be slowed by increasing the
pH of the solution [1-6]. Hence, NaOH is added to the solution in order to stabilise it. In
practice, various NaOH concentrations have been suggested: 4 % (wt) [1], 10 %(wt) [4]
and 5-10 % (wt) [7].

The addition of NaOH significantly affects the solubility of both NaBH4 and NaBO;. In
this chapter, the maximum concentration of NaBHj, is discussed when NaOH is present.

Due to the lack of solubility data, thermodynamic modelling is used.
4.2 Construction of Models

When solute B dissolves in water in the presence of a third component, A, (that is, solute
B dissolves in A’s solution) the chemical potential of B in the solution is equal to the
chemical potential of the solid state in equilibrium considering that solution A is the
solvent. Hence, equation (4.1) can be derived in the same way as described in Chapter 3,

where component A was not present.

lnm, . =—AH’?"B +(AS’?"B ~Iny!,) @.1)
' v,RT v. R ’ 7
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where m, , is the average solubility of B on the molality scale, AH, , and AS] ; are the

molar enthalpy change and entropy change respectively when species B dissolves from
solid state to an activity of 1 mol kg in solution of A. Since the initial and final states are
the same as those for dissolution in pure water, the same symbols are used for enthalpy

and entropy change as in Chapter 3.y, , is the mean activity coefficient of B in a solution

of A.

The molar enthalpy change and entropy change can be considered to be constant when the

temperature range is not large. To determine the parameters AH, ,and AS? 5, equation

(4.1) is modified by adding -Iny, , to both sides. y, , is the activity coefficient of B in

the absence of component A.

1} 0
AHm.B + ASm.B

Inm,p —Iny, ; =- V. RT  v.RT —In Y;'t,B ~Iny,, (4.2)
Rearranging equation (4.2), gives
' AH? , [AS?
Inm, 5 +lnl28 o Z7mE L fT9wB g, (4.3)
’ Yip V. RT v,RT ’

For both NaBH4 and NaBO,, v, = 2. Substituting the value into equation (4.3), gives

) AH?® AS®
Inm, , +lnl28 = _S0ms 20w g, (4.4)
BT, 2RT | 2RT :

¥+p 1S a constant for the saturated solutions of NaBH4 and NaBO; as shown in Chapter 3.

1

Therefore, aplotof Inm, 5 + ln—y—i- and 1/7 should yield a straight line graph whereby the
£

0

AH?
22 _1ny, , | and the slope is ——=Z. The ratio of the
T ' RT

Vi

intercept on the y-axis is [
Vi

7;,3

14y

activity coefficients

can be calculated using the hydration analysis method [8-10].
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4.3 Solubility Data of NaBH, and NaBO, in NaOH Solutions
4.3.1 Solubility Data for NaBH, in NaOH Aqueous Solutions
4.3.1.1 Description of the Phase Diagram

The solubility of NaBHy in NaOH aqueous solutions is not available directly in the
literature. However, the phase diagram of the NaBH4-NaOH-H,O system is available
[11]. The phase diagram shows the equilibrium composition of NaBH,, NaOH and H,O at
specific temperatures. The solubility of NaBH, in NaOH solutions can thus be derived
from the phase diagram.

The isothermal phase diagram of the NaBH,;-NaOH-H,O system at 0°C, 18°C, 30°C, and
50°C was reproduced in Figure 4.1 [11]. As can be seen, the original phase diagram is in
triangle form. The three vertexes of the triangle phase diagram represent NaBH,, NaOH
and H,0 respectively, The three sides of the triangle represent the composition of two
components: NaBH;-H,0, NaBH4-NaOH and NaOH-H,0. Any point inside the triangle
represents the composition of the three components. For the convenience of calculation in
a model, the triangle phase diagram was transformed into a rectangular phase diagram as
shown in Figure 4.2. The x-axis represents the weight percentage of NaOH in the solution

and the y-axis represents the weight percentage of NaBHj, in the solution.
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Figure 4.1 Phase diagram of the NaBH4-NaOH-H,O system at 0°C-50°C [11].
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Figure 4.2 Phase diagram of the NaBH,-NaOH-H,O system at 0°C-50°C transformed
from Figure 4.1.
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The following information can be seen from Figure 4.2:

At a given temperature, the solubility line consists of smooth parts and inflection
points. In the smooth parts, only one crystalline form co-exists with the solution.
A different smooth part corresponds to a different crystalline form. At the
inflection point between two smooth parts, two different crystalline forms co-exist
with the solution. The inflection point between two smooth parts is termed the
invariant point since the composition and temperature are fixed at this point. For
example, at invariant point (1) in Figure 4.2, the crystalline states of NaBH4¢2H,O
and NaBH; co-exist with the NaBH4 in NaOH solution. The temperature at this
point is 0°C, and the composition is 22.5% NaOH, 22.3% NaBH, and 55.2%
water. Table 4.1 lists the invariant points and their composition in the phase
diagram. There are seven invariant points in total in the phase diagram, which are
labelled using points (1)-(7).

The line for 0°C is divided into three parts by two invariant points (1) and (2). The
solution phase consists of NaBH4, NaOH and H,0. To the left of the invariant
point (2), NaBHj 1s saturated and NaOH is not saturated in the solution. To the left
of the invartant point (1), the equilibrium solid phase is crystalline NaBH4e2H,0.
At the invariant point (1), the equilibrium solid phase consists of two crystals,
NaBH402H20 and NaBH4. Between points (1) and (2), the equilibrium solid state
is NaBH4. At the invariant point (2), NaOH becomes saturated in the solution
phase and the corresponding equilibrium crystalline state is NaOHeH,0. The solid
state in the solution is the co-existence of NaBH; and NaOHeH,O. To the right of
the invariant point (2), NaBHj, is no longer saturated in the solution phase, and the
equilibrium solid state consists only of NaOHeH,0. At 18°C and 30°C, the

situations are similar to that at 0°C except for the invariant point compositions.

At 50°C, there is only one invariant point (7). To the left of the invariant point (7),
the equilibrium solid state is NaBH4. At the invariant point (7), NaOH also
becomes saturated in the solution, and the equilibrium solid state consists of two
crystals, NaBH, and NaOHe#H,O. To the right of the invariant point (7), NaBHj, is

no longer saturated and the equilibrium solid state consist of only NaOHeH-O.
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e At a specific NaOH concentration, the solubility of NaBH, increases with an

increase in temperature.

o At a specific temperature, the solubility of NaBH,4 decreases with an increase in

NaOH concentration.

Table 4.1 The invariant point compositions on the phase diagram for NaBH;-NaOH-H,0
system.

Temperature (°C)  Invariant point  wypy (%) Wy,on (%) Crystalline states

0 ¢} 22.3 225 NaBH4¢2H,O+NaBH,4
) 12.3 44.4 NaBH+NaOHeH,0

18 3) 29 16 NaBH,e2H,0+NaBH,4
4) 13.9 46.8 NaBH;+NaOHeH,0

30 (5) 354 0.1 NaBH4¢2H;0+NaBHj;4
(6) 15 48.5 NaBH4+NaOHeH,0

50 (7 16.5 50.8 NaBH4+NaOHeH,0

4.3.1.2 Regression of the Phase Diagram for NaBH,-NaOH-H;0

For the convenience of calculation, the relationship between NaOH concentration wi,q,
and NaBH, concentration wy,p,, at each smooth part in Figure 4.2 were regressed using

polynomial equations. The use of the polynomial equation was by observation of the line
shape and it was justified by the error of the regression. The regressions are shown in
Figure 4.3. The equations obtained and the errors incurred are listed in Table 4.2. Good

fits were obtained when the polynomial equations were used for the regression.
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Figure 4.3 Regression of the phase diagram of NaBH4-NaOH-H;O using polynomial equations.
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Table 4.2 The polynomial equations of phase diagram in Figure 4.2,

Temperature  wy,., (%)  Solid state Equations, y=Wy.pu. » X= Wya0n Error
C) ‘ &)
0°C <15.6  NaBH,e2H,0 y=0.0209x"- 0.7568x+29.016  0.99
0°C 15.6~22.5 NaBHe2H,O0 y=01567x*-59788x+77.49  0.99
0°C 22.5~44.4 NaBH, y=0.0171x* - 1.6197x + 50.613 1.0
18°C <16 NaBH,e2H,0  y=0.0471x*- 1.085x +34.186 0.9
18°C 16~46.8 NaBH,4 y=00135x"- 1.3286x + 46.802 1.0
30°C <9.1  NaBHs2H,0 y=0.0397x%-0.7859x +39.357  0.98
30°C 9,1~48.5 NaBH,4 y=0.0102x%- 1.1084x + 45,112 1.0
50°C <50.8 NaBH, y=0.0101x*- 1.0991x + 46.439 098

At this stage, there are only four points to regress when the lefi-hand side of equation
(4.4) is plotted against 1/T at each NaOH concentration. The more points that are
regressed, the more accurate the parameters that are obtained can be. Another temperature

point can be obtained by regression of the invariant points.

NaOH concentration above 25% was not considered, since higher concentrations have no
practical significance. When NaOH concentration is lower, than 25%, there are four
known invariant points; (1), (3), (5) and (8) as shown in Figure 4.2, For a given NaOH
concentration, for example the vertical line at a NaOH concentration of 5%, there are four
intersections with the four temperature lines. The intersections with 0°C, 18°C and 30°C
correspond to the solid state NaBH;e2H,O, but the intersection with the 50°C line
corresponds to the solid state NaBH,. It can be inferred that there is an invariant point
between 30°C and 50°C, at which these two crystals co-exist. This invariant point can be

obtained by regressing the four known invariant points.
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Invariant points have a fixed composition and temperature. The composition and
temperature for the four known invariant points are shown in Figures 4.4 and 4.5
respectively. They were then regressed using a polynomial equation. The equations that

are obtained are given in Table 4.3.
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Figure 4.4 Regression of the composition of the invariant points for NaBH4-NaOH-H,O
with NaOH concentration below 25 %.
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Figure 4.5 Regression of the temperature of the invariant points for NaBH,;-NaOH-H,O
with NaOH concentration below 25 %.
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Table 4.3 The regression of the invariant points for NaBH¢-NaOH-H,O with NaOH

concentration lower than 25%.

Equation Error (R?)
Composition y =-1.0026x + 44.856 0.99
Temperature T =-0.0696x> -0.0458 +36.356 0.99

4.3.2 Solubility Data of NaBO; in NaOH Aqueous Solutions
4.3.2.1 Description of the Phase Diagram

The solubility data of NaBO, in NaOH solutions are not available directly from the
literature. A phase diagram for Na;O-B,03-H»0O is available [12], as reproduced in Figure
4.6. The solubility data for NaBO; can be calculated from this phase diagram.

As shown in Figure 4.6, the horizontal axis represents the composition of Na;O (wt%) in
the solution. The vertical axis represents the composition of BoO3 (wt%) in the solution.
The remaining part is water. The ratio data on the lines are the compositions of the solid
phase equilibrated with the solution. The other data on the line are the temperatures of the
solutions. For example, the data 1:1:8 represents Na,0:B,03:H,O = 1:1:8, ie.
NaBQ,¢4H;0. '

When the ratio of Na,O to ByO; equals to 1:1, it represents the solubility of NaBO; in
NaOH solutions. This is the lower right part of the diagram. The phase diagram for
NaB0;-NaOH-H,0 is derived by using the following equations to calculate the
composition for NaBO, and NaOH

_ B0 oy 4.5
WhaBo, = NaBO, (4.5)
B,0,
WNa,0 B,0
2 23
Whaon = ( v; )% 2M yon (4.6)
Na,0 B,0,
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where M 50, and Mnaon are the molecular weight of NaBO, and NaOH respectively, The

derived phase diagram is shown in Figure 4.7.
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Figure 4.6 Phase diagram for the Na;O-B,0;-H,0 system from 0 to 100 °C.,
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Figure 4.7 Phase diagram for the NaBO,-NaOH-H>0Q system transformed from Figure 4.6.
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The phase diagram for NaBO,-NaOH-H,O in Figure 4.7 can be interpreted as follows:

As in the phase diagram for NaBH4-NaOH-H,O, there are invariant points at
which two different crystals exist. The invariant points, the compositions and the
corresponding equilibrium compositions are listed in Table 4.4. In the smooth
parts, the corresponding solid phases consist of only one crystal. On the invariant
points, the solid phases consist of two types of crystal.

With an increase in NaOH concentration, new compounds NayB,0s¢5H,0 and
NayB,0s0H,0 are formed.

At a specific NaOH concentration, the solubility of NaBQ, increases with an
increase in temperature.

As a specific temperature, the solubility of NaBO, decreases rapidly with an

increase in NaOH concentration.
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Table 4.4 The invariant points for NaBO,-NaOH-H,O at 0-100 °C.

Temperature  wyp,,  Wison Crystalline states Related point
(°C) ) %) in the phase diagram

30 8.5 22.6 NaBO,#4H,0+ NaBO,#2H,;0 ®)
4.9 39.6 NaBO0,e2H,0+ NayB,0s¢5H,0 9)

3.2 49.2 NasB,0se5H;0+ NaOHeH,0 (10)

0 52.8 NaOHeH,0 (11)

45 14,7 16.2 NaBOQ,#4H,0+ NaBO;#2H;0 (12)
8.9 37.5 NaBO,#2H;0+ NayB,05¢5H,0 (13)

42 51.7 NayB,05e5H,0+ NaOHeH,0O (14)

0 55.9 NaOHeH,0 (15)

56 10.8 30.8 NaBQ,¢2H,;0+NaB0,e1/2H,0 (16)

13.2 37.6  NaBO,s1/2H;0+NasB;05¢5H,0 (17

5.1 53.9 NayB,0505H;0+Na;B,05¢H,0 (18)

3.2 58.1 NaB,0se¢H,0+ NaOHeH,0 (19

0.0 60.9 NaOHeH,0 (20

60 12.5 28.4 NaBQ,#2H,0+NaB0O,#1/2H,0 (21)

11.2 43.0  NaBO;e1/2H,0+ Na,B,0;5¢5H,0 (22)

5.9 53.4 Na;B;05e5H,0+Na B,0seH,0 (23)

2.6 60.2 NaB,0s5eH,0+ NaOHeH,0 (24)

0.0 62.7 NaOHeH,0 (25)

64 14.2 25.8 NaBO,e2H,0+NaBO,e1/2H,0 (26)

8.3 50.3 NaBO,#1/2H,0+ NayB,05¢H,0 (27)

1.3 71.7 NayB;0seH,0+ NaOH (28)

0.0 73.2 NaOH (29)

80 20.8 21.0 NaBO,¢2H,0+NaBO,#1/2H,0 (30)

8.9 51.1 NaBO,e1/2H,0+ Na,B,05eH,0 (31 .

1.5 72.8 NayB,05¢H,0+ NaOH (32)

0.0 74.0 NaOH (33)

100 32.9 16.9 NaBO,#2H,0+NaBO,#1/2H,0 (34

9.5 52.5 NaBO,#1/2H,0+ Na;B,0s5¢H,0 (35)

2.6 74.0 NayB,0seH,0+ NaOH (36

0.0 77.4 NaOH (37)
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4.3.2.2 Data Regression of the System of NaBO;-NaOH-H,0

As with the NaBH, system, the smooth parts in Figure 4.7 at each temperature were

regressed using polynomial equations. The equations are expressed using the relations

between wy,oy and wy,po,- The regressions are shown in Figures 4.8 and 4.9. The

equations that were obtained are listed in Table 4.5.

Table 4.5 The regressed equations for NaBO,-NaOH-H,0 system.,

Temperature  wy ., Solid state Equations, y=Wygo, » X=Wyon Error
(°C) (%) )
30°C <22.6 NaBO#4H,0  y=0.0322x" - 1.4366x +24.461 1.0
30°C 22.6~39.6 NaBO,#2H,0 y=0.027x*-1.8885x+37.426 1.0
45°C <16.2 NaBOQ,e4H,0  y=0.023x? - 1.3483x +30.556 1.0
45°C 16.2~37.5 NaBO,e2H,0 y=0.0298x>-1.8967x +38.107  0.98
56°C <30.8 NaBO,e2H,0  y=0.0352x*-1.9305x + 36.505 1.0
56°C 30.8~37.6 NaBOe1/2H,0 y=0.1595x> - 10.624x + 186.94  0.98
60°C <28.4 NaBO,#2H,0 v =0.0474x%-2.2507x +38.005 1.0
60°C 28.4~43.0 NaBO,»1/2H,0 y=0.0347x*-2.5687x +57.395 0.98
64°C <25.8 NaBO2H,0  y=0.045x*-2.2123x+40.093  0.99
64°C 25.3~50.3 NaBOp1/2H,0 y=0.0152x"-1.3814x+39.537  0.99
80°C <21.0 NaBO,s2H,0 vy =0.0368x%-1.8631x +43.654 1.0
80°C 21.0~51.1 NaBO1/2H,0 y=0.0131x"-1.3395x+43.242 1.0
100°C <16.9 NaBO,e2H;0  y=0.0677x%-2.2083x + 51.419  0.98
100°C 16.3~52.5 NaBQ,#1/2H,0 y=0.0202x* - 1.973x + 57.92 1.0
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As with NaBH,4-NaOH-H,O, the invariant points were also regressed in order to increase
the number of data points when plotting the left-hand side of equation (4.4) against 1/7 at
a specific NaOH concentration. For NaBO,-NaOH-H,0, there are two sets of invariant
points when NaOH concentration is below 30%: NaBQO,;e4H,O and NaBQ,#2H,0 co-
existence and NaBO,¢2H,O and NaBO,#1/2H,0 co-existence. The regressions for the
former are shown in Figures 4.10 and 4.11 for composition and temperature respectively.
The regressions for the latter are shown in Figures 4.12 and 4.13 for composition and

temperature respectively. The equations that were obtained are listed in Table 4.6.
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Figure 4,10 Regression of the composition of the invariant points for NaBO,-NaOH-H,0

with NaOH. concentration below 30% for the co-existence of NaBQO; 4H,O+
anf3()2 21{2().
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Figure 4.12 Regression of the composition of the invariant points for NaBQO,-NaOH-H;O
with NaOH concentration below 30% for the co-existence of NaBO; 2H;0+
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Table 4.6 Regression of invariant points for NaBO,-NaOH-H,O with NaOH

concentration lower than 30%.

Solid state Y =Waso, X = Wyson T =1(°C), X = Wy,0n

NaBO,e4H,0+  y=0.0182x7- 1.6644x + 36.835 T = -0.0576x° +0.3631x + 52.148

NaBO,#2H;0
NaBO,e2H,0  y=0.1146x%- 6.9968x + 118.14 T =0.17x"- 11.248x + 241.58

+NaBO,¢1/2H20

4.4 Hydration Analysis

4.4.1 Theoretical Background

The hydration analysis method is used to calculate the ratio of the activity coefficient of

NaBH,4 or NaBO; in the presence of NaOH ?"1, » to the activity coefficient of NaBH, or
NaBO; in the absence of NaOH y, ;. Hydration analysis is a method of analysing the

solubility data to explain the ionic processes in ternary saturated solution [8-10].
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Imagine a binary saturated solution, in which component B is dissolved in water. A third
component A is added to the binary solution. A terary solution is thus formed. The total
amount of water in the ternary saturated solution is split into two parts: one part refers to
the water that preserves the properties of the water in the binary saturated solution; the
other part refers to the water that has changed its properties under the influence of

component A,

A parameter P is defined as the mole fraction of water that has changed its properties, as

shown by equation (4.7).
Wy — W _
p=-0 T (4.7)
MH;O Z n;
0

where wy, is the mass percentage of water in the ternary solution, w,,is the mass

[+

percentage of ‘property-unchanged’ water in the temary solution, My,  is the relative

2
molar mass of water (which is equal to 18.02), and Zni is the total mole number of the
0

solution.

The dependence of parameter P on the amount of non-saturated component serves as a
source of information on ionic properties in the solution. From the definition of P, the
positive values of P indicate that water molecules have moved to the hydration sphere or
envelope of the added ions. Values of P=0 may be expected when the added ions are
unable to compete with the component B for attracting water molecules. Negative values

of P are expected in two situations:

a) The added component is a structure-breaking agent with respect to the saturated

solution of component B.

b) The addition of component A may lead to ion-pairing, replacing some water

molecules that had previously been in hydration envelopes.

In real systems, hydration and ionic interaction occur simultaneously. Both of these affect

the value of P, i.e. the value of P is the result of two activities: a positive term related to
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hydration and a negative term related to ion-pairing. For this reason the values of P cannot
be used solely as an indication of hydration. In making such a ‘hydration analysis’, the

analytical concentration of water is an important factor, and it must be taken into account.

For the ternary systems of NaBH4-NaOH-HO or NaBO,-NaOH-H,0O, an interaction

parameter, I (analogous to solubility product on the molar scale) is defined as
I=m .m,. (4.8)
where m._ . is the molality of sodium ion, and m__ is the molality of the borohydride ion

Na*

BH, or metaborate ion BO;y".

For a binary solution, equation (4.8) changes into equations (4.9) since the molality of

Na* and the molality of B are all equal to the molality of the salt.

2
1= (mius) | 49)
where mj; is the molality of the NaBH4 or NaBO, in the binary solution.

In the ternary system, the molality of the sodivm ion comes from either NaBH, or NaBO-
and NaOH. Equation (4.8) becomes

U= (my,on + M M (4.10)
where m, g, is the molality of NaOH, and m,,,; is the molality of NaBH4 or NaBO,.

1t can be seen that [ and I’ are not equal if the total water are taken into account. When the
concept of effective water is introduced, NaBH4 or NaBQ; can be considered in an
imaginary environment where NaOH has no influence on the dissolution, since the effect
of NaOH has been included into the non-effective water. Therefore, when the ‘property-
unchanged’ water (effective water) is taken into the calculation of the molalities in the
ternary solution, 7 and I’ are equal in the same temperature and pressure. Substituting the

definition of molality, m = moles of solute , into equation equations (9) and (10), gives
1000g solvent
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2
[moongm} =(moonNaOH , 10007, )(moonmj @.11)

WH ,0 weﬂ' weff Weﬁ'

Solving equation (4.9) for wes, yields

& 2
Wi,0 '\/ Byan T P Praon
weff =

(4.12)

nNaB
. Wi
where n; is the moles of each component, #; = S
i

Cmeinihg équati.(.)n (4.12) with (4.7), gives

° e 2
Hy ol -n \/ H + Rymh
H,0'*NaB H,0 NaB NaB"*NaCOH
p=-1t : (4.13)

Ayan (M0 + Pyap T Pinaon )

In order to find the relationship between P and the activity coefficient, the usual
description of the equilibrivm with the aid of activity coefficients was discussed,
forgetting the hydration analysis for a moment. In NaBHy or NaBO; saturated solution,

dissolution equilibrium is shown in Scheme 4.1

NaB <> Na* +B-
Scheme 4.1 The jonic equilibrium of NaBH, or NaBO; in aqueous solutions.

The equilibrium constant can be expressed using equation (4.14).

a, .a_ ,

K=-t0 B =yl m, . omy. ' (4.14)
AnaB

where @, .and a4 are the activities of the sodium ion and BH4™ or BO;’ respectively,

dy.p 18 the activity of solid NaBH4 or NaBO,, the value of which is unity, m_ . is the

molality of the sodium ion, and m__ is the molality of BHy or BO;". y, ; is the mean

activity coefficient. Since the value of the equilibrium constant does not depend on the

existence of another component, equation (4.15) holds.
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(25)  (Man)? =725 (Myon + Myen iy (4.15)

where 7, , is the mean activity coefficient of saturated NaBH4 or NaBO, solution in the

presence of NaOH, mby,; is the molality of NaBH, or NaBO; in the absence of NaOH,

mnaoH 18 the molality of NaOH, and mgp is the molality of NaBHy4 or NaBO,.
Rearranging equation (4.15), yields

0

) )m J (4.16)
NaB

Ye_
Vs (mNaOH + Myan

When using the hydration analysis method, the moles of water and NaB are needed.

Substitute the molalities with the number of moles into equation (4.16), yields

/ 2 N2
(1 00073, ]
r we
Ys _ "0 (4.17)
I 10007,,044 N 100075 110007,
Wh,0 Wh,0 Wu,0
\ /

where n represents the number of moles, w represents the weight of water, the subscripts
represents the corresponding substances, and the superscript ‘0’ represents the system

when NaOH is not present.

Simplifying equation (4.17), yields

t [ J 2
Yy  YH0VPNaB T PyapMaon

LA : (4.18)
Vs Pnae Wi,0

Substituting equation (4.12) into equation (4.18), yields

Ta o el (4.19)

f
Y+ Who

Rearranging equation (4.19), gives
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Weir = WH,0 y_f (4.20)
Y+

Substituting equation (4.20) into equation (4.7), gives

4
P=xy,0 {1- -—fi-) 4.2
Vi
w
Whel'e xHZO = Hzcz) B
Mﬂzozni
0

Rearranging equation (4.21), gives

! X
Yi __ *Ho (4.22)

Y+ Xu,0~ P

7
Vs

value of P can be calculated using equation (4.13).

It can be seen that the ratio of can be calculated when the value of P is known. The

4.4.2 Hydration Analysis of NaBH;-NaOH-H;0 and NaBO,-NaOH-H,0

In the phase diagram of NaBH;-NaOH-H,O (Figure 4.2), each NaOH concentration
corresponds to a NaBH4 concentration for a specific temperature line. The weight
percentage of water equals 100% minus the sum of NaBH4 concentration and NaOH
concentration. The same is the case for NaBO,-NaOH-H,0 (Figure 4.4). The values of

My.o» Myep @nd 1y, in equation (4.13) were calculated from the phase diagrams. The

values of nj o and ny,,were obtained by setting wyaon = 0 in Figure 4.2 or Figure 4.4.

The values of P’s were then calculated using equation (4.13), which is shown in Figure
4,14 for NaBH4-NaOH-H,0 and in Fig 4,17 for NaBO,-NaOH-H,0.

After obtaining the values of P for the two systems, they were divided by the molality of
NaBHj4 or NaBQ; at that point. The ratio is a measure of the effect of NaOH concentration

on unit molality of NaBH4 or NaBO,. The quotient of P/my,p is given in Figures 4.15 and
4.18 for NaBH4 and NaBO; respectively. The ratios of y, /v, , were then calculated
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using equation (4.20) and are shown in Figures 4.16 and 4.19 for NaBH,; and NaBO;

respectively.
0.1 /—'\ sooc
NaBH,
0.0 -
[T o
01 e
NaBH S2H,0 1ec

-0.2 <

'0:3 T 7 T T T T T T

0 10 20 30 40

NaOH Concentration (wt%)

Figure 4.14 Calculated P value for the NaBH4-NaOH-H,0 system.
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[N
0024 NaBHd‘ZHZO .
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— I 1 T
¢ s 1w 15 20 25 30 3B 40 45

NaOH Concentration (wt%)

Figure 4.15 The effect of NaOH on P value per unit molality of NaBHj.
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Figure 4.16 The values of y, , /7, ; for the NaBH;-NaOH-H,O system.
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Figure 4.17 Calculated P value for the NaB0,-NaOH-H,O system.
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Figure 4.18 The effect of NaOH on P value per unit molality of NaBOs.
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Figure 4.19 The values ofy, ; /v, , for the NaBO,-NaOH-H,O system.
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As shown in Figure 4.15, the value of P/myspns for the NaBH4-NaO-H,O system is
between -0.031 and 0.0090. At lower temperatures (0 — 30°C), P/mnapu4 is negative. This
may be due to the stronger hydrogen bonds between OH™ and water than that BHs™ and
water, which leads to structure-breaking of the hydration sphere around BH4 before
NaOH is added. At higher temperatures (50°C), P/mnapn4 is positive. The elevation of
temperature decreases the role of hydrogen bonds. However, neither negative nor positive

values are very small. This suggests that the addition of NaOH will not have significant

effect on the dissolution of NaBHy4. As shown in Figure 4.16, the values of y. /7, ;
range from 0.72 to 1.25.

However, for NaBO,-NaOH-H,0, all the P/mnap0: values are positive (from 0 to 0.17 as
shown in Figure 4.18). The original interaction in the solution is between BO,™ and water.
When NaOH is added to the solution, OH™ may also have interactions with water. Since
the basicity of OH" is stronger than BO,", water from the hydration sphere of BO2™ will

move to the surroundings of OH". This will result in a positive value of P, The calculated

values of y, , /v, 5 are from 1 to 2.8 as shown in Figure 4.19. It can be seen that NaOH

has a significant effect on y, /7, , for NaBO,.

4.5 Determination of Model Parameters
After 7., /y.p was calculated using the hydration analysis method, the parameters in

equation (4.4) can be determined by plotting Inm, ; + In-y*—’B against 1/T at the known
£.B

temperatures. In this work, the calculation was coded in Excel®. The parameters for any

NaOH concentrations can be calculated by implementing the model.

In order to make a comparison, Inm, g was first plotted against % for NaBH; or NaBO,

in NaOH solution, as shown in Figure 4.20 and Fig. 4.21. The deviation from linearity is

obvious, although a good linearity has been achieved when NaOH is not present as shown

in Chapter 3. This indicates that y, , /¥, , is not a constant when NaOH is present. The

Yz

N : . . 1
linearity was much improved, however, when plotting Inm, , +In against 7 as

+.B
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shown in Figure 4.22 and Fig 4.23.
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Figure 4.20 The relationship between Inmj, and % for a NaBH4 solution containing

varying amounts
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Figure 4.21 The relationship between Inm, and % for NaBH4 in a NaOH solution.
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Figure 4.22 The relationship between Inm, and % for a NaBHj4 solution in the presence

of various NaQH concentrations.
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Figure 4.23 The relationship between Inm, and % for NaBO; in a NaOH solution,

0
m,B

In Figures 4.22 and 4.23, the slope of the line represents — and the intercept

SO 0
%2 —Iny, . The values of AH?, and —22

represents

~Iny, 5 at various NaOH

concentrations were calculated for both NaBH; and NaBO,. The results are shown in
Table 4.6 and 4.7 respectively. The values are very close regardless of the change of
NaOH concentration. This is because that the standard changes of enthalpy and entropy
are from a solid state of the salts to 1 mol kg! in solution. They have no relationship with
NaOH.
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Table 4.7 The values of the parameters for NaBH; at various NaOH concentrations.

WNaOH AH ;t,NaBI-L, /2R AH :n,NaBH4 AS;,NaBm / 2R“1117’|¢
&) (kI mol ) K7
0 1935.6 322 9.3275
1 1886.9 31.4 9.1485
5 1890.2 314 9.1581
10 1910.4 31.8 0.2237
15 1954.6 32.6 0.3755
20 1643.3 322 9.3534
Average 1920.2 32.0 0.2645

Table 4.8 The values of the parameters for NaBO; at various NaOH concentrations.

WaoH AH :n,NaBOZ /2R AH ;!,NaBOZ AS ;,NaBOZ /2R-Iny,
K K7

0 3007.2 50.0 11.660

1 3006.8 50.0 11.659

5 2997.9 49.8 11.635
7.5 3009.9 50.0 11.661
10 3012.0 50.1 11.664
15 3021.9 50.2 11.687
20 3026.6 50.3 11,700
25 2985.5 49.6 11.582
Average 3008.5 , 50.0 11.656

Substituting the average values of the parameters into equation (4.4) gives the relationship

between solubility and temperature for NaBH,4 and NaBO; respectively.

10771 g, +1n Y+ NaB, __ 19;0.2 N

+,NaBH,

9.3 (4.23)
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Inm, ypo, +1n Yinastio, _ 3008.5 N

Y+ naBO,

11.7 (4.24)

In order to get the relationship between mp and 7 at a specific NaOH concentration, the

value of ¥, ,/y, , must be determined at the NaOH concentration. As shown in Figure

4.16 and 4.19, the value varies with the change of temperature. The average value over
temperature was taken and then plotted against NaOH concentration. The graph was then
regressed into polynomial equations as shown in Figures 4.24 and 4.25 for NaBH4 and
NaBO; respectively. The regressed equations are given as equations (4.25) and (4.26).

1.2

1.0+ " [ ]

0.8~

0.6 ~

YM‘L/YM".

0.4+

0.2~

0.0

o 5 10 15 20

NaOH Concentration (wt%s)

Figure 4.24 The change of y'i, s/ ¥+ with NaOH concentration for NaBH,.
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Figure 4.25 The effect of NaOH on the average y;, 5/Ysp of NaBO; in its saturated
solution.

vilys =097 (4.25)
yily, =-0.0015w2 o +0.07wy,ou +1.0 (4.26)

In the following, the errors introduced by using the average value of y, ,/y,, over

temperature are analysed. It can be seen from Figures 4.16 and 4.19 that the error is small
at lower NaOH concentrations but becomes larger with an increase in NaOH
concentration, The error was estimated using equation (4.27). The results are given in
Tables 4.9 and 4.10.

Aln’22

error = Yus , (4.27)
Inm, , tnlE2
Yim

And
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Alny*—‘ﬂ

= In(?’li.s Vsn )max - ln(y:'t.B /Y+s )av (4.28)
£

Table 4.9 The errors introduced by using the average activity ratios over temperature for
NaBH4-NaOH-H,0.

NaOH Maximum Average Al 5’;,3 Errors at 20°C Errors at 90°C
concentration vy, /y.p  Vis/Vis Tes (Inm, , +1n as =2.75) (lnm,z+In Vun =4.01)
(wt%) T Ves T Vs
] (%) ()
1 1.03 0.97 0.060 2.2 1.5
5 1.07 0.97 0.098 3.6 24
10 1.13 0.97 0.153 5.6 38
15 1.16 0.97 0.179 6.5 4.5
20 1.21 0.97 0.221 8.0 5.5

Table 4.10 The errors introduced by using the average activity ratios over temperature for
NaBO,-NaOH-H,0.

Errors at 20°C Errors at 90°C

NaOH Maximum Average Vi
concentration vy, . /y,;  ¥is/Vss A » Vi Yes
T ’ ’ (Inm, , +In—===1.44) (Inm, ;+In——=3.42)
(wt%) ’ Yi.m ’ Y8
(%) (%)

1 1.15 1.10 0.044 3.1 1.3

5 1.60 1.39 0.141 9.8 4,1

10 1.95 - 1.59 0.204 14.2 6.0

15 220 171 0252 175 7.4

20 2.30 1.78 0.256 17.8 7.5
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The errors increase with both the increase of NaOH concentration and reaction
temperature. The practical range for NaOH should be less than 5% and the reaction

temperature should be as high as possible to increase the reaction rate. Bearing this in

mind, the relative error for using the average value of ¥, ; /7, , over temperature will be

less than 5%. This is acceptable for practical application of the model.

In order to get the relationship between solubility mp and T from equations (4.23) or
(4.24), the presence of common ions must be considered when calculating the mean
molality of mixed electrolytes [13]. In both NaBH4-NaOH-H,O and NaBO,-NaOH-H,0O

systems, the common ion is Na'. The mean molality m, is calculated using equation

(4.29).
my =(mg .my Y2 =[(myp + N LIRS L (4.29)

where mnap represents the molality of NaBHy or NaBO,, m Na* is the molality of sodium

ion, m,_is the molality of BHs or BO,", and mnaoy is the molality of NaOH.
Rearranging equation (4.23), yields
M as + MgonMags — M =0 (4.30)

In practice, the concentration of NaOH is often expressed in weight percentage. The

relationship weight percentage and molality can be expressed using equation (4.31).

MygonMyaon 1000+ my 5 M yp

= (4.31)
Wiao 100 — w0
where wy,qoy 15 the weight percentage of NaOH in the solution.
Solving wy,,y from equation (4.31), gives
m _ Wiaon (1000 +my 5 M n.5)
NaOH =
(100 = w01 )M nz0n (432)
Wyaon %1000 Whaon M nap .

= Myag = 41 + A3Myap
(100 = wiaou M wwon (100 —Wyg05 )M naon ¢ :
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where

Wyony %1000

(1= Wygon M a0

1

Waaon M won

(1~ Wyaou MM naon

, =
Substituting equation {4.32) into equation (4.30), gives
(1+ Ay)ml g + Ay —mi =0 (4.33)

Solvihg map from equation. (4;27), gives the félationslﬁip between mean mblality and

solubility.

— A, + A 41+ 4y)m?
21+ 4,)

(4.34)

Mg =

4.6 Calculation of Maximum NaBH, Concentration

The solubility of NaBH, in NaOH solution at any temperatures and NaOH concentrations
can be obtained by simultaneously solving equations (4.23), (4.25) and (4.34); the
solubility of NaBO; in NaOH solution at any temperatures and NaOH concentrations can
be obtained by simultaneously solving equations (4.24), (4.26) and (4.34). The amount of
water (g) contained in the saturated solution containing one mole of NaBH, can be

calculated using equation (4.35):

1000

My,

W,

(4.35)

The amount of water (g) contained in the saturated solution containing one mole of

NaBOQ; is calculated using equation (4.36).

1000

Myap0,

W,

(4.36)

The amount of water (g) needed to react with one mole of NaBH, is calculated using
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equation (4.37).

Wy =dx M, - (4.37)

The maximum concentration of NaBH, in the hydrolysis system is determined by the
maximum value between W and (W> + W3). The comparison between ¥ and (W, + W3)
is shown in Figure 4.26. It can be seen that the value of /¥ is much smaller than (¥, +

W3). Therefore, the maximum concentration of NaBH, is determined by (W2 + W3).

The calculated maximum concentration of NaBH, is shown in Figure 4.27 for various
NaOH concentrations, It increases with the increase of temperature but decreases with the

increase of NaOH concentration.

—a— Water contained in saturated NaBH , solution
—eo— water needed to dissolve 1 mol NaBO2 and to react with 1 mol NaBH,
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Figure 4.26 Comparison of the quantity of water needed to dissolve 1 mol NaBO; and to
react with 1 mol NaBH, with that contained in saturated NaBH4 solution.
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Figure 4.27 The calculated maximum concentration of NaBH, in the hydrolysis system.

4.7 Experimental

As in Chapter 3, experiments were conducted to validate the modelling results. The same
experimental procedure and materials were used except that the solution used in the
reactions containing 1% or 5% NaOH. The experimental results are listed in Table 4.8 and
Table 4.9 for 1% and 5% NaOH respectively.

Since the interval of weight percentage between the occurrence and non-occurrence of
precipitation of NaBO; was 0.5% or 1%, the errors in these measurements were 0.5% or
1%.
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Table 4.11 Experimental determination of maximum concentration of NaBH4 in 1%
NaOH solutions.

Reaction temperature (°C) NaBH4 concentration (%) Did precipitation occur?

26 9.0
10.0
11.0
1.5
12.0
12.5
13.0
13.5
35 11.0
12.0
13.0
13.5
14.0
145
15.0
15.5
42 13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0
56 18.0
19.0
19.5
20.0
20.5
21.0
21.5
22.0
70 20.0
21.0
22.0
22.5
23.0
23.5
24.0
24.5

L L2 22 XX X 2 2 2 S 2 X KK L L L L 22X K 2 2L LXK XXX L4244 X X X XX
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Table 4.12 Experimental determination of maximum concentration of NaBHy in 5%
NaOH solutions.

Reaction temperature (°C) NaBH, concentration (%) Did precipitation occur?

26 6.0
7.0
7.5
8.0
8.5
9.0
9.5
| 10.0
35 7.0
8.0
9.0
9.5
10.0
10.5
11.0
115
42 10.0
11.0
12.0
12.5
13.0
13.5
14.0
14.5
56 13.0
14.0
14.5
15.0
15.5
16.0
16.5
17.0
70 16.0
17.0
18.0
19.0
20.0
21.0
22,0
23.0

L2 22 XK KK L L L L LXK L L 22 XX KX L L L LN KK L L LXK XXX
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4.8 Comparison of Modelling Results with Experimental Data

In order to validate the model, experiments were conducted at five different temperatures
for 1% and 5% NaOH concentration respectively. A series of NaBH4 solutions were
prepared from low to high concentration to hydrolyse with a concentration interval of 1%
or 0.5%. The experimental results are given in Table 4.7 and Table 4.8 respectively. The

experimentally measured maximum concentrations, together with modelling results, were

plotted in Figure 4.28.

The experimentally measured maximum NaBH, concentration increased with the increase
of the hydrolysis temperature for both 1% and 5% NaOH aqueous solutions. Within the

experimental error, the calculated maximum concentration of NaBH, agrees well with the

experimental data. The agreement indicates that the modelling method is reasonable.

28 -
T %7
2 244
& 22
16 -]
5 204
[ o
g 184
: 1 " ’ n
S 164 o Calculated maximum

4 L H — 40,
- 1] A concentrationw,_ 1%
2 1 l -------- Calculated maximum
z 12 concentration w,_, = 5%
3 10+ a 4 Experimental dataw,_, = 5%
E 1 A7 ) o
% a__ - v Experimental dataw, ., = 1%
E 6 .
1 ) I r ! ! 1 1
20 40 60 80 100

Temperature (°C)

Figure 4.28 Comparison between the calculated and experiment concentration of NaBHy

when sodium metaborate is precipitated from the system.
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4.9 Conclusions

Thermodynamic modelling was conducted in this chapter to calculate the maximum
concentration of NaBH4 hydrolysis in the presence of NaOH. The modelling results were

then validated experimentally at two NaOH concentrations,

e In the presence of a third component, the solubility and temperature meets the

following relationship.
' AH? AS?
Ill mt 5 + 11'1 Y:t.B - m.B + mB _ 1]’.1 }’i 5
Ty, 2RT | 2RT '

For NaBH, the equation is: Inm, y,gq, +1n ViNasr, _ 1920.2 N

Y+ NaBH, T

9.3

For NaBO; the equation is: Inm, ypo +1n Yenarrio, 30085 +

Y +.NaBO,

11.7

o The value of y,,/y,, was calculated using the hydration analysis method. It is

shown in this study that this is a suitable method for calculation of the effect of
NaOH on NaBH, and NaBO..

s The solubility data for NaBH4 can be obtained by analysing the phase diagram of
NaBH4-NaQH-H,0, and the solubility data for NaBO; can be obtained by
analysing the phase diagram of Na;0-B,05-H,0.

¢ The amount of water in saturated NaBH, solution was compared with the amount
of water required to dissolve the by-product NaBO; and to react with NaBHy4. The

former is much less than the latter.

¢ The maximum concentration of NaBHj, in the hydrolysis system is determined by
the amount of water needed to dissolve the by-product NaBO, and to react with
NaBH4.

¢ The maximum concentration increases with the increase of reaction temperature
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and decreases with the increase of NaOH concentration.
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Chapter 5

Kinetic Study of NaBH,; Hydrolysis over Metal Catalyst:
Theory and Experimental Method

5.1 Introduction

In Chapters 3 and 4, the maximum concentration of NaBHjy in its hydrolysis solution was
studied from the point of view of thermodynamics. In this and subsequent chapters, the
kinetic aspect of the hydrolysis will be considered. Kinetics are concerned with the rate of
a reaction, in this case with the quantitative description of how fast hydrogen is generated
during hydrolysis and the factors affecting this rate. Understanding these factors is
essential to the rational design and analysis of the performance of a reactor and the

application of NaBHy hydrolysis to a practical hydrogen generation system.

Most of the previous works in kinetic studies of NaBH, hydrolysis were performed using
protonic acid catalysis [1-3]. Acid catalysis, as reviewed in Chapter 2, are not efficient for
hydrogen generation. The most efficient catalysts for NaBH,; hydrolysis are transition
metals, which are usually supported on an inert carrier. Unlike acid catalysis, metal

catalysed NaBH, hydrolysis is a heterogeneous catalysis.

In this chapter, the theory of heterogeneous catalysis is introduced first, after which an
experimental method is established for the kinetic study. In the next four chapters, kinetic
expression is determined experimentally and an overall kinetic model is derived and

validated.

3.2 Literature review on heterogeneous catalysis

As shown in Figure 5.1, heterogeneous catalysis reactions usually include five steps:
e Mass transfer (diffusion) of the reactants from the bulk fluid to the external
surface of the catalyst pellet.
e Diffusion of the reactant from the pore mouth through the catalyst pores to the

immediate vicinity of the internal catalytic surface.
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e Reaction on the surface of the catalyst.

¢ Diffusion of the products from the interior of the pellet to the pore mouth at the

external surface,

¢ Mass transfer of the products from the external pellet surface to the bulk fluid.

boundary layer

diffusion

Figure 5.1 General steps of heterogeneous catalysis for reaction A — B. Where Chpy is the
bulk concentration of reactant A, Cpy is the bulk concentration of product B, Ca; is the
surface concentration of A, Cg; is the surface concentration of B and 8 is the thickness of

boundary layer.

An important factor in heterogeneous catalysis is that the observed rate of reaction may
include effects due to the rates of transport processes in addition to intrinsic reaction rates.
The intrinsic kinetics of a heterogeneous catalytic reaction involves three elementary steps
successively: adsorption of reactant molecules onto the surface and attachment to an
active site on the catalyst surface, surface reaction, and desorption of product molecules
from the surface. The active site is used to describe a location on the surface which bonds
with reaction intermediates, which is usually a defect or crystal edge on the surface of the
catalyst. The surface reaction may involve a single site mechanism or a dual-site
mechanism. All species of molecules, free reactants and free products as well as site-
attached reactants, intermediates, and products taking part in these three processes are

assumed to be in equilibrium.
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There are various postulated mechanisms for the intrinsic kinetics such as Langmuir-
Hinshelwood kinetics, which involve several arbitrary parameters. In order to prove that a
mechanism is true, it has to be shown that the family of curves representing the rate
equation type of the favoured mechanism fit the data much more closely than the other
possible families of curves, so that all the others can be rejected. It is often rather difficult
to find a good mechanism. Also, the rate expression from a mechanism is difficult to
apply when macrokinetics are involved due to the large number of arbitrary parameters.
However, it is sufficient to use the simplest available correlating rate expression; hence

first-order or n™ order kinetics to represent the intrinsic reaction.

Solid catalyst particles are usually porous, with the interior surface accessible to the
reacting species usually being much greater than the gross exterior surface. The porous
nature of the catalyst particles gives rise to the possible development of significant
gradients of both concentration and temperature across the particle, because of the

diffusion rate of material and heat transfer, respectively.

To obtain a rate law for the particle as a whole, the variation of concentration (ca) and
temperature (T) must be taken into account. Since ¢4 and 7' may vary from point to point
within a catalyst particle, the rate of reaction also varies. To account for this variation,
particle effectiveness factor 1 is introduced. n is the ratio of the observed rate of reaction
for the particle as a whole to the intrinsic rate at the surface conditions (cas and Ts), as

given in equation (5.1):
n =r,(observed)/r (c 5,T5) G

The effects of concentration and temperature will be considered separately. For isothermal

conditions, 1 depends on reaction and particle characteristics.

To obtain an expression for m at isothermal conditions, mathematical equations of
simultaneous diffusion and reaction inside porous catalytic particles at constant
temperature are typically formulated. The general solution involves the derivation of the
ordinary differential equations that describe the material balance within the particle
geometry. This treatment also requires the use of Fick’s law for diffusion, which is usually

assumed to involve only the diffusion of the reactant with an effective diffusivity for the
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catalyst particle.

Diffusion in a porous structure may consist of three modes: molecular diffusion (big
pores), Knudsen diffusion (pore size comparable with molecule free path) and surface
diffusion (along surface). Since the pore structure is usually not well known, Fick’s law is
used to obtain a phenomenological description of the rate of diffusion along the x

direction.
N,=-D,dc,/dx (5.2)
where D, is the effective diffusivity for species A and N is the molar flux {mol m? s™).

Taking a spherical shape as an example (as shown in Figure 5.2), the equation that

correlates diffusion and reaction can be obtained in accordance with the material balance,

as given in equation (5.3).

Figure 5.2 Material balance on a spherical catalyst pellet.

d*Cc, 2(dc,\ *k
+ -~ —-—1Cl =0 5.3
dr? r( dr J D, A (5-3)

e

The boundary conditions are as follows
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dC,/dt=0atr=0.
Ca=Cas atr=R.

Where Cy is the reactant A concentration at position r, Cps is the surface concentration of
reactant A, k, is the reaction rate constant, » is the reaction order, and D, is the effective

diffusion coefficient.

By defining dimensionless variables

y =t
CAs

A=l
R

Equation (5.3) becomes

d’y A de k,R*Cn!
+= -t & "= 5.4
di? 2(dk D v 4

e

By defining Thiele modulus ¢,

52 < R
i D

e

Equation (5.4) becomes

d*y Z[dy/] 5
dA? A\ dA & -3)

The Thiele modulus is an important parameter in chemical reaction engineering. It is a
measure of the ratio of the surface reaction rate to the rate of diffusion through the catalyst
pellet. For arbitrary reaction kinetics and geometric shape, the Thiele modulus can be

generalised using equation (5.6).

A (CED 2 56
n e 2Dg .
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where L. is the characteristic length of a geometric shape. The values for some common

shapes are given in Table 5.1.

Table 5.1 Characteristic lengths of various geometric shapes

Geometric shape  Characteristic length

Flat plates Thickness/2
Cylinders R/2, R = radius
Spheres R/3, R =radius

Any other shape  Volume of particle/exterior surface available for reactant penetration

In the following, a first-order reaction is taken as an example for the solution of equation
(5.5). For a first-order reaction, equation (5.5) becomes
d 2l,r/ 2dy

az I—dfh‘f" -

’ k . .. . .

where ¢, =R D—l and k; in the above equation is the first-order catalytic reaction rate
e

constant based on per unit volume of catalyst, which is equal to k) pe. p.is the density of

the catalyst, and k; is the first-order catalytic reaction rate constant based on per unit

weight of catalyst.

Through some mathematical manipulation (details can be seen in reference [4]), equation

(5.7) is readily solved by combining the boundary conditions.

C, 1(sinhé,A
—_— — — 5-8
LA l(sinhq}lJ (>8)

After solving out y = Ca/Cas, it is now possible to obtain the total reaction rate
throughout the single catalyst pellet, corresponding to the concentration profile of y. This
may be obtained by integrating the reaction rate in the spherical annulus over the entire
sphere. For a first-order reaction in a spherical catalyst pellet, the effectiveness factor 1) is

solved as given by equation (5.9). Other shapes and reaction order can be solved in a
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similar fashion. Typical curves for effectiveness for various reaction orders and catalyst

geometrical shapes are shown in Figure 5.3.

3
n=—(¢ coth¢, -1 (5.9)
¢;
Cosl ORI Spherezeoorder o
_ .di'é s R R, NN Sphere first order R O
' g_’ ,»_:: . Sphere‘second order R E
T R & N ‘ﬁrstorder
i |
s . ,
1 - 40

Figure 5.3 Effectiveness factors for power-law kinetics. For spheres, the abscissa is ¢s,

while for a flat plate the abscissa is 3¢ [5].

From Figure 5.3, it can be seen that equation (5.10) is true regardless of order n. It is often

called strong pore-diffusion resistance when ¢ is large.
1
n-—)a as ¢ o large (5.10)

So far, it has been assumed that the particle is isothermal. If a temperature gradient arises
due to a strong exothermal or endothermic reaction, effectiveness n will change with
temperature. The change of nj with temperature can be obtained by simultaneously solving
differential equations of diffusion and heat transfer. Figure 5.4 shows typical solution
curves, The effectiveness may be greater than 1 when the heat produced can not be

released immediately from the reaction sites within the catalyst particles, as shown in
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Figure 5.4.
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Figure 5.4 Non-isothermal effectiveness factor curve for temperature variation within a
particle [6].

5.3 General consideration for experimental design

As reviewed above, heat and mass transfer effects frequently impact upon the overall
performance of the reaction. Accurate kinetic rate equations can seldom be extracted from
data obtained under the influence of significant heat and/or mass transport limitations.
Thus it is important that the rate data obtained from kinetic runs be acquired in the regime
of kinetic control so that the intrinsic kinetics of NaBHy can be obtained. Effectiveness
factor can be then built into the kinetic rate expression in order to model hydrogen

generation in practice when large catalyst particles are used.

A carbon-supported ruthenium catalyst is one of the most efficient catalysts for NaBH,
hydrolysis. It has the characteristics of a heterogeneous catalyst. The methodology and
results can be applied to other catalysts for NaBH4 hydrolysis. In a heterogeneous
catalytic reaction, heat removal is a difficult factor to overcome in order to obtain
isothermal rate data. A number of different batch reactors have been designed and three of

them are shown in Figure 5.5 [7]. The first one is the now famous Carberry reactor,
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wherein the catalyst is mounted in the paddle or agitator. The next shown is a turbine
reactor, where a small fixed bed of catalyst is mounted at the throat of the Venturi and the
reacting mixture is pumped through the impeller. The third is a circulating reactor with a
fixed bed of catalyst.

T ‘_L::"ﬁ
R
X 4 S —
NP
L g J
. —-‘_//:: o=

Figure 5.5 Stirred batch reactors for studying heterogeneous chemical reactions [7].

The main consideration for the above type of heterogeneous reactors is to remove heat
generated efficiently. Since the contact time for reaction mixture and catalyst is short
enough for the heat to be removed very rapidly, the reaction system can thus be
maintained at a constant temperature. However, these reactors will not work for studying
the hydrolysis of NaBH,, since NaBH; hydrolysis has a significant rate at higher

temperatures even without a catalyst.

Another difficulty in the study of the hydrolysis of NaBHj is the effect of the by-product,
NaBO,. Even for an isothermal reaction, it is difficult to separate the effects of the

concentration of NaBH, and NaBQO,.

In this work, instead of making an effort to control reaction temperature precisely and to
separate the effects of NaBH,4 and NaBOy, an alternative method was developed. This new
approach does not involve a new reactor design, but instead uses a new method of
analysing the non-isothermal rate data in order to obtain isothermal rate data. In the
following, the rig for monitoring the reaction rate is described and then the method is

introduced.
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5.4 Experimental Method
5.4.1 Materials

The specifications of the materials used are listed in Table 5.2, and the specifications of

the catalyst are given in Table 5.3.

Table 5.2 Materials used in the experiment.

Materials Appearance  Purity (wt%)  Supplier

NaBH,4 Powder 98.0 Aldrich

NaBO, Powder 98.0 Aldrich
Ruthenium catalyst on carbon  Pellet =~ 3%Ru Johnson Matthey
NaOH Pellet 99.9 Aldrich

Table 5.3 The specifications of the catalyst

Item Specifications

Description steam activated 2mm carbon extrudates (¢2x5mm)
BET surface: 1000 m? g"l

Bulk density 0.5 gem™

Average pro diameter: 15A

5.4.2 Catalyst Grinding

The ruthenium on carbon catalyst was received in the form of particles with a diameter of
2 mm and 3 mm in length. To investigate the intrinsic kinetics, the particles must be fine
enough so that internal diffusion can be neglected. In this study, the catalyst was ground
using a pestle and mortar and then sieved using a set of sieves with different mesh
apertures. Eight different sieves were stacked on top of each other, and the average
diameters of the catalyst particles trapped in each sieve were assumed to match the
average aperture sizes of the two adjacent sieves. The sieves set used and the catalyst
sizes obtained are listed in Table 5.4. The sieve set was purchased from Fisher Scientific
Ltd (UK).
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Table 5.4 Sieve set and catalyst size

Sieve aperture (um) Average catalyst size (jum)
600 _
500 550.
106 _
90 98
53 _
45 49
32 _
95 A 29

5.4.3 Experimental set-up to monitor reaction rate

For kinetic research, the change in concentration of NaBH4 with respect to time should be
monitored. The measurement of the concentration of NaBH, is rather difficult due to its
hydrolysis even at room temperature. In this study, a method for measuring the hydrogen
volume with time was used, since hydrogen volume and NaBH,4 concentration can be

related using the stoichiometric coefficients in the following reaction scheme.
NaBH4 + 2H,0 =NaBO; + 4H,

A schematic diagram for the experimental set-up is shown in Figure 5.6. The rig consisted
of three parts: the reaction system, a sytem to monitor temperature and a system to
measure the volume of hydrogen that is generated. The reaction system consists of a
three-port reactor and a magnetic stirrer, a water bath that was used to adjust reaction
temperature and a feeding system. One side-port of the reactor was equipped with a
thermocouple and another side-port was connected to the water replacement system. The
middle port of the reactor was used to site a feeding funnel. Since NaBH; can be
hydrolysed even at room temperature when contacting water, a special feeding system
was used as shown in Figure 5.6. NaBH,4 and catalyst were added to the reactor first and
then water was added through the feeding system to the reactor. Once the chemicals come

into contact, hydrogen is produced and the amount that was generated was recorded.
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The volume of hydrogen that was produced was measured using a water replacement
system. The water replacement system consisted of a graduated cylinder full of water and
a water reservoir that was used to immerse the cylinder. A container was placed onto an
electronic balance. Before starting the experiment, the water in the reservoir was filled to
such a level that any extra water would overflow from the cylinder through a slope into
the container on the balance. The electronic balance was connected to a computer using a
standard RS232 connector. Software provided by the balance manufacturer was used to
record the time and the weight of the water displaced from the cylinder. The time interval
for recording the weight was one second. Both the software and the electronic balance
were purchased from A & D Company Ltd. (UK).

In order to monitor the temperature of the reaction system, a thermocouple was put into a
side port of the reactor. This K-type thermocouple was connected to a data logger, which
transferred the information to a computer. The data logger and the thermocouple were

purchased from Pico Company Ltd (UK).

Before conducting the experiment, the reactor was cleaned using distilled water and then
dried in an oven for 24 hours. After the temperature was stable, the reactor was put into
the water bath with a fixed amount of catalyst inside. A pre-determined amount of NaBH,4
powder was then put into the reactor. After all these were ready, the cork of the feeding
funnel was opened to let the water flow into the reactor to start the hydrolysis. The water
that was displaced by the hydrogen production and the overall reaction temperature were
both monitored by using the computer. When calculating the reaction rate, the saturated

vapour pressure at room temperature was considered.

The amount of catalyst that was used was based on the convenience of reaction control.
Reaction rate for heterogeneous catalysis is proportional to the mass of catalyst. The rate

data is based on unit mass of catalyst.

143



thermocouple

measuring cylinder

water additon

tunnel
reacting solution
reaction flask
7 data logger \ water bat
cataly T ;
) firrer
water container
hot plate balance

Figure 5.6 A schematic experimental set-up for the research of NaBH, hydrolysis kinetics.

5.4.4 Analysis of non-isothermal rate data in order to obtain isothermal rate data

The general analysis process is described briefly as follows and a detailed procedure will

be described together with results and discussion in later chapters.
The rate for any reaction can be expressed using equation (5.11).
r=Ae E/RTce (5.11)

Where 7 is the reaction rate, E 1s the activation energy, R is the universal gas constant, T'is
the temperature, C is the concentration of reactant, & is the reaction order, and A is the

pre-exponential factor.

To deriving isothermal rate data from non-isothermal rate data, take logarithms of both

sides, yielding
E

Inr=lnd+alnC-— (5.12)
RT

Since A and o are constants for a specific reaction, Inr against 1/7 will have a linear

relationship when C is fixed. In the following, the determination of the parameters (InA +

alnC) and E/R is given using the illustration in Figure 5.6.
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Figure 5.6 Schematic graphs showing analysis of non-isothermal rate data to obtain

isothermal rate data, (a) reaction rate ~ my,poz, (b) temperature ~ my,p02-

As shown in Figure 5.6a and b, five runs (g, b, ¢, d and e) are performed with the same
initial NaBH, concentration and the same amount of catalyst but with a different initial
reaction temperature. The extent of the reaction is indicated using the concentration of
NaBO,. The initial temperature increases steadily from a to e. The reaction temperatures

and rates are measured simultaneously with time as shown in Figures 5.6a and b

145



respectively.

At a given NaBO; concentration, such as in the position of the vertical line, five different
rates (ry, r2, r3, r4 and rs) can be obtained from Figure 5.6a, and the corresponding
temperatures (71, T, T3, T3 and Ts) can be obtained from Figure 5.6b. When the reaction
rates and the corresponding reciprocal temperatures (1/7) are plotted the result should be
linear, with a slope corresponding to -E/R, and an intercept on the y axis of In4 + alnC.
Hence equation (5.12) is determined, which can be then used to calculate the reaction rate
at any temperature when the concentration of NaBO; is mnapo2. In the same way,
equations for any other NaBO; concentrations can be determined. Reaction rates at these
NaBO; concentrations can also be determined for any temperature. Through this method,

isothermal reaction rates are obtained for different NaBO, concentrations.

If five groups of the above experiments are performed, each of which has a different
initial NaBH, concentration, then equation (5.12) can be determined at the same NaBO,
concentration in each group. Since initial NaBH4 concentration in each group is different,
the rate at different NaBH4 concentrations is obtained with the same NaBO; concentration

and temperature.
Therefore, the following procedures are used for each group of experiments.

» Hydrogen release experiments were conducted to obtain Vy, ~ ¢, and T'~ £.

e Transform Vyp ~ t to rp ~ ¢ by differentiation.

» Transform rm ~ t t0 riz ~ Mpypo,, a0d T~ 110 T ~ my,z0, by using equations
(5.13) or (5.14).

* Using the relationship ruz ~ my,p0, and T~ my,po, , plot lnrp ~ 1/T.

o Derive the reaction rate for any temperature at specific NaBHy or NaBO,

concentrations.

(Fy = Pu,0 )Wy, /(4RT)
W?fzo -(R-F HZO)VHz M H,0 /(2RT)

M napo, = (5.13)
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Whast, = [(Po = Prt,o Vi, M wasn, J/(4RT)
M pasir, [Weiyo = (Po = Pig,0 Wi, M 11,0 (2RT)]

Munaprr, = (5.14)

Where Vi is the volume of hydrogen released at time ¢, T is the reaction temperature, ryp
is the hydrogen generation rate, w is mass, Py is atmospheric pressure (assumed to be
101325 Pa), Pmo represents saturated vapour pressure at ambient temperature for
measuring hydrogen volume, M is the molecular mass, ¥ is the volume, and R is the

universal gas constant (8.314 J mol’ K'!). The superscript 0 represents initial value.

5.5 Summary

In this chapter, the fundamentals of heterogeneous cataly'sis are reviewed. When deriving
intrinsic kinetic equations for the hydrolysis of NaBHjy, diffusion limitations must be
removed including both heat and mass transfer. Due to the extensive heat effect, an

isothermal heterogeneous reaction is difficult to perform.

A rig has been designed to monitor the kinetics thorough a water placement method.
Instead of maintaining constant temperature, a new analysis method is established to

obtain isothermal rate data from non-isothermal rate data.
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Chapter 6

Preparatory Work for the Kinetic Study

6.1 Introduction

As discussed in the last chapter, the NaBH4 molecule must be transported from the well-
mixed, homogenous bulk phase to the surface of a catalyst particle before it can react.
This is external diffusion. Since the catalyst that is used is a porous material containing
active sites distributed within its structure, NaBH4 molecules must further diffuse into the
pores. This is internal diffusion. Inter-phase gradients can exist between the bulk and solid
phases. Diffusive-convective transport processes link the source of reactants to the sink of
the reaction. Moreover, in order to obtain an intrinsic kinetic equation, heat that is
generated must be removed quickly enough so that catalyst particles do not form ‘hot

spots’. Also there must be no temperature gradient within the porous catalyst particles.

The objective of this investigation is to obtain the conditions at which the effects of heat
and mass diffusion can be neglected. This is the preparatory work for studying intrinsic

kinetics.

6.2 External diffusion

In order to eliminate the limitation of external diffusion in the reaction rate, the stirring
rate can be increased until the mass transport rate is greater than the reaction rate.
Therefore, it is necessary to compare rate data at various stirring rates whilst the

temperature and the NaBH4 and NaBO; concentrations are fixed.

Figures 6.1a and 6.1b are the Vy; ~ ¢t and T ~ ¢ curves respectively for the hydrolysis of
NaBH,4 at different initial reaction temperatures when there is no stirring. Hydrogen
volume increases as the reaction proceeds and then levels off, indicating that all of the
NaBH,4 is consumed. When the initial reaction temperature is lower, the temperature
remains nearly constant. However, when the initial reaction temperature is higher, the

temperature is difficult to control and the reaction proceeds in a non-isothermal way due
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to a higher reaction rate, which leads to a rapid generation of heat.

Figure 6.2 shows the rate of hydrogen generation versus reaction time, which was

transformed by differentiation of the corresponding Vs ~ ¢ curves in Figure 6.1a. Figure

6.3 is the relationship between riz ~ Myypo, and T'~ my,go , Which was transformed by

using equations (5.13) or (5.14). By measuring 72 and T at the same concentration of
NaBO; (which indicates the same reaction extent), Inry, against 1/7 was plotted in Figure
6.4, It can be seen from Figure 6.4 that Inry and 1/T have a good linear relationship,
indicating that equation (5.12) is reasonable. After obtaining the linear relationship,
reaction rates were plotted against NaBO, concentration at various temperatures, as

shown in Figure 6.5.

In the same way, another two sets of expertments were conducted when thé stirring rates
were 390 rpm and 650 rpm respectively. The corresponding figures are shown in Figure
6.6 to Figure 6.10 for the stirring rate of 390 rpm, and Figure 6.11 to Figure 6.15 for the
stirring rate of 650 rpm.

1400
1200-
10‘00-

8{)0—.

600

Volume of Hydrogen (mi)

400 +

200 -

T 1 T T v 1] v ]
0 100 200 300 400
Reaction Time(seconds)

150



Temperature ("C)

Figure 6.1 Hydrogen generation from the hydrolysis of NaBH4 at various initial
temperatures. The hydrolysis was conducted with an initial molality of NaBH4 of 1.32
mol kg™, in 10 ml of water with 0.3 g of ground catalyst with a mean particle diameter of
0.049 mm, without stirring. (a) Hydrogen production-time curves; (b) Temperature-time

curves.
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Figure 6.2 The rate of hydrogen generation versus time at various temperatures, obtained

by differentiation of Figure 6.1a.
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Figure 6.3 The rate of hydrogen generation versus NaBO; concentration (a) and
temperature versus NaBO, concentration (b). They were transformed from Figure 6.2 and
Figure 6.1b respectively.
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Figure 6.4 The relationship between Inry; and 1/T, derived from Figure 6.3.
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Figure 6.6 Hydrogen generation from the hydrolysis of NaBHy at various temperatures.
The hydrolysis was conducted with an initial molality of NaBH4 of 1.32 mol kg, in 10
ml of water with 0.3 g of ground catalyst with a mean diameter of 0.049 mm and with a

stirring rate of 390 rpm. (a) Hydrogen production-time curves; (b) temperature-time
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Figure 6.8 The rate of hydrogen generation versus NaBO; concentration (a) and

temperature versus NaBO; concentration (b). They were transformed from Figure 6.7 and

Figure 6.6b respectively.
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Figure 6.11 Hydrogen generation from the hydrolysis of NaBHj4 at various temperatures. -
The hydrolysis was conducted with an initial molality of NaBH, of 1.32 mol kg™, in 10
ml of water with 0.3 g of ground catalyst with a mean diameter of 0.049 mm and with a
stirring rate of 650 rpm. {(a) Hydrogen production-time curves; (b) Temperature-time

curves.,
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Figure 6.12 ry, versus time at various temperatures, obtained by differentiation of Figure
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Figure 6.13 The rate of hydrogen generation versus NaBO» concentration (a) and
temperature versus NaBO; concentration (b). They were transformed from Figure 6.12

and Figure 6.11b respectively.
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Figure 6.14 Inry; and 1/T derived from Figure 6.13.
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Figure 6.15 Reaction rate versus reaction extent at various temperatures when the stirring

rate was 650 rpm.
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Figure 6.16 Comparison of the effect of stirring rate on reaction rate. The catalyst
particles used had an average size of 0.049 mm. The reaction was conducted using 0.5g

NaBH,4 in 10 ml of water.

In order to make a comparison, Figures 6.5, 6.10, and 6.15 were plotted together, as
shown in Figure 6.16. At lower reaction temperatures, reaction rate is not affected
significantly by stirring rate. At higher temperatures, reaction rate increases with an

increase of stirring rate at the beginning of the reaction.

When the reaction temperature is low, reaction rate is low. Hence, it does not need a high
rate of stirring in order to provide a high rate of mass transfer from the bulk fluid to the
catalyst particles. When the reaction temperature increases, the reaction rate increases
exponentially. In this case a high rate of mass transfer is required in order to provide
NaBH; to the catalyst. Therefore the stirring rate, and thus the external mass transfer, is

not significant at lower temperatures.

However, the stirring rate did not show any effect when the concentration of NaBO, was
higher than 0.2 mol/kg, i.e. about 10% of NaBH4 was hydrolysed. This may be due to the
production of hydrogen gas, which agitated the reaction solution violently. The effect of

hydrogen gas agitation made the effect of stirring rate on external mass transfer not
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significant.

As shown in Figure 6.16, the difference between the reaction rates at above 30°C became
obvious at a very early stage in the reaction. However, the difference between reaction
rate at 390 rpm and 650 rpm was very small, less than 10%. Therefore, it can be
concluded that 650 rpm is high enough to remove external diffusion limitation for the

reaction. In the following work, the stirring rate was fixed at 650 rpm.

6.3 Internal diffusion

Internal diffusion refers to the mass transfer within a catalyst particle, It is affected mainly
by the size of particle that is used. When the particle size is fine enough, the internal mass
transfer limitation can be removed. In this section, a particle size is determined for which
the internal mass transfer rate does not limit reaction rate. In order to investigate this, it is
necessary to compare the reaction rate at various sizes of catalyst particle whilst the
temperature and the NaBH, and NaBO, conc.entrations are fixed. Also, a sufficiently high
stirring rate is employed, as per the results of section 6.2, so that the effects of external

diffusion are removed,

Five different particle sizes were used for the investigation at a fixed concentration of
NaBHj, and stirring rate of 650 rpm. Figures 6.17 to 6.21 are NaBH, hydrolysis data when
the catalyst particle diameter was 2 mm. Figures 6.22 to 6.26 are the experiments when
the catalyst particle diameter was 0.60 mm. Figures 6.27 to 6.31 are the experiments when
the catalyst particle diameter was 0.10 mm. Figure 6.32 to 6.36 are the experiments when
the catalyst particle diameter was 0.05 mm. Figures 6.37 to 6.41 are the experiments

when the catalyst particle diameter was 0.03 mm.
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Figure 6,17 Hydrogen generation from the hydrolysis of NaBH, at various temperatures.
The initial molality of NaBH4 was 1.32 mol kg™, The hydrolysis was performed in 10 ml
of water with 0.3 g of catalyst with a mean diameter of 2 mm. (a) Hydrogen production-

time curves; (b) Temperature-time curves.
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Figure 6.19 The rate of hydrogen generation versus NaBO; concentration (a) and

temperature versus NaBO; concentration (b). They were transformed from Figure 6.18
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and Figure 6.17b respectively.
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Figure 6.20 Inry; and 1/T derived from Figure 6.19.
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Figure 6.21 Reaction rate versus reaction extent at various temperatures when the catalyst

particle size was 2 mm.
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Figure 6.22 Hydrogen generation from the hydrolysis of NaBH, at various temperatures.
The initial molality of NaBH, was 1.32 mol kg™, The hydrolysis was performed in 10 ml
of water with 0.3 g of catalyst with a mean diameter of 0.55 mm. (a) Hydrogen

production-time curves; (b) Temperature-time curves.
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Figure 6.23 ryy; versus time at various temperatures by differentiation of Figure 6.22a.
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Figure 6.24 The rate of hydrogen generation versus NaBO, concentration (a) and
temperature versus NaBO; concentration {b). They were transformed from Figure 6.23
and Figure 6.22b respectively.
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Figure 6.26 Reaction rate versus reaction extent at various temperatures when the catalyst

particle size was 0.55 mm.
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Figure 6.27 Hydrogen generation from the hydrolysis of NaBHy at various temperatures.
The initial molality of NaBH, was 1.32 mol kg'. The hydrolysis was performed in 10 ml
of water with 0.3 g of catalyst with a mean diameter of 0,098 mm. (a) Hydrogen

production-time curves; (b) Temperature-time curves.
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Figure 6.29 The rate of hydrogen generation versus NaBO, concentration (a) and

temperature versus NaBO; concentration (b). They were transformed from Figure 6.28

and Figure 6.27b respectively.
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Figure 6.31 Reaction rate versus reaction extent at various temperatures when the catalyst

particle size was 0.098 mm,
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Figure 6.32 Hydrogen generation from the hydrolysis of NaBHy at various temperatures.
The initial molality of NaBH, was 1.32 mol kg, The hydrolysis was performed in 10 ml
of water with 0.3 g of catalyst with a mean diameter of 0.049 mm. (a) Hydrogen

production-time curves; (b) Temperature-time curves.
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Figure 6.34 The rate of hydrogen generation versus NaBO; concentration (a) and
temperature versus NaBO, concentration (b). They were transformed from Figure 6.33

and Figure 6.32b respectively.
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Figure 6.36 Reaction rate versus reaction extent at various temperatures when the catalyst

particle size was 0.049 mm:.
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Figure 6.37 Hydrogen generation from the hydrolysis of NaBH4 at various temperatures.
The initial molality of NaBH, was 1.32 mol kg™!. The hydrolysis was performed in 10 ml
of water with 0.3 g of catalyst with a mean diameter of 0.029 mm. (a) Hydrogen

production-time curves; (b) Temperature-time curves.
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Figure 6.39 The rate of hydrogen generation versus NaBO, concentration (2) and
temperature versus NaBO, concentration (b). They were transformed from Figure 6.38
and Figure 6.37b respectively.
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Figure 6.41 Reaction rate versus reaction extent at various temperatures when the catalyst

particle size was 0.029 mm.
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Figure 6.42 Comparison of the reaction rate at various temperatures for different catalyst

particle sizes.

The reaction rates at various reaction temperatures for different particle sizes are

compared in Figure 6.42. The reaction rates increased significantly with a decrease in
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catalyst particle size. This suggests that the hydrolysis of NaBHy in the presence of a
carbon supported ruthenium catalyst has a strong internal diffusion limitation when the
catalyst particles are large. When the catalyst particle size is reduced to around 0.049 mm,
the interna! diffusion limitation is removed. This trend did not change with reaction

temperature, as shown in Figure 6.42,

This indicates that the limiting effects of internal diffusion can be removed by using a
catalyst particle size of less than 0.049 mm for the hydrolysis of NaBH, over a carbon
supported ruthenium catalyst. Therefore, in the study of intrinsic kinetics that is reported

in the next chapters, 0.049 mm catalyst particles and a stirring rate of 650 rpm are used.

6.4 Heat transfer effect

When the reaction is so fast that the heat released in the pellet cannot be removed rapidly
enough to keep the pellet close to the temperature of the fluid, then non-isothermal effects
intrude. In such a situation two different kinds of temperature effects may be encountered.
One is within-particle AT. The other is film AT, in which the whole pellet may be hotter

than the surrounding fluid.

Since fine particles are used in the study of intrinsic rate expressions, within particle AT

can be ignored. The film AT can be calculated using equation (6.1) [1].

L(= g s N—AH )

ATﬁlm = h

(6.1)

Where AH; is the reaction enthalpy change, L is the particle diameter, —r:‘obs is the

reaction rate per unit volume of catalyst, and % is the heat transfer coefficient of the

surrounding fluid.

The heat transfer coefficient can be calculated using the following correlation [2].

Nu=2+0.6Re'? pr'/3 (6.2)

Where the dimensionless variables are defined as follows:
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where p = fluid density, kg/m>
d, = diameter of pellet, m
k¢ = thermal conductivity, J/K.m.s
U = free-stream velocity, m/s
it = fluid viscosity, Pa.s

Substituting the values of the above parameters for water, # can be obtained. By defining
reaction rate and particle radius, the film temperature difference ATy can be calculated.

The calculation is shown in Figure 6.43 for different reaction rates and particle sizes.

As shown in Figure 6.43, ATy depends on both the fluid flow rate around the catalyst
particles and the reaction rate of NaBHj. It increases with reaction rate and decreases with
flow rate (stirring rate). Since the reaction rate is usually less than 2 g of NaBHy s m?,
the particle temperature varies from the fluid temperature by less than 1°C, even with no

stirring. Thus it can be assumed that the film temperature is not significant.

182



3.0

From top to bottom

2.5 —0m/s
— 0.1 m/fs
——0.5mis
2.0+ ——1mis
— 4 {11/
53__ 4.5 ——3m/s
: 1
5
1.0
osd T
0.0+

reaction rate (g NaBH,s"'m")
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6.5 Conclusions

This chapter detailed the preparatory work that was necessary before beginning to
investigate the intrinsic kinetics of NaBH4 hydrolysis over a ruthenium catalyst, i.e. to
negate the effects of heat and mass diffusion on the intrinsic kinetics. Three aspects of
work have been studied: external diffusion, internal diffusion and heat effect. Through the

work, the following conclusions have been drawn:

o When the stirring rate is greater than 650 rpm, the effects of external diffusion can

be discounted.

e When the catalyst particle size is less than 0.049 mm, the effects of internal

diffusion can be discounted.
o The film temperature difference and temperature gradients within particles are

small enough to be ignored.
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Chapter 7

The Effect of NaBH, and NaBO; on Intrinsic Kinetics

7.1 Introduction

In Chapter 6, studies were performed in order to determine the conditions that are
required to allow the effects of mass and heat transfer on the intrinsic kinetics of the
NaBHj reaction to be considered negligible. In this and subsequent chapters, the intrinsic
kinetics are studied under these conditions. The ultimate objective is to obtain an intrinsic
rate expression without diffusion limitations. The effects of NaBHs; and NaBO,
concentration are studied in this chapter and the effect of NaOH concentration is studied

in the next chapter.

With the hydrolysis of NaBH,, the concentration of NaBH; decreases and the
concentration of NaBQO; increases with time. Since NaBO; is a base it may affect the
reaction rate of NaBH4, as it is known that NaOH is used as a stabiliser for NaBHy4 in
aqueous solution. Therefore, it is necessary to investigate both the effects of NaBH, and

NaBO; concentration on the rate of the hydrolysis reaction.

7.2 Experimental Results

In order to investigate the effect of NaBH; concentration on the reacﬁon rate, the
temperature and NaBQO, concentration must be fixed while the NaBH, concentration is
varied. In order to investigate the effect of NaBO; on the reaction rate, the temperature
and NaBH, concentration must be fixed while the NaBO, concentration is varied. The two

factors can be investigated by designing one set of experiments as follows:

For each initial NaBH,4 concentration, several experiments are performed, each of which
has a different initial temperature. Through this group of experiments, isothermal rate data
can be derived for any NaBO, concentration as shown in last chapter. However, within
this group of experiments, the concentrations of NaBO, and NaBH, depend on each other.

They cannot vary independently since the initial NaBHy4 concentration is the same. In
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order to vary NaBH,4 or NaBO, concentration, several groups of such experiments need to
be conducted, with each group having a different initial NaBHs concentration. Within
each group, the initial NaBH4 concentration is the same but with a different initial

reaction temperature.

Therefore, at a fixed NaBO, concentration the corresponding NaBH, concentration for
each group is different. At a fixed NaBH, concentration the concentration of NaBO; is
different.

In this work, six groups of experiments were conducted. Figures 7.1-7.24 show the six
groups of hydrolysis experiments. The Vip ~ ¢ was transformed to ryp ~ ¢ by
differentiation and to ruz ~ myamo2 by using equations (5.13) and (5.14). loryy ~ 1/T was

obtained by simultaneously measuring ru» ~ mnapoz and '~ myapoz.
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Figure 7.1 Hydrogen generation from the hydrolysis of NaBHj, at various temperatures.
The initial molality of NaBH4 was 1.32 mol kg'. The hydrolysis was performed in 10 ml
of water with 0.3 g of catalyst with an average particle size of 0.049 mm. (a) Hydrogen

production-time curves; (b) Temperature-time curves.
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Figure 7.2 ryp versus time from the hydrolysis of NaBH4, which was transformed by

differentiation of the curves in Figure 7.1a. Initial molality of NaBH; was 1.32 mol kgl
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Figure 7.5 Hydrogen generation from the hydrolysis of NaBHj at various temperatures,
The initial molality of NaBH4 was 1.59 mol kg™'. The hydrolysis was performed in 10 ml
of water with 0.3 g of catalyst with an average particle size of 0.049 mm. (a) Hydrogen

production-time curves; (b) Temperature-time curves.
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Figure 7.6 ry; from the hydrolysis of NaBHa, which was transformed from Figure 7.5a by
differentiation. The initial molality of NaBH4 was 1.59 mol kg™
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Figure 7.13 Hydrogen generation from the hydrolysis of NaBH,4 at various temperatures.
The initial molality of NaBH4 was 2.64 mol kg™'. The hydrolysis was performed in 10 ml
of water with 0.3g of catalyst of an average particle size of 0.049 mm. (a) Hydrogen

production-time curves; (b) Temperature-time curves.
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Figure 7.14 The rate of hydrogen generation from the hydrolysis of NaBH4, which was
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Figure 7.17 Hydrogen generation from the hydrolysis of NaBH,4 at various temperatures.
The initial molality of NaBH4 was 3.17 mol kg, The hydrolysis was performed in 10 ml
of water with 0.3 g of catalyst of an average particle size of 0.049 mm. (2) Hydrogen

production-time curves; (b) Temperature - time curves.
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Figure 7.21 Hydrogen generation from the hydrolysis of NaBH; at various temperatures.
The initial molality of NaBH4 was 3.97 mol kg". The hydrolysis was performed in 10 ml

of water with 0.3 g of catalyst of an average particle size of 0.049 mm. {(a) Hydrogen

production-time curves; (b) Temperature - time curves.
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Figure 7.22 The rate of hydrogen generation from the hydrolysis of NaBHs, which was
transformed from Figure 7.21a by differentiation. The initial molality of NaBH4 was 3.97
mol kg,
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Figure 7.24 lnry, versus 1/T derived from Figure 7.23. Initial NaBH4 molality was 3.97
mol kg™

7.3 The effect of NaBH,

It can be seen from Figures 7.4, 7.8, 7.12, 7.16, 7.20 and 7.24 that Inry and 1/T had a
good linear relationship. Because of this relationship, the reaction rate at any temperature
can be obtained by interpolation. When the temperature and the molality of NaBO; are
fixed, the change in reaction rate with NaBH, molality was obtained by interpolating the
Inryy ~ 1/T curves in the relevant figures. The relationships thus obtained are shown in

Figures 7.25 to 7.27 for three different temperatures.

As shown in Figures 7.25-7.27, the concentration of NaBH, had no effect on the rate of
hydrogen generation for a fixed concentration of NaBO,, regardless of a change in
temperature. It can thus be concluded that the hydrolysis of NaBHjy in the presence of a

ruthenium catalyst is a zero-order reaction with regard to NaBH4 concentration. There are
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three main steps in the hydrolysis of NaBH, on a catalyst surface: adsorption of NaBHs,
reaction and desorption of Hz. The rate of Hydrogen generation is zero order with respect

to NaBH,, indicating that desorption of hydrogen from the catalyst surface is the rate-

determining step.
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Figure 7.25 The relationship between ri» and the molality of NaBH4 at 25°C.
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Figure 7.27 The relationship between ry, and the molality of NaBH, at 45°C.

7.4 The effect of NaBO,

The averages of the hydrogen generation rate for each NaBO; molality at different NaBH,4
molalities were taken from Figures 7.25-7.27 and plotted against the molality of NaBO;
(shown in Figure 7.28). It can be seen that the reaction rate decreases at the earlier stages
of the reaction with the increase of NaBO, concentration and the reaction rate levels off at
later stages. Since NaBO; is a base, it suggests that the reaction intermediate involves the

hydrogen ion.
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Figure 7.28 The relationship between ry; and the molality of NaBOs.

7.5 Conclusions

In this chapter, the effects of NaBH; and NaBO, concentration on the reaction rate have
been studied. At a fixed temperature and NaBO, concentration, the reaction rate is zero
order with respect to NaBH4 concentration. At a fixed NaBH; concentration and

temperature, the reaction rate decreases with an increase in NaBO, concentration.
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Chapter 8

The Effect of NaOH on Intrinsic Kinetics and Rate
Expression

8.1 Introduction

In Chapter 7, the dependence of reaction rate on the concentration of NaBH, and NaBO,
was studied. It was found that the reaction is zero order with respect to NaBH,
concentration but decreases steadily with an increase in NaBO» concentration. In this

chapter, the effect of NaOH will be investigated.

In Chapter 2 it was shown that aqueous solutions of NaBH; are quite stable when
maintained at a high pH value. In the absence of a catalyst, the half-life of NaBH; at room
temperature can reach 1.5 years when the concentration of NaOH is 5% [1]. The effect of

NaOH is thus an interesting aspect to the kinetics of NaBHj.

8.2 Experimental Results

This chapter details an investigation into the effect of NaOH on the rate of hydrolysis of
NaBH4 at various NaOH concentrations. The concentration of both NaBH; and NaBO;
are fixed and the temperature is held constant. Since it has been shown that the reaction
rate is independent of NaBH4 concentration in Chapter 7, it is only necessary to compare
rate data at fixed temperatures and NaBO, concentrations. The isothermal rate data was

obtained by the method detailed in chapter 5.

Figures 8.1-8.25 show five sets of hydrolysis reactions in the presence of various NaOH
concentrations, from 0.22% to 9.2%. In each set of experiments, five experiments were
conducted with the same initial NaBH,4 concentration. The reaction rates at a fixed
temperature were then derived from these experiments at various NaBO; molalities, as
shown in Figures 8.5, 8.10, 8.15, 8.20 and 8.25.
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Figure 8.1 Hydrogen generation from the hydrolysis of NaBH, at various temperatures.
The initial molality of NaBH4 was 1.32 mol kg™!. The reaction was conducted in 10 ml of
water with 0.3 g of catalyst with a mean particle size of 0.049 mm. The NaOH
concentration was 0.22%. (a) Hydrogen production-time curves; (b) Temperature-time

Curves.
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Figure 8.2 Rate of hydrogen generation from the hydrolysis of NaBH,; at various
temperatures, transformed from Figure 8.1a. The NaOH concentration was 0.22%.
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Figure 8.3 The rate of hydrogen generation (a) and reaction temperature (b) with NaBO,
molality. They were transformed from Figure 8.2 and Figure 8.1b. The initial molality of
NaBH, was 1.32 mol kg'. NaOH concentration was 0.22%.
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Figure 8.4 Inrp versus 1/T derived from Figure 8.3, The initial molality of NaBH, was
1.32 mol kg!. The NaOH concentration was 0.22%.
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Figure 8.5 Reaction rate versus molality of NaBO, at various temperatures for NaOH
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Figure 8.6 Hydrogen generation from the hydrolysis of NaBH; at various temperatures.
The initial molality of NaBH4 is 1.32 mol kg, The hydrolysis was performed in 10 ml of
water with 0.3 g of catalyst with an average catalyst particle size of 0.049 mm. NaOH
concentration was 0.43%. (a) Hydrogen production-time curves; (b) Temperature-time

curves.
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Figure 8.7 The rate of hydrogen generation from the hydrolysis of NaBH, at various

temperatures, transformed from Figure 8.6a. NaOH concentration was 0.43%.
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Figure 8.8 The rate of hydrogen generation (a) and reaction temperature (b) with NaBO,
molality. They were transformed from Figure 8.7 and Figure 8.6b, Initial molality of
NaBH; was 1.32 mol kg". NaOH concentration was 0.43%.

214



b 3.0

20{ W ..
24 "
=01 28 B 28
[ ] H, m =1, =1 | "
. 24 . i, 28 Mo *1.02 28 Mg, =092
| n 22 2.4 . 24 u
E 26 | | 22 2.2
L] 20 | ] u
20 20
e 18
’ | ] 1.8 a 1.8 n
"
16 . 18 1.8 18
33 34 a2 33 EY R 33 34 34 32 33 34
32
32
u ] 3.2 = 22 ]
n ]
28 My ~0.5 28 _ " .
- M, =0.82 my,p, =06 28 M0 =07 28 10, 0.8
£ . My, =072 My 50.62 M0, =0.52
= " 24 = 24 u 24 u
| B = n
20 20 20 20
] L I u
18 18 18 18

kA 3z 33 34 31 3.2 33 34 X 3.2 3 34 EA ) 32 33 34

1T+10°

Figure 8.9 Inry, versus 1/T derived from Figure 8.8. Initial NaBH,4 molality was 1.32 mol
kg!. NaOH concentration was 0.43%.
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Figure 8.11 Hydrogen generation from the hydrolysis of NaBHj, at various temperatures.
The initial molality of NaBH4 was 2.64 mol kg'. The hydrolysis was performed in 10 ml
of water with 0.3 g of catalyst with an average catalyst particle size of 0.049 mm. NaOH
concentration was 2.8%. (a) Hydrogen production-time curves; (b) Temperature-time

curves.
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Figure 8.12 The rate of Hydrogen generation from the hydrolysis of NaBH, at various

temperatures, transformed from Figure 8.11a. NaOH concentration was 2.8%.
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Figure 8.13 The rate of hydrogen generation (a) and reaction temperature (b) with NaBO-

molality. They were transformed from Figure 8.12 and Figure 8.11b. NaOH concentration

was 2.8%. The initial molality of NaBH4 was 2.64 mol kg™,
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Figure 8.14 Inr~1/T derived from Figure 8.13. Initial NaBH4 molality was 2.64 mol kg™,

NaOH concentration was 2.8%
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Figure 8.15 Reaction rate versus molality of NaBO; at various temperatures for NaOH
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Figure 8.16 Hydrogen generation from the hydrolysis of NaBH, at various temperatures.
The initial molality of NaBH4 was 2.64 mol kg''. The hydrolysis was performed in 10 ml
of water with 0.3 g of catalyst with an average catalyst particle size of 0.049 mm. NaOH
concentration was 4.8%. (a) Hydrogen production-time curves; (b) Temperature-time

curves,
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Figure 8.17 The rate of hydrogen generation from the hydrolysis of NaBH, at various

temperatures, transformed from Figure 8.16a. NaOH concentration was 4.8%.

220



Hydrogen Generation Rate T, . (ml/sec,gcat)

3.0
Molality of NaBO (molkg)
3
L
£
2
Ed
0]
B
g
)
-
F— T T T T
0.0 0.5 10 15 20 25 30

Molality of NaBO,(mol/kg)

Figure 8.18 The hydrogen generation rate (a) and reaction temperature (b) with NaBO;
molality, They were transformed from Figure 8.17 and Figure 8.16b. NaOH concentration
was 4.8%. The initial molality of NaBH4 was 2.64 mol kg,
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Figure 8.19 Inry~1/T derived from Figure 8.18. Initial NaBH, molality was 2.64 mol kg

I NaOH concentration was 4.8%

16 =
T 1 @wc , ¢ * 0t e e
o 144
&4
& 12
I-:n" 4
510_ 35°c v v v v v v v
g
s 8
§j30°c‘A**“‘
&) B
g 0
E" 4 25C « . . . . . .
o
E‘ 20 = n ] " [ ] [ n
2 T T v T N T T T Y
0.0 0.2 0.4 0.6 0.8
Molality of NaBO,(mol’kg)

Figure 8.20 Reaction rate versus molality of NaBO, at various temperatures for NaOH
=4.8%.
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Figure 8.21 Hydrogen generation from the hydrolysis of NaBH, at various temperatures.
The initial molality of NaBH4 was 2.64 mol kg™'. The hydrolysis was performed in 10 ml
of water with 0.3 g of catalyst with an average catalyst particle size of 0.049 mm. NaOH
concentration was 9.2%. (a) Hydrogen production-time curves; (b) Temperature-time

curves.

223



Hydrogen Generation Rate Ty, (ml/sec,gcat)

L

1 y T T T d ) T T
o 500 1000 1500 2000 2500

Reaction Time{seconds)

Figure 8.22 The rate of hydrogen generation from the hydrolysis of NaBH, at various
temperatures, transformed from Figure 8.21a. NaOH concentration was 9.2%,
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Figure 8.23 The rate of hydrogen generation (a) and reaction temperature (b) with NaBO,
molality. They were transformed from Figure 8.22 and Figure 8.21b. NaOH concentration
was 9.2%. The initial molality of NaBH; was 2.64 mol kg
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Figure 8.24 Inryy~1/T derived from Figure 8.23. Initial NaBH4 molality was 2.64 mol kg’

! NaOH concentration was 9.2%.
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Figure 8.25 Reaction rate versus molality of NaBO, at various temperatures for NaOH
=9.2%.

8.3 The effect of NaOH on the hydrolysis of NaBH,

From Figures 8.5, 8.10, 8.15, 8.20 and 8.25, it can be seen that at a specific temperature,
the reaction rate changes within a very small range in the presence of NaOH when
compared with the rate in the absence of NaOH, which is shown in Figure 7.28. In the
absence of NaOH, the pH value of the NaBO; solution changes significantly, moving
from neutral (pH = 7) to strongly basic (pH = 12.5 according to the equilibrium B(OH)4 =
H;BO; + OH, K = 1.73 x 107®). The pH of the solution does not change significantly in
the presence of NaOH due to the high concentration of OH". Since the basicity of the
solution is stable in the presence of NaOH, it is consistent with the previous conclusion

that the reaction is zero-order with respect to the concentration of NaBHy,

8.4 Rate expressions

In this section, the final rate expression for the hydrolysis of NaBHj is derived. Since the
reaction rate is zero order with respect to the concentration of NaBH,, NaBH, should not
be included in the rate expression. The rate is only related to the basicity of the solution

and the reaction temperature,

In order to obtain the relationship between the reaction rate and the basicity of the
solution, the rate of hydrogen generation rpp was plotted against pOH. Here pOH is

defined as Inl1/[OH]. As shown in Figure 8.26, ri; and pOH have a linear relationship.
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The relationship between ryz and pOH may thus be expressed by using equation (8.1).

rip = ApOH + B (8.1)

The parameters 4 and B for the linear equations at various temperatures and residual

square root are given in Table 8.1.

20°C

4 4 > & =

hydrogen generation rate (ml/sec g cat)

Figure 8.26 ryy; versus pOH and their linear regressions.

Table 8.1 The slopes and intercepts of the regressed equations in Figure 8.26.

Temperature (°C) A B Error (R%)
20 0.4619 2.8219 0.98
25 0.7025 44118 0.99
30 1.0532 6.7987 0.99
35 1.5591 10.3340 0.98
40 2.2781 15.5020 0.97

It is shown clearly in Table 8.1 that both 4 and B change with temperature. To find the

relationships between 4 and T and B and T, 4 and B are plotted against T as shown in
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Figure 8.27. From the trend, both 4 and T and B and T have an exponential shape. Hence,
they are regressed using an exponential equation. The final rate equation is given by

equation (8.2).

25
20 A=0.0949¢0-0798T
R%=1.0
1.5
<
1.0
0.5
1 1 | T I Y
20 25 30 35 40
Temperature (°C)
16J
14 4
12-
10
o a-

T T T ’ T * 7 ' LR
20 25 30 35 40

Temperature (°C)
Figure 8.27 The regression of the coefficients of the rate expression.
riz = 0.0949¢%9%%T HOH + 0,5238¢%%°T (8.2)

Equation (8.2) is the final rate expression for the hydrolysis of NaBHj, in the presence of a
carbon supported ruthenium catalyst. It is dependent on the basicity of the solution and

the reaction temperature. The basicity is measured by pOH. Since pOH is the negative
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logarithm of the OH" ion concentration, the rate of hydrogen generation decreases with an
increase in OH" concentration. At the present stage, the physical meaning of the
parameters A and B is not clear. However, they both change with temperature
exponentially. This is reasonable for a chemical reaction. Since B increases more rapidly

than A, the rate of hydrogen generation increases rapidly with an increase in temperature.

8.5 A Possible Reaction Mechanism for the Hydrolysis of NaBH,

A el
HyO™BH] — %_g( H_"[]'_,_ EB/ H]hm;.ﬁ ) i
H & B\H H \;"‘H [H(/]-! L\H]
H@:c(\ éﬂ H AH \O‘
H AN\ ]
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(/- : /
Hx_{| —H }/\O\H "4 —H H'! ’ H
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N s N5 /H H\AH A \a S
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O e Li]
& ]'/ %\H P/\]\H }%‘/0/ —
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H T N H.\A /H 5;—\45 /H \) e H0r
H2+[(}£’/) “““““[E) 1'3/0]—_51(*_ 5{0— I;*s/L\O—H |
#—0”] “o—i . /0/ \)\H H/C/ Y

[ \Cl: ] H;0¢
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Figure 8.28 A possible mechanism for the hydrolysis of NaBH, over a metal catalyst.

The reason for this complicated dependence on temperature may be due to the reaction
mechanism. The hydrolysis of NaBH,4 for releasing hydrogen must have involved the

intermediate of H'. When the basicity of the aqueous solution varies, the activation energy
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and the pre-exponential factor for the Arrhenius form rate equation may also change. The
mechanism may involve the steps shown in Figure 8.28. In the above mechanism, the
hydrogen ion in the water (H; O) attacks BHy". Step by step, the hydrogen is replaced by
OH’ from the water to form the generally accepted BO; form in water: B(OH)4'.

8.6 Conclusions

In this chapter, experiments were conducted to investigate the effect of NaOH on the

intrinsic kinetics of the hydrolysis of NaBHy. The following conclusions can be drawn:

» The reaction rate depends strongly on the basicity of the solution. This may be due

to the existence of acid intermediates in the reaction.

» The reaction rate can be expressed using the following equation, which correlates

the reaction rate with the reaction temperature and the basicity of the solution.

riz = 0.0949¢” T pOH + 0.5238¢" "
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Chapter 9

Modelling Hydrogen Generation from the NaBH,-
NaOH-H,0 System for Big Catalyst Particles

9.1 Introduction

In Chapters 6-8, intrinsic kinetics were obtained to predict hydrogen evolution without
heat and mass transfer limitation, where the catalyst particles that were used were very
small. In practice, catalysts are particles of significant size in order to avoid large pressure
drops. As shown in previous chapters, strong diffusion limitations occur when the catalyst
particle size is at the level of practical accessibility such as 2 mm. The aim of this chapter
is to model hydrogen generation from the NaBH4-NaOH-H;O system when catalyst
particles of significant size are used. In the modelling, the mass transfer limitations are

built into the overall kinetic equation.

Two situations are considered in the modelling. One is the isothermal hydrolysis of
NaBH; aqueous solutions, the other is the non-isothermal reaction. The non-isothermal
reaction is more practical since this can reduce system complexity by controlling the

system temperature.

9.2 Model Construction
9.2.1 General description

The hydrolysis of NaBH; is an exothermic reaction and the heat that is generated will
accelerate the reaction. The faster the reaction proceeds, the higher the temperature is
raised. However, the temperature cannot exceed the boiling point of the solution because
water begins to evaporate and the extra heat from the reaction will contribute to phase
change rather than to an increase in temperature. Evaporation of water from the solution
will cause the pOH of the solution to increase, resulting in a reduction of the reaction rate.

In the following, the calculation is described in detail.

9.2.2 Overall Kkinetics for the hydrolysis of NaBH,

In Chapter 8, the intrinsic kinetics expression (as given by equation (5.16)) was obtained
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by investigating fine catalyst particle size in which the mass and heat transfer effects have

been removed.
rirp = 0.0949¢%978T hOH + 0.5238¢% 94T (5.16)

When particle size is increased, internal mass transfer is no longer negligible. This is
taken into account by using an effectiveness factor | as reviewed in Chapter 5. For a zero-

order reaction, the Thiele modulus ¢ is defined by equation (9.1)[1].

k-
9.1
2D.C,, ©D

Where & is the reaction rate constant based on the volume of total catalyst particles, D, is
the effective diffusivity of reactant in the catalyst particles, L is the characteristic length of
a catalyst particle and Cps is the surface concentration of the reactant on the catalyst

particles.

The rate data in the research is based on the weight of catalyst particles, which is related

to k by equation (9.2).
kp, =k 9.2)

Where k is the rate constant based on the weight of catalyst, and p. is the density of the
catalyst.

In the case of strong diffusion limitation (¢ > 4 or n < 0.25), effectiveness factor n and

Thiele modulus have the following relationship [1]:

n = (9.3)

1
¢

Substitute equation (9.1) into equation (9.3) and L = R/2 for a cylindrical catalyst particle
(R is the radius of the cylinder), yielding

2 [2D,C,
_2 2P s 9.4
n R" r (9.4)
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Rearrange equation (9.4), yielding

_anzk
° 8C,

D 95)

The effectiveness factor n can be measured experimentally using the rate data for 2 mm
cylindrical catalyst particles and the rate data for 0.049 mm catalyst particles in which
there is effectively no diffusion limitation as shown in Chpater 6. The effective diffusivity
can be then calculated using equation (9.5). It should be noted that the rate data used for
the calculation should be based on the rate in regard to NaBHy. Equation (9.6) can be used
for the transformation of rate data in regard to hydrogen volume, to the rate data in regard
to NaBHj.

Wy, _ d(ny,RTy /1 Fy) _ Ay, RTy /4F,) _ RT,

Y = 7
g dt dt 4p, NeBH

(9.6)

After obtaining the value of effective diffusivity experimentally, effectiveness factor can
be then calculated using equation (9.4) at any concentration and temperature. Hence,

reaction rate with diffusion limitation can be calculated,

9.2.3 Heat transfer coefficient and heat loss

The heat loss of the reactor is the heat transfer from reactor to environment. The heat

transfer can be calculated using equation (9.7).
Q=K ,SAT, 9.7)

where K; is the overall heat transfer coefficient, S is the heat transfer area, and AT, is the

average temperature difference.
The overall heat transfer coefficient can be calculated using equation (9.8).

L SO (9.8)
k, o, oy '

1
k

where x is the thickness of the reactor wall, %, is the thermal conductivity of the wall

materials, ¢ is the convective heat transfer coefficient of the fluid in the reactor and o is
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the convective heat transfer coefficient of the air outside the reactor.

Fluid in the reactor is extensively stirred. Therefore, the convective heat transfer

coefficient of the reaction fluid can be calculated using equation (9.9) {2].

Nu =0.023Re®® Pr%* (9.9)

where Nu is the Nusselt number, Re is Reynolds number and Pr is the Prandtl number.

They are defined as follows:

Nu=£
A
Rc:d—u‘e
7
Pr=2
K

where A is the thermal conductivity of the fluid, n is the viscosity of the fluid, p is the
density of the fluid, k is the thermal diffusivity (which is equal to A/(pcy)), ¢p is the

specific heat capacity, L is the appropriate dimension and v is the kinematic viscosity of
the fluid.

When the reactor is assumed to be in air, the air is in a natural convection state. The heat

transfer coefficient can be calculated using equation (9.10) [3].

1/4
Nu = Nuy + Ra'’* (%@J (9.10)

For a sphere, Nuy = =, and for a horizontal cylinder, Nug = 0.367. f2(Pr) in equation (9.10)
is defined by equation (9.11).

9/167~16/%
S4(Pr) ={1 +(£J ] (9.11)
Pr

Ra in equation (6.12) is the Rayleigh number. It is defined by equation (9.12).
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_ géaT?
VK

Ra

(9.12)

where £ is the coefficient of expansion of the fluid (per Kelvin), AT is the temperature
difference between the surface and the bulk fluid, g is the acceleration due to gravity and /
is the appropriate dimension (for a sphere or horizontal ¢ylinder, / = =D/2. D is the

diameter)
9.2.4 Calculation procedure

At the beginning of the calculation the following data is input, The other calculations are

described in the next section.

Tp: ambient temperature

Py: atmospheric pressure (assumed to be 101325 Pa)

t. time (initialised to be 0)

dWpyappy. differential amount of NaBHj that reacts at each step
Wy.on - NaOH concentration (wt%)

WHZO : initial mass of water (g)

WNMEW4 : initial mass of NaBH,4 (g)

The initial molality of NaBHj is calculated using equation (9.13).

W et
MNapy, = (9.13)
' W
The heat generated when dWy,pn4 reacts can be calculated using equation (9.14).
dWyen,
=4 0.14
¢ 37.84 ©19

where AH is the enthalpy change of the hydrolysis reaction of NaBHg4, which is 285 kJ
mol™. Heat loss Q' in df can be calculated using the equations in section 9.2.3.

Temperature change of the solution is calculated using equation (9.15)
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Aar=2°¢

cp Wﬂzo

(9.15)

where c, is the heat capacity of the solution. The temperature of the solution is obtained

using equation (9.16)
T=T+AT (9.16)

If T is greater than boiling point of the solution, 7 is given the value of the boiling point
and the heat Q is in its entirety used to evaporate water, which can be calculated using

equation (9.17).

AWy o = AI? (9.17)

evp

where AH,,, is the enthalpy change of water evaporation. The water remaining in the

sysfem after dWnapnq 1s obtained by equation (9.18)
Wio =Wio — AWy (9.18)

The hydrogen that is generated when dWy.pys has reacted can be calculated using
equation (9.19).
4AWN3BH
AV, =———_4RT [P, 9.19
fr 3784 7070 ©-19)
The by-product NaBO; that is produced when dWy.pns has reacted is calculated using
equation (9.20)

AW yapo, = (@Wyapy, 137.84)x66.22 (9.20)

where 66.22 is the molecular weight of NaBO,. The concentration of NaBO, in the

system can be calculated using equation (9.21)

Wiaso, /66.22

Myapo, = W (9.21)
H,0
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where Wy,go, is the accumulated amount of NaBO; in the solution. Equation (9.22) is

used to calculate the OH concentration in the solution after obtaining the concentration of
NaBO:.

— (Myaonr +K) + \/ (Myaon +K)* + KM yapo,
2

[CH™ ]= + Mpuon (9.22)
where [OH] is the concentration of OH" in the solution, and X is the equilibrium constant
for the BO,™ ions in water (B(OH)4) : B(OH)s = H3BO; + OH'. K = 1.74 x 10°°. After
obtaining the OH" concentration, pOH can be then calculated by using the definition (pOH
= -In[OH]).

Intrinsic reaction rate can be then calculated using equation (5.16). Actual reaction rates

can be calculated using equation (9.23).
ry, (real) = ry, (instrinsic)n W, (9.23)

where Wi, is the mass of catalyst. The reaction rate in terms of NaBH;4 can be obtained

using equation (9.6).
The time df needed to reacting dWn.pus can be then calculated using equation (9.24).

AWy,
di = NaBH,

_ (9.24)
FNaBH, (real)

The above procedure is repeated until all the NaBHj, is reacted. In the following, two

cases are discussed: isothermal reaction and non-isothermal reaction.

9.3 Results and Discussion
9.3.1 Determination of effective diffusivity of NaBH, in catalyst particles

The effective diffusivity of NaBH, in big catalyst particles, D, was determined
experimentally using equation (9.5). The same procedure as in Chapters 6-8 was used in
this chapter to derive isothermal reaction rates for fine catalyst particles and 2 mm x 3 mm
catalyst particles. Figures 9.1 and 9.2 show the rate and temperature for fine and large

particles respectively. The rate data for various NaBO; molalities and temperatures for the
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two sizes of catalyst particles are listed in Tables 9.1-9.6. The measured effective

diffusivities for temperatures from 25-75°C are given in the last column of the tables.

Hydrogen 'Generation Rate I {ml/sec,geat)
E; - [ » (&) w Fy ' g
[4.] Q 3] o L4 =] [

h o w

Temperature {"C)
-
=]
§

30 -m oF 1

0 1 2 3 4
Molality of NaBO, (mol/kg)

Figure 9.1 Rate of hydrogen generation for the hydrolysis of NaBH4 at various
temperatures when fine catalyst particles (0.049 mm) were used. The initial molality of
NaBH, was 3.97 mol kg'l. The hydrolysis was performed in 10 ml of water, using 0.3 g of

catalyst. (a) Hydrogen production-time curves; (b) Temperature - time curves.
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Hydrogen Generation Rate Ty, (ml/sec,geat)
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Figure 9.2 Rate of hydrogen generation for the hydrolysis of NaBH, at various
temperatures when the catalyst was in the form of 2 mm x 3 mm cylinders. The initial
molality of NaBH4 was 3.97 mol kg'. The hydrolysis was performed in 10 ml of water, (a)

Hydrogen production-time curves; (b) Temperature - time curves.
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Table 9.1 Derivation of effective diffusivity D, at 25°C.

MNaBO2 3 " rNaBH‘; Crabhs 3 e " .
(ol k) (m’/s gcat) |(mol /s m’cat) (o) (m/s gcat) | (ru2 2mm car/Trn | De (M°/5)
(fine catalyst) | (fine catalyst) (2mm catalyst) fine cat
0.25 11.05 241.13 3715.00 2.34 0.21 3.65E-10
0.50 8.77 191.41 3465.00 1.66 0.19 2.48E-10
1.00 6.80 148.42 2965.00 0.95 0.14 1.23E-10
1.50 6.34 138.42 2465.00 0.46 0.07 3.65E-11
2.00 6.18 134.81 1965.00 0.31 0.05 2.18E-11
2.50 6.08 132.70 1465.00 0.31 0.05 2.94E-11
2.75 5.89 128.46 1215.00 0.33 0.06 4.17E-11
3.00 5.27 115.05 965.00 0.29 0.06 4.63E-11
Table 9.2 Derivation of effective diffusivity D, at 35°C.
MNaBO2 s hasie ChaBr4 s k
1 (m®/s geat) |(mol/s m°cat) 3 (m3/s geat)  (rH2 2mmeatT De (m*/s)
(mol kg") (fine catalyst) |(fine catalyst) (mol/ar) (2mm catalyst) fine cat

0.25 21.00 458.44 3715.00 4.18 0.20 6.12E-10

0.50 16.58 361.90 3465.00 3.08 0.19 4.51E-10

1.00 13.74 299.98 2965.00 1.84 0.13 2.27E-10

1.50 12.85 280.40 2465.00 1.10 0.09 1.04E-10

2.00 12.60 275.11 1965.00 0.83 0.07 7.63E-11

2.50 12.62 275.35 1465.00 0.77 0.06 8.77E-11

2.75 12.07 263.41 1215.00 0.78 0.06 1.12E-10

3.00 10.88 237.52 965.00 0.72 0.07 1.35E-10
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Table 9.3 Derivation of effective diffusivity D, at 45°C.

2 I'NaBH4 §:7] n
MNaBO2 3 3 CNaBH4 3 )
4 (m/s geat) |(mol/s m°cat) 3 {m’/s gcat) (i omm | De (m7/s)
(molkg™) (mol/m”)
(fine catalyst) | (fine catalyst) (2mm catalyst) |../TH2 fine cat

0.25 38.35 837.07 3715.00 7.20 0.19 9.92E-10
0.50 30.12 657.42 3465.00 5.49 0.18 7.88E-10
1.00 26.58 580.06 2965.00 342 0.13 4.06E-10
1.50 24.89 543.35 2465.00 2.49 0.10 2.76E-10
2.00 24.59 536.78 1965.00 2.09 0.08 2.47E-10
2.50 25.00 545.75 1465.00 1.81 0.07 2.44E-10
2.75 23.65 516.29 1215.00 1.73 0.07 2.84E-10
3.00 21.47 468.52 965.00 1.67 0.08 3.66E-10

Table 9.4 Derivation of effective diffusivity D, at 55°C.

197v]
H? I'NaBH4 n
MNaBO2 3 3 CnaBH4 (m3/s gcaf) )
1.t (m/s geat) |(mol /s m7cat) 3 (12 2mmeat'TH2|  De {m7/s)
(molkg™) (mol/m”) (2mm
(fine catalyst) | (fine catalyst} fine cat
catalyst)

0.25 67.50 1473.35 3715.00 11.98 0.18 1.56E-09
0.50 52.76 1151.57 3465.00 9.44 0.18 1.33E-09
1.00 49.37 1077.46 2965.00 6.12 0.12 6.98E-10
1.50 46.33 1011.28 2465.00 5.39 0.12 6.94E-10
2.00 46.07 1005.54 1965.00 4.96 0.11 7.41E-10
2.50 47.54 1037.52 1465.00 4.04 0.08 6.38E-10
2.75 44.50 971.25 1215.00 3.66 0.08 6.78E-10
3.00 40.63 886.70 965.00 3.67 0.09 9.38E-10
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Table 9.5 Derivation of effective diffusivity D, at 65°C.

IMNaBO2 e e CnaBHa e i
(mol k') (m*/s geat) | (mol /s m>cat) (molim’, (m%/s geat) (Ft12 2mm car'Triz | De (M%/5)
(fine catalyst) | (fine catalyst) (2mm catalyst) fine cat
0.25 114.91 2508.01 [3715.00 19.36 0.17 2.40E-09
0.50 89.41 1951.38  {3465.00 15.73 0.18 2.18E-09
1.00 88.40 1929.40  |2965.00 10.57 0.12 1.16E-09
1.50 83.13 1814.29  {2465.00 11.13 0.13 1.65E-09
2.00 83.16 1814.99  {1965.00 11.18 0.13 2.09E-09
2.50 87.00 1898.86 | 1465.00 8.58 0.10 1.58E-09
2.75 80.64 1760.10  {1215.00 7.43 0.09 1.54E-09
3.00 74.04 1615.99 965.00 7.71 0.10 2.27E-09
Table 9.6 Derivation of effective diffusivity D, at 75°C.
IMNaBO2 3 e rNaBH43 Criabrs 3 e ! 2
(ol ke') (m°/s gcat) |(mol /s m’cat) (o) (m’/s geat) | (th2 2mm cat'THz | De (M/s)
(fine catalyst}|(fine catalyst) (2mm catalyst) fine cat
0.25 189.72 4140.75 3715.00 30.42 0.16 3.58E-09
0.50 146.98 3207.98 | 3465.00 25.44 0.17 3.47E-09
1.00 153.08 3341.24 | 2965.00 17.70 0.12 1.88E-09
1.50 144.21 3147.47 | 2465.00 22.04 0.15 3.73E-09
2.00 145.09 3166.79 1965.00 24.07 0.17 5.54E-09
2.50 153.79 3356.68 1465.00 17.47 0.11 3.69E-09
2.75 141.23 3082.56 1215.00 14.47 0.10 3.33E-09
3.00 130.36 2845.29 965.00 15.52 0.12 5.23E-09
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It can be seen from Tables 9.1-9.6 that the effectiveness factor is much less than 0.25.
Therefore, the reaction of NaBH; is in the regime of strong diffusion limitation when the
catalyst particles are 2 mm in size. It is thus reasonable that effective diffusivity can be
calculated using equation (9.4). D, depends both on the concentration of by-product
NaBO; and on temperature. D, was found to decrease with the increase of NaBO; and
level off with a further increase of the concentration. The reason for this may be due to the
blockage of catalyst pores. NaBO; may be saturated in the vicinity of the reaction site on

the surface of the catalyst’s pores.

The dependence of D, on temperature can be described using equation (9.25).
D, =D, e 5/ RT (9.25)

where D,y is the pre-exponential factor, and E is the activation energy for diffusion. Take

the logarithm of both sides, yielding

InD, =InD,, —EE}' (9.26)

InD, was plotted against 1/T at various NaBO; concentrations as shown in Figure 9.3. It
can be seen that a good linear relationship between InD. and 1/T was obtained, indicating
the applicability of equation (9.26). The E/R and InDey values in equation (9.26) derived
from Figure 9.3 are listed in Table 9.7. The relationships between InD¢y and mnapo2 and
E/R and myapoz are plotted in Figures 9.4 and 9.5 respectively. For the convenience of
calculation, the curves were fitted using an index function with the form f{x) = 4-BC",
where 4, B and C are parameters. They were determined using a least-square method. The
resulting equations are (9.27) and (9.28) respectively. The choice of index is due to the

characteristics of chemical reactions.
E/R=10770.5 —8196.3 % 0.4Qxas02 (9.27)

InD,, =12.0 — 23.9 x 0.42 ™02 (9.28)
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Table 9.7 Parameters for diffusion equation obtained from Figure 9.3.

mnapo? (mol/kg) E/R InDeg Regression Residue

0.25 4740.1 1.7689 1.0

0.5 5472.1 3.8386 1.0

1 5669.2 3.7944 1.0

1.5 9604 15.779 1.0

2 11494 21.606 1.0

25 10032 16.999 1.0

2.75 9089.1 14.187 1.0

3 0812.8 16.717 1.0
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Figure 9.4 InD versus the molality of NaBOs, mynapo2.
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Figure 9.5 E/R versus the molality of NaBO», mnapos.
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9.3.2 Heat loss from a round-bottom flask to the surrounding environment

In this section, the heat transfer coefficient is estimated so that the model can be verified
experimentally. The reactor is in an open laboratory, surrounded by air. Two situations are

considered here.
Reaction solution properties (50°C) [4]:

p =979 kg/m®; ¢, = 4.20 kJ/(kg K); n = 4.20 x 10™* N s/m?; v = 3.75 x107 m%/s; A = 0.668
W/(m K); Pr=2.29,

Substitute the above properties into equation (9.9), yielding

d 0.8 1
ay= 0.023(35‘3} Pr* 2 =2162.5 W/(m* K)
L

i
Air properties (25°C) [4]:

p = 1.16 kg/m%; ¢, = 1.007 k)/(kg K); 1 = 184.6 x 107 N s/m?% v = 15.89 x10°® m?/s; A =
26.3 x 102 W/(m K); x = 2.5 x 10 m%s; Pr = 0.707.

It is assumed that the round-bottom flask is a sphere and the surrounding temperature is

constant at 25°C. A sphere has a characteristic length L = nD/2 = 0.10 m. The Rayleigh

number is

_gtT.-T, )L _9.81x322x107 x45x0.0785°

Ra 3 3
VK 16.9x107° x24.0x10"

=3.50x10°%

Because Ra is less than 10°, the flow of air on the surface of the reactor is laminar and the
heat transfer coefficient is calculated using equation (9.10), where Nug = 3.14. , f4(Pr) =
0.342. Substitute the above value into equation (9.10), yielding

s = 6.64 W/(m?® K).

Glass properties:

p =2.50 x 10° kg/m’; ¢, = 480 k¥/(kg K); A = 15.1 x 10° W/(m K); x = 3.91 x 10° m?/s.
The thermal conductivity of the reactor materjal is 100 W/(m® K). It can be seen that the
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thermal transfer resistance is mainly due to air. Therefore, the conductive heat loss is
about 6.64 W/(m® K).

9.3.3 Modelling the isothermal generation of hydrogen

The first case to study in order to verify the model is that of the generation of hydrogen in
an isothermal reaction when large catalyst particles are used. Figures 9.6-9.8 show the
model prediction and experimental results for isothermal reactions at 25°C, 30°C, and
40°C respectively. The extent of the reaction was indicated by the production of NaBOa.

The experimental data are consistent with the model prediction.

Unlike fine catalyst particles, with which there is no diffusion limitation, large particles
saw a rapid decrease in reaction rate. The same trend occurred regardless of the
temperature change. This indicates that the hydrolysis of NaBH, does not proceed in zero-
order reaction with regard to the concentration of NaBH4. This is consistent with

theoretical prediction [1].

= Experimental
¢  Model prediction

14

hydrogen generation rate (ml/s)
[+ ]
1

¥ i I i ] v 1

— r :
0.0 0.5 1.0 15 20 2.5 3.0 3.5
Mo, {mol/kg})

Figure 9.6 Comparison between experimental and model prediction. Reaction

temperature =20°C, NaOH = 0, catalyst = 3g, NaBH, 1.5¢g in 10g of water.
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Figure 9.7 Comparison between experimental and model prediction. Reaction
temperature =30°C, NaOH = 0, catalyst = 3g with a particle size of 2 mm x 3 mm, NaBH;,
1.5g in 10g of water,
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104 u  Experimental
*  Model prediction

hydrogen generation rate (ml/s}

0.0 0.5 1.0 15 20 2.5 3.0 35
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Figure 9.8 Comparison between experimental and model prediction. Reaction
temperature =40°C, NaOH = 0, catalyst = 3g with a particle size of 2 mm x 3 mm, NaBH,4
1.5g in 10g of water.
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9.3.4 Modelling the non-isothermal generation of hydrogen

Figure 9.9 shows results from the non-isothermal generation of hydrogen. The reaction
was conducted in a round-bottom flask in air, hence the heat loss is due to mainly the heat
transfer from the reactor wall to the air. As can be seen from Figure 9.9, non-isothermal
hydrolysis proceeded with an auto-acceleration at around 80 seconds. This is due to the
temperature increase resulting from retained heat, since this was not dispersed to the air
around the fast at a sufficient rate. The experimental results and model prediction are in

good agreement. This supports the validity of the model.

2500 -
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g 1000 -
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Figure 9.9 Comparison between experimental and model prediction for a non-isothermal

reaction. NaOH = 0, catalyst = 3g with a particle size of 2 mm x 3 mm, NaBH, = 1.0g in
10g of water.

9.4 Conclusions

In this chapter, heat and mass transfer were built into the intrinsic rate expression obtained
in Chapter 8 through use of the Thiele modulus. The effective diffusivity of NaBH, in
catalyst pores was experimentally measured. The model was then validated through both

isothermal and non-isothermal hydrolysis of NaBH4. From the study, the following

conclusions can be reached:

e When large catalyst particles are used, strong diffusion limitation is observed for

the hydrolysis of NaBH,4, which can be seen from the very low efficiency factor
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that was obtained experimentally.

The effective diffusivity of NaBH4 in catalyst pores depends on both the
temperature and the concentration of NaBO,. The dependence on the latter may be
due to local saturation of NaBO, in the vicinity of active sites of the catalyst
surface.

In the region of diffusion limitation, reaction order to NaBH, is not zero-order.

The reaction rate decreases rapidly with a decrease in NaBH, concentration.

After combining intrinsic kinetics with diffusion limitation, heat generation and
water evaporation, the model can be used to predict hydrogen generation from the
hydrolysis of NaBH4. The validation of the model has been performed for both

isothermal and non-isothermal hydrolysis.
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Chapter 10

Conclusions and Future Work

10.1 Conclusions

Hydrogen storage is an ongoing problem for hydrogen economy. The use of metal
hydrides is the most promising and constitutes a significant area of focus for world
research into hydrogen storage. An attempt in this thesis has been made to glean insights
into the use of the hydrolysis of sodium borohydride for hydrogen storage. This thesis has
been centred around the two issues relating to the use of NaBH,: the maximum

concentration and the rate of hydrogen generation.

The maximum concentration of NaBHjy in its hydrolysis system was studied in Chapters 3

and 4 using a thermodynamic approach, in the presence or absence of NaOH.

o The relationship between solubility and temperature was derived
thermodynamically based on the equality of chemical potential of a solute in its

solution and in its solid state as shown below:

AH, . AS,,
Inm, =- — -+ ——Iny, (no NaOH)
v.RT v, R
Inmy g +Intt=—mB Z0mE gy (with NaOH)
' Y 2RT 2RT

e The solubility of NaBH,; was obtained by analysis of the phase diagram of the
NaBH4-NaOH-H,0 system.

¢ The solubility of NaBO, was obtained by analysis of the phase diagram of the
NaBO;-NaOH-H;0 system, which was derived from the phase diagram of the
Na,0-B203-H,0 system by setting Na,O:B,0;3 = 1:1.,
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o The value of £ in the presence of NaOH was calculated from phase diagrams
Vi

using the hydration analysis method.

e By plotting the left hand side of the equations against 1/T, the equations when
NaOH is absent are

111 mNaBH4 = 1982‘3 + 9.47
Il‘l mNaBoz = _&;.2'?. + 1 ]. .37

o The equations when NaOH is present are

1920.2

£
In mi.NaBH“ + ]n_ =

+9.3
£
Inm, yp0, +1n”—*=—%§ﬁ+11.7
' i

o From the thermodynamic modelling and experimental validation of the model, the
maximum concentration of sodium borohydride is determined mainly by the
solubility of the by-product NaBQO, at a given reaction temperature and
concentration of NaOH. The maximum concentration increases with an increase in

reaction temperature and decreases with an increase in NaOH concentration.

The rate of hydrogen generation was studied in Chapters 5-9. Chapters 5-8 determined
experimentally the intrinsic kinetic expression for the hydrolysis and in Chapter 9 the

overall kinetic model was established and validated experimentally.

Four factors were examined that affect the intrinsic rate of hydrogen generation:
température, NaOH concentration, NaBH,4 concentration and NaBO; concentration. The

following conclusions were drawn.

¢ The rate of NaBH,4 hydrolysis is strongly dependent on the basicity of the solution
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and the reaction temperature.
o The rate of hydrolysis is zero- order with respect to the concentration of NaBH;.

e The rate of hydrolysis rate can be expressed using the following equation:

11 = 0.0949e%97%T ,OH + 0.5238¢%%°T

e When large catalyst particles are used, the rate of reaction is limited by significant
pore diffusion effects. The magnitude of these effects is dependent upon both the

reaction temperature and the concentration of NaBO,.

e A kinetic model that combines both the intrinsic kinetic rates and diffusion
limitations has been validated experimentally using isothermal and non-isothermal

reactions.

10.2 Future Work

This thesis has focused on the understanding of the sodium borohydride hydrolysis
reaction, specifically relating to the effects of concentration and temperature. There are

several directions in which the present research could be extended.

10.2.1 The Transformation of Sodium Metaborate to Sodinm Borohydride

Recycling sodium metaborate back to sodium borohydride is essential in order to facilitate
practical usage of this method of hydrogen storage. In Chapter 2, possible routes for this
transformation were proposed. Experimental work needs to be undertaken in order to

refine the required operating conditions for the proposed processes.

10.2.2 Application of the Hydrogen Generation System to Fuel Cells

A fuel cell is a device that continuously converts the chemical energy of the hydrogen and
oxygen reaction into electric energy needed to drive motors. When the hydrogen
generated from the hydrolysis of NaBH, is used in fuel cells, a detailed design should be
produced in order to improve the observed energy density. This design might include the
utilisation of the water produced from the fuel cell system, the design of a suitable feeding
system for NaBH,, and the design of a suitable reactor for controlled generation of

hydrogen. Modelling work is also necessary in order to predict the efficiency of the
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system.

10.2.3 Development of High Efficiency Catalysts for the Hydrolysis of NaBH;

Development of high efficiency catalysts for the hydrolysis of NaBHjy is another aspect of
work that could be performed, since this can improve the conversion efficiency of NaBH,.
One possible route is to develop a new catalyst, another would be to develop a new carrier

for an existing metal catalyst.
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“Abstract

Hydrolysis of sodium borohydride (NaBH4) is a promising Siltc for on-board hydrogen generation.

Carbon supported ruthenium is one of the most efficient catél"y's'i'é‘; ‘This paper presents an investigation

of the intrinsic k1r1et1cs for the hydrolysis of NaBH; over the catalyst For kinetic analysis, a new

experimental method was designed to obtain isothermal rate data from n- "othermal hydrolysis. It was
found that the hydrolysis reaction is a zero-order reaction with respect ton NaBH4 concentration. The

hydrolysis rate decreased with an increase of the basicity of NaBH4 aqueous solutlon.‘
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Sodium borchydride, intrinsic kinetics, hydrolysis, rathenium
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1. Introduction

On-board_hydrogen generation is one of the challenging problems for the application of hydrogen

energy to automoblles Many methods have been designed to meet the challenge, including pyrolysis of
metal hydnd;:_§ (e.g. LiH, MgHz), hydrogen release from hydrogen adsorption materials (e.g. carbon

nanotubes), comprﬁége__gl hydrogen tanks,’ and hydrolysis of metal hydrides.* Among these methods,

hydrolysis of NaBI-f; I s attracted attention due to its stability and the convenience of hydrogen

production and relatively hig 1h energy density.**

The hydrolysis of NaBHj is' shown in Scheme 1. One mole of NaBH, produces four moles of

hydrogen, half of which is extracte _from water. A catalyst is necessary for an efficient hydrolysis, The

catalysts for borohydride hydrolys:s mclude acids,” metal halides such as NiCL,, CoCl,,'® and the most

efficient transition metal catalysts."

NaBH, + 2H0 = NaBO; + 2H;0

Scheme 1. The hydrolgf;is‘ c;fstj)'dit__lm borohydride

Acid catalysis is now well understood. However, th inetics for metal catalysis has little been

investigated. Metal catalysts are often supported on carricx‘s‘f(j; practical applications. The catalyst

particles have a porous structure. Complex heat and mass tran 'iirgcesses are involved in the

heterogeneous catalytic reaction, which frequently impact upon the. overall performance of a

heterogeneous catalytic reaction. For rational design of a chemical reactor for on-board hydrogen
generation, the first step is to get intrinsic rate expression and then heat and mass transfer effects are

built into the intrinsic rate expression to obtain an overall rate expression.

Accurate kinetic rate equations can seldom be extracted from data obtained under the influence of
significant heat and/or mass transport limitations. Thus it is important that the rate data obtained from

kinetic runs be acquired in the regime of kinetic control.
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In a heterogeneous catalytic reaction, heat removal is a difficult factor to overcome in order to obtain
isothermal rate data, A number of different batch reactors have been designed, The main consideration
for design an experiment to obtain isothermal rate data is to remove heat generated efficiently by
rmmrmzmg the contact time for reaction mixture and catalyst in one cycle such as the well-known

! However, the method will not work for studying the hydrolysis of NaBH,4 since

Carberry :ﬁ%:éagfor_.]
NaBH4 hydrblysig has a significant rate at higher temperatures even without the presence of a catalyst.

Another difficult:?is; .‘:to' "éeparate the effects of NaBH, and NaBOs, since the two materials always comes

together during the reaction.

In this work, instead of making an effort to control reaction temperature precisely and attempting to

separate the effects of NaBH, and NaBO,, an alternative method was developed. This approach does not

involve a new reactor design, but useska'hew method of analyzing the non-isothermal rate data to obtain

isothermal rate data. This paper reports an iﬁi}estigation of the intrinsic kinetics of NaBH, hydrolysis

over ruthenjum catalyst using this method.

2. Exp'éfimental

2.1 Data analysis method

The rate for any reaction can be expressed approximately qsing equation (1).

r=Ae—E/RTcd

where r is the reaction rate, E is the activation energy, R is the universal gas constant, T is the

temperature, C is the concentration of reactant, ¢ is the reaction order, and A is the pre-exponential

factor. To deriving isothermal rate data from non-isothermal reaction, take logarithms of both sides,

yielding

1nr=1nA+0:1nC—£- (2)
RT

Since A and o are constants for a specific reaction, Inr against 1/7 will have a linear re]atioriship when
C is fixed. Several runs can be performed with the same initial NaBH, concentration but with a different

initial reaction temperature, and then a series of hydrogen release curves can be obtained. At a given
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NaBO,; concentration mnapoz, reaction rates and the corresponding reciprocal temperatures (1/7) are
plotted the result should be linear, with a slope corresponding to -E/R, and an intercept on the y axis of

InA + olnC. After determination of equation, reaction rate at temperature T can be determined using

equati6 (2)at MNaBO2.
If seveié_l_ﬂ__ gEq_ups of the above experiments are performed, and each group has a different initial

NaBH, concéntratign,- eaction rate at mnapoz can be determined in each group for temperature 7. Since

initial NaBH, cohcgh“ tion in each group is different, NaBH, concentrations at mxapqe are different.

Therefore, isothermal rate data for temperature T'is obtained.

2.2 Experimental proceriﬁre :

2.2.1 Materials
Sodium borohydride (NaBH,), ané".gadium hydroxide (NaOH) were both purchased from Sigma-
Aldrich, with a purity of 98.0% (wt) and 99.9 % (wt) respectively. NaBH, was used without further

purification. Ruthenium on carbon was pui‘éh_asédl from Johnson Matthey. The catalyst contained 3%

(wt) ruthenium, It had a cylindrical shape with a size of $2 mm x 3 mm.

2.2.2 Catalyst Grinding
The catalyst particles must be fine enough so that internal "dilffps_ion can be neglected. In this study, the

catalyst was ground using a pestle and mortar and then sieved si:- 3 set of sieves with different mesh

apertures (Fisher Scientific Ltd). Eight different sieves were stzibk'cdh :brif"top of each other, and the
average diameters of the catalyst particles trapped in each sieve wereé'aQS'uﬁ ed to match the average
aperture sizes of the two adjacent sieves, The catalyst size obtained were 550 pm, 98 pm, 49 pm and 29

pm respectively.

2.2.3 Experimental rig
The measurement of the concentration of NaBHy is rather difficult due to its hydrolysis even af ‘room
ternperature. In this study, a method for measuring the hydrogen volume with time was used, since

hydrogen volume and NaBH, concentration can be related using the stoichiometric coefficients in the

Scheme 1.
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A schematic diagram for the experimental set-up is shown in Figure 1. The rig consisted of three
parts: the reaction system, a sytem to monitor temperature and a system to measure the volume of
hydrogen that is generated. The reaction system consists of a three-port reactor and a magnetic stirrer, a

water‘;ﬂéq_)“:that was used to adjust reaction temperature and a feeding system. One side-port of the

| reactor w’zii_s_;ﬁciiuipped with a thermocouple and another side-port was connected to the water replacement

system. The middle ort of the reactor was used to site a feeding funnel. Since NaBH, can be hydrolysed

even at roorm temperatu - when contacting water, a special feeding system was used as shown in Figure
3. NaBH, and catalyst were added to the reactor first and then water was added through the feeding
= system to the reactor. Once the chemicals come into contact, hydrogen is produced and the amount that

, was generated was recorded.

The volume of hydrogen that was produced was measured using a water replacement system. The
: water replacement system consisted of a g{é'dﬁgied cylinder full of water and a water reservoir that was
| used to immerse the cylinder. A container"\;gé"zfjlaced onto an electronic balance. Before starting the

experiment, the water in the reservoir was filled to stich a level that any extra water would overflow

' from the cylinder through a slope into the containe;:_;_on'lthe balance. The electronic balance was

connected to a computer using a standard RS232 cdﬁnec':'_to;:. Software provided by the balance

; manufacturer was used to record the time and the weight of the_t)véfer displaced from the cylinder. The

time interval for recording the weight was one second. Both the spfkwaré and the electronic balance

were purchased from A & D Company Ltd. (UK).

; In order to monitor the temperature of the reaction system, a thermocoupié was put into a side port of
the reactor. This K-type thermocouple was connected to a data logger, which trans;f_s:rr_cd the information
| to a computer. The data logger and the thermocouple were purchased from Pico Company Ltd (UK)

! Before conducting the experiment, the reactor was cleaned using distilled water and thendrledm an
oven for 24 hours. After the temperatﬁre was stable, the reactor was put into the water bath W1tha fixed
amount of catalyst inside. A pre-determined amount of NaBH4 powder was then put into the reactor.

After all these were ready, the cork of the feeding funnel was opened to let the water flow into the

ACS Paragon Plus Environment 5



Submitted to Energy & Fuels Page 6 of 14
reactor to start the hydrolysis. The water that was displaced by the hydrogen production and the overall
reaction temperature were both monitored by using the computer. When calculating the reaction rate, the
saturated vapour pressure at room temperature was considered.-
The amount of catalyst that was used was based on the convenience of reaction control. Reaction rate

for heterd'g_:tanéous catalysis is proportional to the mass of catalyst. The rate data is based on unit mass of

“catalyst.

measuring cylinder

ntimes

= Tampcc)
2 .. weight(g):
water container
hot plate = balance comprter

Figure 1 A schematic experimental set-up for the researchof NaBHj hydrolysis kinetics.

3. Results and Di§¢us"sion

3.1 Removal of diffusion limitation

Figure 2 shows the comparison of the hydrogen generation rate ﬁgping;'thiee different stirring rates (0

rpm, 390 rpm, and 650 rpm) at three different temperatures (20°C, 30°C, and40°C) At each temperature

and stirring rate, hydrogen generation rate decreased rapidly with the procééding_ of the hydrolysis. The
reaction rate increased steadily with the increase of the reaction temperature from 20°C to 40°C. At any
reaction temperature, the stirring rate showed little effect when the concentration of NaB_O;‘ ';W_as greater

than 0.2 mol/kg, which corresponded to the hydrolysis of 10% of NaBH,. However, stirﬁhg:‘;até sf;owed

some effect on initial stages of the hydrolysis. At 20°C, initial reaction rate did not change sigmﬁcantly
with stirring rate. This situation changed at higher temperatures. At 30°C, reaction rate was 13.2 ml/sec
gcat when there was no stirring. It increased to 13.9 ml/sec gcat for a stirring rate of 390 rpm and 14.9
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ml/sec geat for a stirring rate of 650 rpm. At 40°C, initial reaction rate was 23 ml/sec gcat when there
was no stirring. It increased to 27.5 ml/sec g cat for a stirring rate of 390 rpm and to 28.5 ml/sec gcat for

a stirring rate of 650 rpm.

u  stir:0 rpm
& stir:3%0 pm 20
1 4 & sotir:650mpm T A
.
~—~ ®
S 4
‘5‘9 . - * 1 =
J A "
¥
=2 4 on
A @
éﬂ 254 A
o 4
"
1 40°C
71171 0T 1 rﬁEO. T T 71
00 02 04 0B 08 00 02 04 06 08 00 02 04 06 08
m, ElBOj(mol/kg)

Figure 2 Comparison of the effect of stirring rate on reaction.r ‘:e-r‘:‘-‘The catalyst particles used had an

average size of 0.049 mm. The reaction was conducted using O.Sg NaBHmlO m} of water.

When the reaction temperature is low, reaction rate is low. Hence, 1toes not need a high rate of

stirring in order to provide a high rate of mass transfer from the bulk fluid to the catalyst particles.

Therefore the stirring rate, and thus the external mass transfer, is not significant at low ftemperaturcs.

At the other hand, the hydrogen gas produced agitated the reaction solution violcli'tly.m;l:"ﬁé‘cffect of

hydrogen gas agitation made the effect of stirring rate on external mass transfer not sign ﬁ_c_:zi

the reaction temperature increases, the reaction rate increases exponentially. In this case a high rate of
mass transfer is required in order to provide NaBH, to the catalyst, Therefore, stirring rate has a

significant effect on hydrogen generation rate especially at early stages of the hydrolysis. With the
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agitation effect of the hydrogen gas produced, the role of stirring rate becomes less important. However,
the difference between reaction rate at 390 rpm and 650 rpm was very small, less than 10%, even at

early stages. Therefore, it can be concluded that 650 rpm is high enough to remove external diffusion

limitati nfor the reaction. In the following work, the stirring rate was fixed at 650 rpm.

Internal fﬁlsi_on refers to the mass transfer within a catalyst particle. It is affected mainly by the size

of particle that is used. When the particle size is fine enough, the internal mass transfer limitation can be

removed. It is thus n 'éésary 1o determine the particle size for which the internal mass transfer rate does

sizes of catalyst particle whllstthe temperature and the NaBHy and NaBQO; concentrations are fixed.
Also, a sufficiently high stirrihg-ifzﬂi_té_is employed, as per the results of Figure 2, so that the effects of

external diffusion are removed,

30 'y e
1 —s—20°C| .
254 —e—40°C

20 -

15

rH:(mIIsec g cat)

10 -

T T T T
0.0 0.5 1.0 1.5

particle size (mm)

Figure 3 Comparison of the reaction rate at various temperatures for different catalyst particle sizes. The

reaction was performed using 0.5 g NaBH, in 10 ml of water.

The reaction rates at various reaction temperatures for different particle sizes are compared in Figure 3
for two temperatures (20°C and 40°). At both temperatures, the reaction rate increased si gniﬁ'cantly with
a decrease in catalyst particle size. This suggests that the hydrolysis of NaBH4 in the presence of a

carbon supported ruthenium catalyst has a strong internal diffusion limitation when the catalyst particles
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are large. When the catalyst particle size is reduced to around 0.049 mm, the internal diffusion limitation
is removed. This trend did not change with reaction temperature, as shown in Figure 3.

This indicates that the limiting effects of internal diffusion can be removed by using a catalyst particle

size of less'than 0.049 mm for the hydrolysis of NaBH, over a carbon supported ruthenium catalyst.

Therefore, study of intrinsic kinetics, 0.049 mm catalyst particles and a stirring rate of 650 rpm

are used.

3.2 Effect of NaBOz and NaBH, concentrations
Figure 4 shows the dependence of hydrogen generation rate on NaBH, concentration at three different

temperatures for three dlfferent NaBO; molalities. The rate of hydrogen generation for a fixed

concentration of NaBO; did not varysigniﬁcantly with the change of the concentration of NaBH,. This

trend did not change at different tempefarures. This indicates that the hydrolysis of NaBH, does not

depend on NaBH, concentration, i.e. it is a zero-order reaction with regard to NaBH, concentration.

There are three main steps in the hydrolysis"‘f)'f' NaBH4 on a catalyst surface: adsorption of NaBH,,
- hydrolysis reaction of NaBHy on catalyst surface and desorptlon of H, from the catalyst surface. The rate
of hydrogen generation is zero order with respect to N aBH4, mdlcatmg that desorption of hydrogen from

the catalyst surface is the rate-determining step.

The dependence of hydrogen generation rate on the concentragprf”qf NaBO, at different temperatures

is shown in Figure 5. At the earlier stages of the reaction, the react n decreased with the increase of

NaBO; concentration and the reaction rate Ieveled off at later stages. Since Nagoz is a base, it indicates

that the hydrolysis reaction involves the hydrogen ion.
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Figure 5 The relationship between 12 and the molality of NaBOs.

3.3 Effect of NaOH concentration
Since hydrogen generation rate depends on the concentration of base and NaOH is often used as a
stabilizer for NaBH, aqueous solutions, it is thus interesting to investigate the dependence of hydrogen
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generation rate on NaOH concentration. It has been shown that the reaction rate was independent of
NaBHjy concentration in previous sections. Therefore, it is only necessary to compare rate data at fixed

temperatures and NaBOQ; concentrations. Figure 6 shows the dependence of reaction rate on NaOH

concentrations at 20°C and 40°C.
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Figure 6 Reaction rate versus molality of NaBO; at 20°C and 40°C for various NaOH concentrations.

At both temperétures, with the increase of NaOH conccntranon_,__rr_e:ac‘tjon rate decreased rapidly. For
example, at 20°C, the hydrogen generation rate decreased from 4.3 ml!secgcat at a NaOH concentration
of 0.28% to about 2.3 ml/sec g cat when the concentration of NaQH in’crel:‘_”_‘_cci:?&t"b 9.2%. However, at a
specific temperature, the reaction rate changed within a very small range in ;hc presence of NaOH when

compared with the rate in the absence of NaOH, which is shown in Figure 5. In th“e.; Séhce of NaOH,

the pH value of the NaBO, solution changes significantly, moving from neutral (pH —7) to strongly
basic (pH = 12.5 according to the equilibrium B(OH)s = H3BO; + OH, K =173 x 10%). ThepHof the
solution does not change significantly in the presence of NaOH due to the high concentratior.ln of OH.,
Since the basicity of the solution is stable in the presence of NaOH, it is consistent with the previous

conclusion that the reaction is zero-order with respect to the concentration of NaBH,.
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3.4 Intrinsic rate expression
Since the reaction rate is zero order with respect to the concentration of NaBH,, NaBH, should not be

included in the rate expression. The rate is only related to the basicity of the solution and the reaction

tcmpeféturél In order to obtain the relationship between the reaction rate and the basicity of the solution,
the rate of hydrogen generation ry» was plotted against pOH. Here pOH is defined as In1/[OH]. As
shown in Flgl;;é 7, ruz and pOH had a linear relationship. The relationship between ri; and pOH may
thus be expresseéi byUSmg equation (3).

'z = A'pOH +B (3)

The parameters A and B for the linear equations at various temperatures and residual square root are

givenin Table 1.

r, (ml/sec g cat)

Figure 7 rus versus pOH and their linear regressions.
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Table 1 The values of A and B of the regressed equations in Figure 7.

Temperature (°C) A B Error (R7)
20 0.4619 2.8219 0.98
25 : 0.7025 44118 0.99
30 1.0532 6.7987 0.99

35
40

15591 10.3340 0.98
122781 15.5020 0.97

It is shown clearly in Table 4 that both A and B change with temperature. They were regressed using

an exponential equation. The ﬁ al rate equation is gwen by equation (4).

ria = 0.0949¢"**T pOH + 0. 523Se° 08T @)
Equation (4) is the final rate expressmn for the hydrolysis of NaBH, in the presence of a carbon
supported ruthenium catalyst. It is dependent on the basicity of the solution and the reaction

temperature. The basicity is measured by pOH ‘Since pOH is the negative logarithm of the OH  ion

concentration, the rate of hydrogen generation decreases w:th an increase in OH concentration. At the

present stage, the physical meaning of the parameters Ahﬂand' B is not clear. However, they both change

with temperature exponentially. This is reasonable for a chemical reaction. Since B increases more

rapidly than A, the rate of hydrogen generation increases rapldly w1th an increase in temperature.

The reason for this complicated dependence on temperature may be due to the reaction mechanism.

The hydrolysis of NaBH, for releasing hydrogen must have involved the_‘ termediate of H'. When the
basicity of the aqueous solution varies, the activation energy and the pre-exponential factor for the
Arrhenius form rate equation may also change.

4, Conclusions

The intrinsic kinetics for the hydrolysis of NaBH4 over ruthenium on carbon catalyst ha'"s;_;;%been

investigated in this paper. Since NaBHj can be hydrolysed rapidly at higher temperatures even in the
absence of a catalyst, the traditional design for obtaining isothermal rate data will not work well by

minimising contact time between catalyst and NaBH, solution. A new method for data analysis has been
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established in this research for obtaining isothermal rate data through non-isothermal reactions. The

method was then applied to get isothermal rate data. The following conclusions can be drawn:

M

(3)

(4)

&)

(6)

M

®)
@

(10

(11)

When catalyst particle size reduced to less than 0.049 mm, internal mass transfer limitation can

o be neglectcd.

Thc hydrolyms of NaBHj, over ruthenium catalyst is zero-order to NaBH; concentration.

Thc reacuon rate depends strongly on the basicity of the solution. This may be due to the

ex15tence f,'acxd intermediates in the reaction. It also strongly depends on reaction
temperature.
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Modeling of the hydrolysis of NaBH4 over carbon

supported ruthenium
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'Department of AefOnautic and Automotive Engineering, Loughborough University, Loughborough,

Leicestershire LE11 3TU, UK

2School of Mechanical, Mateﬁal'"s'_ and Manufacturing Engineering, University of Nottingham,

 Nottingham NG7 2RD, UK

‘Abstract

The hydrolysis of sodium borohydride over carbon supﬁrbrté:difuthenium catalyst has been shown an
effective route for on-board hydrogen generation. After obtaming the intrinsic kinetics in the previous

work, mass transfer and heat effect was taken account in this paper:-Effective diffusivity of sodium

borohydride aqueous solution in catalyst particles was measured experimentally. The effectiveness
factor was then correlated with temperature and NaBO; concentration. Nézﬁ-iqsthermal hydrolysis of

sodium borohydride was calculated using the model by incorporation of mass: and heat effects into

intrinsic kinetic equation. Good agreements were achieved between model and experimental results,

Key words

Sodium borohydride, overall kinetics, hydrolysis, ruthenium, effectiveness factor

ACS Paragon Plus Environment 1



Submitted to Energy & Fuels Page 2 of 11
1. Introduction
The hydrolysis of NaBH,; over ruthenium catalyst is a promising way for on-board hydrogen

generation. In the previous papcr,] intrinsic kinetics for the hydrolysis was obtained. In practice, catalyst

particles are. of significant size in order to avoid large pressure drops. Strong diffusion limitations occur

when the _Faté::l'yst particle size is at the level of practical accessibility.

The hydrolysism of NaBH, is a strong exothermic reaction. About 285 kJ heat was generated for

hydrolysis of one mble?’z’ The heat generated, if not removed effectively, will increase the reaction

temperature. The increase in reaction temperature will lead to an increase in reaction rate. When the

reaction temperature incréases"ﬂp to the boiling point of the solution, water will be evaporated, leading

to the increase of NaBO, concentration. The increase in its concentration results in a higher basicity of

the reaction system, which will slow down the reaction rate. For calculation of the hydrogen generation,

the heat effect must be taken into account. :
The aim of this paper is to model hydrog"é;rixrgééﬁeration from NaBH;-H,O system when large catalyst
particles are used. In the modeling, the mass -transfér_lir.nitations and heat effect are built into the

intrinsic kinetic equation. Non-isothermal reaction was then calculated using the model since it can

reduce system complexity by controlling the system tcmpéia;ure__.

2. Model construction
2.1 Effectiveness factor

The hydrolysis of NaBH, over ruthenium catalyst is a zero-order red on The intrinsic kinetics is

given by equation (1), which was obtained by investigating reaction rate over very fine catalyst particle
size in which the mass and heat transfer effects have been removed.

1 = 0.0949¢>%T HOH + 0.5238¢% 0T (1)

where ry» is hydrogen generation rate, T is the temperature and pOH is defined as the negﬁtﬁ; loganthm
of OH concentration. When the size of catalyst particles is increased, internal mass transfer is no longer

negligible. This is taken into account by using an effectiveness factor n, the ratio of actual to intrinsic
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reaction rates. Effectiveness factor is often correlated with Thiele modulus. For a zero-order reaction,

the Thiele modulus ¢ is defined by equation ).

k-
A2p.c

e As

(2)

action rate constant based on the volume of total catalyst particles, D, is the effective
diffusivity of reactant in the catalyst particles, L is the characteristic length of a catalyst particle and Cas
is the surface corif:en,_tr’ ation of the reactant on the catalyst particles.

The rate data is often based on the weight of catalyst particles, which is related to k by equation (3).

kp, =k (3)

where k is the rate constant basedonthc weight of catalyst, and p; is the density of the catalyst. In the
case of strong diffusion limitation (dS > 4 or 1 < 0.25), effectiveness factor ; and Thiele modulus have

the relationship shown in equation (4).*

- )

¢

/4 for a cylindrical catalyst particle (D is the

produced, the concentration of NaBH, in the solution can be calculated, which is regarded as the

concentration of NaBH, on the surface of catalyst particles Cas. D, can be measured experimentally.

volume, to the rate data in regard to NaBH,.

dVy, dng,RTyIP) d(nygy RTy14F,) RT,
= = = FnupH, (6)
dt dt dt 4P,

rH2=
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where Vi is the volume of hydrogen, nys is the moles of hydrogen, R is the universal gas constant, 7p is
the room temperature, Pg is the atmosphere pressure, ¢ is reaction time, nnspns is the moles of NaBHy

when reaction time is £, and rnpn4 1S the hydrolysis rate based on the change of NaBH,.

To: ambient iemperature.

Py: atmospheric pressure.

¢ time (initialised to be 0):

dWnasna: differential amou__nt‘_‘o.f: NaBH, that reacts at each step.

Wyon - NaOH concentration (wt%

Wu,_o : initial mass of water (g).

Wiusn, + initial mass of NaBH, (g).

Initial molality of NaBHj is calculated using équa_ti'on n.

Waasa,
Wh.o

(7

Mpape, =

Heat generated when dWy,pg4 reacts is calculated using eqhé{t n (8)

_ AWy,

| 8
37.84 ( _‘)

where AH is the enthalpy change of the hydrolysis reaction of NaBHy, Vt/hll T ‘fi§;5285 kJ mol’. Heat loss

Q’ in dt is calculated using equation (9).

Q'= KSAT, 9)

where K is the overall heat transfer coefficient from the reactor to environment, S is the total heat

transfer area and AT}, is the average temperature difference between environment and the reacto

Temperature change of the solution is calculated using equation (10)

A= £2-9

C pWHzo

(10)
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where ¢, is the heat capacity of the solution. The temperature of the solution is calculated using equation
(11)
T=T+AT (11)
IfT ilé;{;éater than boiling point of the solution, T is given the value of the boiling point and the heat

its'e tii*ety used to evaporate water, which is calculated using equation (12).

(12)

where AH_, is the E:r_x_jclhél y change of water evaporation. The water remaining in the system after

dWhianna is obtained by cqu:;jj_:ip: 13)

lexzo =Wh,0 - AWy 0 (13)

The hydrogen that is generated whf!:nr dWhaene has reacted is calculated using equation (14).

4AW,
AV, =——"" RT, /P,
t o 37.84

(14)

The by-product NaBO, that is produced when"cﬂiWﬁ.,,Bm_rhqs reacted is calculated using equation (15)

AWypo, = ([@Wygpy, /37.84)x66.22 (15)

where 66.22 is the molecular weight of NaBO,, and 37.84 is the molecular weight of NaBH,. The
concentration of NaBO; in the system is calculated using equafiiiinﬁ(.liiG)

Wz, / 66.22

m =
NaBO,
Wi,0

where Wy,po, is the accumulated amount of NaBO; in the solution. Equation (17) 1s used to calculate

the OH" concentration in the solution after obtaining the concentration of NaBQ;. -

= (Myaon + KD+ f(myon + KD +4Km
[OH )= \/ > % + Mycon

where [OH] is the concentration of OH' in the solution, and X is the equilibrium constant for the BO,
jons in water (B(OH)s) : B(OH)4 = H3BO; + OH. K =1.74 x 10°. pOH can be then calculated by using

the definition: pOH = -1In[OH].
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Intrinsic reaction rate is calculated using equation (I1). Actual reaction rates can then be calculated
using equation (18).

ry, (real) = ry (instrinsic)yW,,, (18)

where

cal is the mass of catalyst. The reaction rate in terms of NaBH, is calculated using equation (6).

(19)

The calculation is contlnuggi"until the amount of NaBH, left is less than 0.1% of the initial amount.

3. Experimental section
3.2 Materials

The catalyst ruthenium supportcd‘og_ c.arbon was purchased from Johnson Mattwey. The original size
was 3 mm x ¢2 mm, Sodium borohydrid .m.\w‘i.;?purchased from Sigma-Aldrich, which had a purity of

08%. It was used without any further puriﬁc;‘: jor For measurement of diffusivity, the catalyst was

grounded using mortar and pestle and sieved into éﬁ_g\iéfqge size of 0.049 mm.

3.1 Measurement of effective diffusivity

The effectiveness factor n was measured using the rate dilta= r 2 mm cylindrical catalyst particles and

0.049 mm catalyst particles in which diffusion limitations is not significant, The effective diffusivity De

was calculated using equation (20), which is obtained by rc-arrangingl'equ'affén (6).

7Rk
© 8C,,

3.2 Measurement of hydrogen generation rate
Hydrogen generation rate was measured using water replacement method, The rig w escribed in
detail in the previous paper.' For non-isotheral hydrogen generation, the reaction flask wasplaced m air.

Hydrogen volume was then measured against time,
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4. Results and discussion
4.1 Effective diffusivity

The measured effective diffusivity with the change of temperature and the molality of NaBO; is

shown in Flgure 1. D, depends both on the molality of NaBO; and temperature. At fixed molality of

NaBQO,, DE mcreased rapidly with temperature, At a molality of myupo2 of 0.25 mol/kg, D, increased

from 3.65 x 10 0 ;rf{_s to 35.8 x 107" m?s when the temperature increased from 25°C to 75°C. At a

lower temperatufe; :ecreased rapidly with the increase of the molality of NaBO, at first and then

leveled off with a further 1ncrease of the concentration. The reason for this may be due to the blockage
of catalyst pores. NaBOz was e?t;;ated in the vicinity of the reaction site on the surface of the catalyst’s
pores. When the temperature became higher, D, did not change significantly with the increase of the
molality of NaBO;. At higher tempéi‘ature dissolution process became faster, and hence local NaBO;

may not be saturated as it produced. ThlS resulted in a constant D, regardless of the change of the

molality of NaBO, when the temperature was 75°C

1 >
s >,
30- : 5 —
] W 25°C, e 35C, 4 45C
254 o v 55°C, 4 65°C, » 75°C
g 20 )
£
e 154 ¥ “ 4
(] ] v
10 a
1 ™ 4 A v v
s1 | e a
] " » A F A
0- . 1 (] ]
0.0 05 10 15 20 25
NaBo (molkg)

Figure 1. Effective diffusivity versus the molality of NaBO, and temperature.

The dependence of D, on temperature can be described using equation (21).

D, =D, e E/ET (21)
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where Dy is the pre-exponential factor, and E is the activation energy for diffusion. Take the logarithm
of both sides, yielding

=1n D, - £ (22)

InD
_ RT

InD. was plotted against 1/T" at varions NaBO, concentrations as shown in Figure 2. It can be seen that
a good Iin;:alj' réiationship between InD, and 1/T was obtained, indicating the applicability of equation
(21). The E/R and,ilx{be@__values in equation (22} derived from Figure 2 are listed in Table 1.

For the convenienc.’e:"“df calculation, the data in Table 1 were fitted using an index function. The

resulting equations are giveii in equations (23) and (24) respectively. The choice of index was due to the

characteristics of chemical reactions.

E/R=10770.5-8196.3 % 0.40™¥202.= (23)

(24)

In Deo =12.0—-23.9 x (.47 "nB02

InD

T L} T T ! T T T T T ' 1
0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034

1T (K"

Figure 2 InD, versus 1/T at various NaBO; concentrations.
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Table 1 Parameters for diffusion equation obtained from Figure 1.

Submitted to Energy & Fuels

mNaso2 (Mol/kg) E/R InDey Regression Residue
0.25 . 4740.1 1.7689 1.0
o5 54721 38386 10

) 1 5669.2 3.7944 1.0

: 1.5 |04 15.779 1.0

; 7 ':fj. 11494 21.606 1.0

2.5 | 1_903%? 16.999 1.0

; D.75 14.187 1.0

’ 3 16.717 1.0

4.2 Modelling of the generation of hydroge

Figure 3 shows the comparison between EXPe nmental hydrogen generation from the non-isothermal
generation of hydrogen and model calculation:; _he,_ reaction was conducted in a round-bottom flask in

air, Hence the heat loss is due to mainly the heat tra.tiéfef from the reactor wall to the air. The overall

heat transfer coefficient from the reaction to the air wa ést’in}a._ted to be about 6.6 W/(m® K).>7 In the

experiment, hydrogen generation was finished within 150 seconds from the 10% NaBH, solution. It was

in quite agreement with the model estimation of 160 seconds. As c' !

be seen from Figure 3, both of the

hydrolysis curves had an inflexion point at around 80 seconds (about 40% of NaBH, was consumed),

which indicated the maximum hydrogen generation rate. The reason for the'uut’oéacceleranon was due to

the maximum temperature at this point. The temperature began to increase resulting from retained heat,

since this was not dispersed to the air around the fast at a sufficient rate. When the temperature reached

the maximum, heat loss rate reached the maximum too due to the maximum temperature dlffcrence
between reactor wall and surrounding air. With the increase of NaBO; concentration, rcagtlon rate
decreased, leading to the decrease of reaction temperature. The model predicted both the overall

hydrolysis time and the maximum hydrolysis rate. This supported the validity of the model.
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= 2000
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g‘ 10004
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Figure 3 Comparison between expenmental and model prediction for a non-isothermal reaction, NaOH

= 0, catalyst = 3g with a particle size’ of 2 mm X 3 mm, NaBH, = 1.0g in 10g of water.

. Conclusions
In this paper, heat and mass transfer wered'b'hﬂt into the intrinsic rate expression through the use of the

Thiele modulus. The effective diffusivity of Naﬁﬁ; in catalyst pores was experimentally measured. The

mode] was then validated through both isothermal and ﬁ-isothermal hydrolysis of NaBH4. From the

study, the following conclusions can be reached:

¢ When large catalyst particles are used, strong dlffusmn limitation is observed for the

hydrolysis of NaBH,, which can be seen from the very low efﬁciency factor that was obtained
experimentally. |
o The effective diffusivity of NaBH, in catalyst pores depends on both the temperature and the
concentration of NaBO;. The dependence on the latter may be due to local saturation of

NaBOs; in the vicinity of active sites of the catalyst surface.

* In the region of diffusion limitation, reaction order to NaBH, is not zero—orde;;': T]; “’:fegetion
rate decreases rapidly with a decrease in NaBH,4 concentration.
¢ After combining intrinsic kinetics with diffusion limitation, heat generation and water
evaporation, the model can be used to predict hydrogen generation from the hydrolysis of
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NaBH,, The validation of the model has been performed for both isothermal and non-
isothermal hydrolysis.
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Generation of hydrogen via the hydrolysis of sodium borohydride (NaBH,) solution in the presence of
metal catalysts is a promising method for hydrogen storage, The concentration of NabH,4 should be as high as
possible in order to improve energy density. On the other hand, NaBQ, is produced after the hydrolysis of
NaBH4. When the NaBH, concentration is high enough, NaBO; will precipitate from the solution, which
would block the active sites of the catalysts and bring about the complexity of solution transportation, This
paper addressed the issue through thermodynamic modeling. A mathematical model was derived first using
the equality of chemical potential of the solute in solution and in its solid state. The parameters in the model
were determined using phase-diagram analysis and hydration analysis of the NaBH4—NaOH-H,0 and NaBO;—
NaOH-H»>0 systems. The optimal concentration of NaBH, in the hydrogen-generation system was then
calculated and a comparison of the modeling results with experimental data, which were in good agreement,

was given.

1. Introduction

Interest in hydrogen as a fuel has grown dramatically, and
many advances in hydrogen preduction and utilization technolo~
gies have been made. However, hydrogen-storage technologies
must be significantly advanced if a hydrogen-based energy
system, particularly in the transportation sector, is to be
established. At the present time, the main obstacle in the way
of transition to a hydrogen economy is the absence of a practical
means for hydrogen storage. For years, the goal of researchers
has been to develop a high-density hydrogen-storage system
that can release hydrogen at temperatures lower than 100 °C.
A hydrogen economy will flourish when adequate storage
technology exists, allowing people to tap and trade regional,
rencwable power sources. This cache of stored energy will offer
viability to the full range of local and global renewable energy
sources.

For a hydrogen-storage system to be put into practical use,
the energy density must reach a high level. For example, U.S.
Department of Energy recommended that an energy density of
6.5% and 62 kg m™3 must be achieved in order for a hydrogen-
storage system to be the appropriate weight and size to facilitate
a fuel-cell vehicle driving a distance of 560 km. Storing
hydrogen is somewhat difficult because of its low density and
low critical temperature, Currently, there are a number of
technologies available for hydrogen storage, such as high-
pressure cylinder, liquification, adsorption on high surface
carbon materials, and metal hydrides.

It is believed that metal hydrides are a safe and promising
way to store hydrogen. Various metal hydrides have been used
via direct pyrolysis or hydrolysis methods. In the area of
pyrolysis, LiBH, and NaAlH, have attracted great attention.!

*To whom correspondence  should be addressed. E-mail:
y.shang@lboro.ac.uk. Phone; 0044-1509-235690.
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The temperature for pyrolysis is still too high for practical usage
in the transportation sector, whereas the hydrolysis route is safer -
and easier to handle. In this respect, NaBH, has been extensively
studied, as shown in Scheme 1. The only byproduct, sodium
metaborate, is water soluble and environmentally benign. The
reaction is very fast in the presence of a catalyst, and there is
no need to supply external heat for the reaction to occur. It is
reported that Millennium Cell has designed a portable hydrogen-
gas generator using an aqueous borohydride solution.2 Looking
for efficient catalysts for the hydrolysis is an aspect of the use
of the NaBH, hydrolysis system 36

The concentration of NaBH, in the hydrolysis system is an
important issue for practical usage. To improve the energy
density of the system, the concentration of NaBH, should be
as high as possible, However, when the concentration is too
high, the byproduct sodium metaborate precipitates from the
solution, which blocks the active sites of the catalyst and thus
reduces the life of the catalyst. Precipitation of the byproduct
would also bring about problems in solution transportation, such
as blockage of the piping system. However, little attention has
been paid to NaBH, concentration for hydrogen gencration.

In a previous paper,” NaBH, concentration was studied and
optimized in the case of neat solution through thermodynamic
modeling. In practice, 1—10% NaOH is used to stabilize the
solution.®~1° In this paper, thermodynamic modeling is used to
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H Storage via Hydrolysis of NaBH,4 Basic Selution

Scheme 1. Hydrolysis Reaction of Sodium Borohydride
NaBH; + 2H,0 —= NaBO; + 4H;

optimize the concentration of NaBH, in the presence of NaOH.
The modeling results are then compared with experimental data.

2. Thermodynamic Model for A Three-Component
Solution

‘When solute B is dissolved into water in the presence of a third
component A, that is, solute B is dissolved in A’s solution, the
chemical potential of B in the solution is equal to the chemical
potential in its solid state in equilibrium, considering that the
solution of A is the environment,

For an electrolyte A, B, , where vy is the number of cations
and v is the number of anions, the chemical potential for the
electrolyte in its aqueous solution can be expressed using eq 1.

=4+ v RTIny,my o))

where the standard chemical potential x© of the electrolyte is the
chemical potential in a solution of unit activity on the molality seale,
R is the universal gas constant (8314 J mol™! K1), T is the
temperature (K), and the mean ionic molality 4+ and mean ionic
activity coefficient y. are defined as

m, (mu.,.mv-)l.'vi m(v_'j_*v”_‘)””* (2)
{yrq. v_)llv:l: (3)
vy =v,+ v 1G]

On the basis of the equality of the chemical potential of a species
in solution and in the solid state, we obtain eq 5.

up(s) =4 + v, RTIn y, g, (5)

where uy(s) is the chemical potential of solute B in its solid state
and ¥ p is the mean activity coefficient of B in A’s solution.
Rearranging eq 35 gives

#B(s)

Inm,p= —-—-—-—-—ui T Inylp (6)

The difference of the chemical potentials in eq 6 is the molar Gibbs
energy change of the solute from its solid state to the unit activity
in its solution on a molality scale, which is further related to other
thermodynamic functions,

AG) 5=ty = pgl(s)= AHo g ~ TAS) 5 0!

where AGﬂ, o AHOG, and A.S’,;'B are the molar Gibbs energy
change, molar enthalpy change, and molar entropy change of B
for the dissolution of one mole of solid-state sclute to unit activity
in solution, respectively. Substituting eq 7 into eq 6 gives the
relaticnship between solubility and temperature,

AHS, 5 ASO
viRT wR
For both NaBH,; and NaBO,, ¢4 = 2. When this value is substituted

into eq 8, the relationship between the solubility of NaBH, and
NaBO; in NaOH solution is obtained,

Inm,g=—

—Inyin (8)

(9} Suda, S.; Sun, Y.-M.; Liu, B-H. Appl. Phys. A: Mater. Sci. Process.
2001, 72, 209-212.

{10y Hua, D.; Hanxi, Y.; Xinping, A.; Chuansin, C. Int. J. Hydrogen
Energy 2003, 28, 10951100,
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_ AHg:.B AS?RB
nmes="Zrr T 2R

- 111’)1;3 9

When NaOH is not present, the activity coefficient of NaBH, and
NaBQy, v+ g, can be considered as being constant with temperature
in its saturated solution.” However, it is shown in the following
section that the activity coefficient of NaBH, and NaBQ; in the
presence of NaOH, ', 5. is not constant when temperature
changes. This may be due to the fact that the effective water needed
to dissolve the salts in NaOH solution is affected significantly by
the temperature because of the interactions between NaOH ions
with the noneffective water.!! To determine the parameters, we
modified eq 9 by adding —In y+ s to both sides.

AHga B ASO

=Iny’ B —lny.p
2RT 2RT (10)

Inmyp—Iny,g=—
Rearranging eq 9 gives

Vi,
l“"‘is"‘]n,}, - 2RT

AH, 5 | (AS),
8 —£+(2R;—lnyﬂ) an

Because AHS:.B and ASU,B can be considered as being constant
when the temperature range is not large, the lefti-hand side of eq
11 and 1/T have a linear relationship. The parameters can be
determined by plotting In map + In(y, pfy+p) 2gainst UT at
several known solubilities. The ratio of the activity coefficient in
the presence of NaOH, ¥4, to the activity coefficient in the
absence of NaOH, v.p, can be calculated using the hydration
analysis method."=13 Hence, the solubility of the salts at any
temperatures can be calcufated using eq 11 after obtaining the
parameters.

3. Solubility Data of NaBHand NaBQ; in NaOH
Agueons Solutions

3.1. Solubility Data for NaBH; in NaOH Aqueous Solu-
tions. The solubilities for NaBHa in NaOH aqueous solutions
are not available directly in the literature. However, the phase
diagram of the NaBH;—NaQH~H,0 system is available.! For
the convenience of calculation, the triangle phase diagram in
the literature is transformed into a rectangular phase diagram,
as shown in Figure 1.

For different temperatures, the solubility line consists of
smooth parts and inflection points. In the smooth part, one
crystalline form coexists with solution. A different smooth part
has a different crystalline form. At the inflection point between
two of the smooth parts, the two different crystalline forms
coexist with the solution. The inflection point between the two
smooth parts is called the invariant point, because the composi-
tion and temperature are fixed. For example, at invariant point
1 in Figure 1, crystalline states NaBH4+2H,0 and NaBH, coexist
with NaBH, in NaOH aqueous solutions. The temperature of
the invariant point is 0 °C. The composition is 22.5% NaOH,
22.3% NaBH4, and 55.2% water, There are seven invariant
points in total, as shown by points 1-7 in the figure,

The line for 0 °C, line a, is divided into three parts by
invariant points 1 and 2. Before point 1, the solution is saturated
with the crystalline state NaBH,-2H,0. At point 1, crystalline
states NaBH,+2H,0 and NaBH, exist simultaneously. With the
increase in NaOH concentration, the crystalline state becomes

(11} Eysseliova, 1. Coll. Czech, Chem, Conunun, 1994, 59, 2351-2356.

(12) Eysseltova, ). Coll. Czech, Chem. Commun. 1994, 59, 126~ 1317,

(13) Nyvlt, I.; Eysseitova, 1. Coll. Czech. Chem. Commun. 1994, 59,
1911—-1921.

(14) Gmelins, L. Handb. Anerg. Chem. 1974, 21.
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Figure 1. Phase diagram for the NaBHy—NaOH—H,0 system at (a)
0, (b} 18, (c) 30, and (d} 50 °C.

NaBH4. NaOH arrives at its saturated state at point 2 and
precipitates together with NaBH, in the state of hydrated crystal
NaOH-H;0. After point 2, NaBHy is no longer saturated, and
the solution saturated with NaOH has NaOH-H,O as the
equilibrivm sclid state until no NaBHj exists in the system.

At 18 and 30 °C, the situations are similar to that at 0 °C
except for the invariant point compositions. At 50 °C, there is
only one invariant point, point 7. Before point 7, the solution
coexists with the crystalline state NaBHy. After point 7, the
solution coexists with the crystalline state NaOH'H;O. At point
7, the solution coexists with the two crystalline states NaOH-
H,0 and NaBH.,.

To do the calculation, we regressed the smooth parts in Figure
1 at each temperature to mathematical equations.

3.2, Solubility Data for NaBQ; in NaOH Agqueous Solu-
tions. There are no systematic solubility data available for the
NaBO;—NaOH—H,0 temnary system. However, the phase
diagram for the Na,O—B;03—H;0 system is available in the
literature.!® The solubility data for NaBO;—NaOH—-HQ system
can be achieved from this phase diagram when the ratio of Na,0
to By0O; equals 1:1 using cqs 12 and 13.

Bzos

WNaBO, — , 77 2Mypo, (12)
23
W0 B,0;
w 2My, (13)
NaOH — ( MNazO MBZOJ) NaOH

where Myapo, and Myaon are the molecular masses of NaBO,
and NaOH, respectively. The obtained phase diagram is shown
in Figure 2. The interpretation of Figure 2 is the same as that
for Figure 1. The phase diagram was then regressed using
mathematical equations in order to perform calculations.

4. Hydration Analysis for 2} g/v.p

The hydration anatysis method is used to calculate ¥ pfy 5.
Hydration analysis is a method of analyzing the solubility data
to explain the ionic processes in a temary saturated solu-

(15) Mellor, J. W, Supplement to Mellor’s Comprehensive Treatise on
Inorganic and Theoretical Chemistry; Longman: London, 1980; Vol. 5,
Boron—Oxygen Compounds.
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Figure 2. Phase diagram for the NaBO;—NaOH-H:O system at (e}
30, (f) 45, (g) 56, (h) 60, (i) 64, (j) 8O, and (k) 100 °C,

125

St . N-ou{‘”l%) :
F:gure 3 7L Blyx & for the NaBHy~NaOH—H:O system.
100°C .
NsBO . 12H O

24

LA A

NuBO 1724 0

B R
¥y ‘
Flgure 4. v. _,,ly* s for the NaBO;~NaOH —H;O system,

tion, 111216 Detajled methods can be found in the literature.
Equation 14 is used to calculate the ratio.

¥4 X0
L (14)
Ye X~ P

where xu,0 is the mole fraction of water in solution, and P is

(16) Stokes, R, H.; Robinson, R. A. J. Am. Chem. Soc, 1948, 70, 1870~
1878.
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Figure 5. Relationship between 1n mp and (1/T) for NaBH. in NaOH solution.

given by eq 15,

o _ .o [2
p Py oMB ~ MH,00 e T MasMaon

0
a0 T Meas T Paon)

(15}

where ny,g is the number of moles of water in solution, g i
the number of moles of NaBH,4 or NaBO; in solution, and nyaoy
is the number of moles of NaOH in solution.

In the phase diagram for NaBHs—NaOH—-H,0 or NaBO,—
NaOH-H:0, each NaOH concentration corresponds to a NaBHy
or NaBO» concentration for a specific temperature. The weight
percentage of water is 100% minus the sum of the NaBH,4 or
NaBO; concentration and NaOH concentration. The values of
Ai,0, Map, and Mingon in eq 15 can thus be calculated. The values
of ”?-1,0 and n,?,an can be obtained by setting wn.on = 0. The
ratio of y} pfy+n is calculated using eq 14 and is shown in
Figures 3 and 4 for NaBHs and NaBO., respectively.

5. Determination of Model Parameters

After obtaining the mathematical forms for NaBH, solubility
in NaOH solution and y} g/y+ p for the NaBHy—NaOH~H;0
system, we can calculate the parameters for NaBH, in eq 11
by plotting In myp + In{y p/y+p) against 1/T. The param-
eters for NaBQ; in eq 11 can be obtained in a similar way.
Linearity was achieved when plotting In my g + In{y 5/v+.5)
against (1/7), as shown in Figures 5 and 6 for NaBH, and
NaBO,, respectively.

In Figures 5 and 6, the slope of the line represents
—(AH?,,'B.’ZRT) and the intercept represents (AS?,,'B/ZR) = In
Y45 The values of AHS 5 and (AS% 2/2R) — In ¥ at various
NzOH concentrations are calculated as shown in Tables 1 and
2 for NaBH4 and NaBO;, respectively.

As shown in Tables 1 and 2, the values are very close. This
is reasonable, because the change is from solid state of the salts

to 1 mo! kg™ of its solution without the presence of NaOH.
Substituting the parameters into eq 10, gives

Vin _ 19202

Inm, 4+ 1o 93 (16)
B Yin T
for NaBH,
I, g +Ini2R = 30083 4 4y 5 an
' YinB T
for NaBQy,

It should be noted that in order to get the relationship between
mp and T from eqs 16 and 17, the presence of common ions
must be considered when calculating the mean activity coef-
ficient of mized electrolytes.!? In both NaBH,—NaOH—-H;0
and NaBQ,—NaQH—H,0, the common ion is Na*,. The mean
activity coefficient m. is calculated using eq 18.

My = (mNa+mB—)m = [(mys + mNuOﬂ)mNaB]m s

where mu,p represents the molality of NaBHa or NaBOg, mt
is the molality of sodium ion, mp- is the molality of BH,~ ion
or BO;™, and mingon is the molality of NaOH.

To get the relationship between mg and T at a specific NaOH
concentration, the value of ¥}, p/y+ p must be determined at the
NaOH concentration. As shown in Figures 3 and 4, the value
has a range with the temperature. In this work, the average value
was taken and then plotted against NaOH concentration to
regress into mathematical equations so that the value of

(17) Alberty, S. Physical Chemisiry, 31d ed.; John Wiley & Sons: New
York, 2001.
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Figure 6. Relationship between ln me and (1/7) for NaBO; in NaOH solution.

Table 1. Values of the Parameters for NaBH, at Various NaQH

Concentrations

i MaBH,

whson  AHS e RR(KTY)  ASL 2R =Iny.  (dmol™
0 1935.6 9.3275 32.2
1 1886.9 9.1485 314
5 1890.2 9.1581 314
10 1910.4 9.2237 31.8
15 1954.6 9.3755 326
20 1943.3 9.3534 322
average 1920.2 9.2645 320

Table 2, Values of the Parameters for NaBQO; at Various NaOH
Concentrations

wison  AH) po /2R (K1) ASS;,N-nnﬁR -y, A-H::..Nnno,
0 3007.2 11.66 50.0
1 3006.8 11.659 50,0
5 29979 11,635 49.8
15 3009.9 11.661 500
10 anzo 11.664 50.1
15 30219 11.687 50.2
20 3026.6 117 503
25 2985.5 11.582 49.6
average 3008.5 11.656 50.0

¥ip/vp can be estimated at any NaOH concentration. The
regressed equations are given as egs 19 and 20,

Vily, =097 (19
Vilys = —0.0015% 0y + 0.0TWyon + 1.0 (20)

where wnaoy is the weight percentage of NaOH in NaBH,
aqueous solution,

6. Optimization of NaBH, Concentration

The solubility of NaBH, in NaOH solution can be obtained
by simultaneously solving eqs 15, 18, and 19; the solubility of
NaBOQ; in NaQH solution can be obtained by simultancously
solving eqs 17, 18, and 20. The amount of water {(g) contained
in the saturated solution containing 1 mole of NaBH, is
calculated using eq 21.

W, = 1000

= 2D
' MNaBH,

The amount of water {g) contained in the saturated solution
containing 1 mole of NaBO; or the weight of water needed to
dissolve 1 mole of NaBO; is calculated using eq 22.

_ 1000

mNsﬂi\'.)z

W, (22)

The amount of water (g) needed to react with 1 mole of NaBH,
is calculated using eq 23.

Wy = 4My @

The maximum concentration of NaBH, in the hydrolysis system
is determined by the maximum value between W; and (W, +
Ws).

The comparison between W and (W, + W) was calculated
and is shown in Figure 7.
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Figure 7. Quantity of water needed to dissolve 1 mole of NaBO; and to react with 1 mole of NaBH, (@) compared with the quantity of water

contained in saturated NaBH, solution (M),
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Figure 8. Calculated maximum concentration of NaBH, in the
hydrotysis system.

It can be seen that the amount of water needed to dissolve 1
mole of NaBO» and to react with 1 mole of NaBH; is much
greater than that in the saturated NaBH, solution. Therefore,
the maximum concentration of NaBH4 in the hydrolysis system
is determined by (Wz + W3). The amount of NaQH (g) in the
solution containing 1 mole of NaBH, is

WaonMyap, T Wa + Wy)
(100 = wyon)

Wioon = (24)

where wy,on is the weight percentage of NaOH. Equation 24
is transformed into eq 25 in order to calculate the maximum
concentration of NaBH, w (wt %).

_ My,
Myaps, + Waon T Wa + Wi

w (23)

The maximurn concentration of NaBH4 calculated using eq 25

284
26
244

18 4

wNaBH (Wt%)
¢

14+ — calculation result w,_ =1%
124 experimentdata w, ., =5%
0] s caloulation result w, ., =1%
8- .
d v experimentdata w__ =5%
6] NaOH
L L] v 1 v L] M T L] v
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Temperature{°C)

Figure 9. Comparison between the calculated and experimental
concentrations of NaBH4 when sodium metaborate is deposited from
the system.

is shown in Figure 8 for various NaOH concentrations. It can
be seen that the maximum concentration increases with an
increase in temperature but decreases with an increase in NaOH
concentration,

7. Comparison of the Modeling Results with
Experimental Data

The NaBH, concentration at which NaBO; precipitates from
the hydrolysis system was measured experimentally. A series
of NaBH, solutions were prepared in 5 mL glass vials (the
NaBH, powder was purchased from Aldrich). The liguid level
was then marked. To accelerate its hydrolysis, we put a small
amount of catalyst into the solutions and conducted the reaction
at an elevated ternperature (the catalyst was rutheniurn supported
on carbon, which was purchased from Johnson Matthew Ltd.).
After the reaction was finished (no hydrogen coming out}, some
water was added to the marked level of the vials, and the glass
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vials were then sealed and put into an oven at a predetermined
temperature. After 24 h, the glass vials were examined visually
to see the precipitate from the solution. The minimum solution
concentration that had precipitate was considered to be the
maximum concentration of NaBH, solution at that temperature
(the oven temperature).

Solutions with 1 and 5% NaOH were used as the reaction
medium. The experimentally measured concentrations at which
NaBO, precipitated were plotted together with the modeling
results, as shown in Figure 9, using temperature on the Celsius
scale. The experimental results are in good agreement with the
model predictions.

Shang and Chen

8. Conclusions

A thermodynamic modeling method was adopted to calculate
the maximum concentration of NaBHj in the presence of NaOH
and then experimentally validated for a hydrogen storage system.
The maximum concentration of NaBH, in the hydrolysis system
is determined by the amount of water needed to dissolve the
byproduct NaBO; and react with NaBH,4, which increases with
the increase in reaction temperature and decreases with the
increase in NaOH concentration in the system.

Aclnowledgment. Y.S. thanks Loughborough University for
providing her Ph.D. scholarship for this research work.
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The characteristics of hydrogen generation from concentrated sodium borohydride (NaBH,) solutions were
studied in this paper because of its potential application in hydrogen storage. The hydrolysis was conducted
over a carbon-supported ruthenium catalyst, and the hydrogen generated was measured using a computer-
monitored water replacement method. The effects of the hydrolysis temperature, NaOH concentration, NaBHy
concentration, and the byproduct, sodium metaborate, on hydrogen generation behavior have been investigated.
An empirical model was proposed to represent the hydrogen-generation rate.

Introduction

Sodium borchydride (NaBH,) reacts with water to produce
pure hydrogen and a byproduct, sodium borate. The advantages
and benefits of hydrogen generation from this hydrolysis
reaction are well-known. It is the least expensive metal hydride
commercially available, and it is safe to use, handle, and store.
It requires no or limited equipment investment for the system
implementation of the reaction. The byproduct of the reaction
is in the form of an aqueous sclution; therefore, it is easy to be
removed from the system. Also, the hydrogen-storage densities
of the system with an optimized design can meet the technical
target of 6% hydrogen capacity (mass %) set by U.S. Depart-
ment of Energy (DOE).!2 NaBH, has thus been proposed to be
an effective hydrogen-storage medium for a wide variety of
applications in both distributed power generation and transporta-
tion applications. Recently, extensive research has been per-
formed using NaBH, aqueous solution for hydregen supply, and
the results have been reported by a number of publications.>-?

NaBH, solutions are unstable since the self-hydrolysis
reactions can occur at low pH conditions. Such instabilities can
be significantly improved if the pH of the solution is maintained
above a level of 9.8 One of the most convenient methods for
achieving such a pH level is to use sodium hydroxide, NaOH,
as the solution stabilizer. When such a stabilized solution is
used for hydrogen generation, a selected metal catalyst is needed
to accelerate the reaction.

*To whom comespondence should be addressed. E-mail:
y.shang @lboro.ac.uk,
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To use NaBH, to generate hydrogen for power systems such
as fuel cells, it is essential to control the rate of hydrogen
evolution from its aqueous solutions. The reaction rate is affected
by the hydrolysis temperature, NaOH concentration, NaBH,
concentration, and the byproduct, sodium metaborate. The
effects of the reaction temperature and NaBH4 concentration
have been studied elsewhere for dilute solutions.?~!! However,
few systematic reports have so far been found for the investiga-
tion of the effects of these factors on hydrogen generation from
a concentrated NaBH, solution. It is therefore the goal of this
research to identify these effects,

Kinetic Experimental Study

Chemical Materials, The chemical materials used in this study
were all of reagent grade and were supplied by Sigma Aldrich
Company, Ltd. Both the sodium borohydride (NaBH,) powder and
sodium metaborate (NaBO,) powder have a purity of 98%. The
ruthenium catalyst used to accelerate the hydrolysis of NaBH, was
purchased from Johnson Matthew Ltd. It had 3% ruthenium
supported on carbon and was in a pellet form with a diameter of 2
mm. The stabilizer, NaOH, used in the NaBH, solution was supplied
by Sigma Aldrich Company, Ltd. It had a purity of 99.998%.

Hydrogen Generation. Figure 1 shows a schematic diagram of
the experimental setup. The rig consists mainly of a three-port
reactor (1), a water bath (3) that was used to adjust reaction
temperatore, a water replacemnent system (6) that was used to
measure the volume of the hydrogen generated, and a replaced water
measurernent system {7—9).

There are three ports on the reactor. The left-hand port was
equipped with a thermometer to continuously monitor the temper-
ature of the reactor. The right-hand port was used to guide the
generated hydrogen gas into the to the water replacement system.
The middle port was connected to the water addition funnel which
contains 10 mL of the reaction medium,

(9) Davis, R, E.; Bromels, E.; Kibby, C. L. J. Am, Chem. Soc. 1962, &4,
885—892.

(10) Davis, R. E.; Swain, C. G. J. Am. Chem. Soc. 1960, 82 5949~
5950.

(11} Kaufman, C. M. Catalytic Generation of Hydrogen from the
Hydrolysis of Sodium Borohydride: Application in a Hydrogen/Oxygen Fuel
Cell; Louisiana State University and Agricultural and Mechanicat College:
Baton Rouge, LA, 1981; p 166.
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Figure 1. Schematic diagram for the experimental setup.
Table 1. Hydrogen Generation from NaBH, Solution under Various Conditions
NaBH, % of initial Hz
NaBH, molality temp NaQOH - measured caled Hz theoretical generation

run (g) (molkg) (°C) . (wt %) H; (mL) (mL) yield rate (mL/min)
1 0.55 1.45 26 0 13154 1426.7 922 2783
2 0.75 198 26 0 1869.7 1945.5 92.5 3017
3 0.98 2.59 26 0 24706 2542.1 972 5633
4 1.14 3.01 26 0 28659 29511 9.9 658.3
5 1.28 3.38 26 ¢ 32164 33203 9.9 7383
6 1.70 4.49 26 0 4194.4 4409.7 05.1 6783
7 0.54 143 42 0 1175.3 1196.9 98.2 703.3
8 0.96 2.54 42 0 2569.6 2619.9 98.1 1400.3
9 il | 452 42 0 4279.6 4409.7 97.1 25003
10 2.00 5.29 42 0 5035.9 51879 97.1 27707
11 0.50 1.32 42 1 11753 1196.9 98.2 501.3
12 1.01 2,67 42 1 2569.6 26199 98.1 1360
13 1.70 449 42 1 4279.6 4409.7 97.1 241.5
14 2.00 5.28 42 1 5035.9 5187.9 97.1 2659.0
15 048 127 60 1 1230.1 1245.1 98.8 1400.3
16 1.00 2.64 60 1 2430.8 2594.0 93.7 26783
17 129 341 60 1 32316 3346.2 96.6 3396.7
18 1.67 4.4] 60 1 4000.4 4331.9 93.4 4479.2
19 0.50 1.32 42 5 1236.6 1297.0 95.3 442§
20 1.04 275 42 5 25200 2691.7 93.4 1050.7
21 170 4.49 42 5 41733 4409.7 94.7 1850.9
22 1.98 523 42 5 49624 5136.0 96.6 22488
23 0.53 1.40 60 5 13748 1374.8 100.0 1280.2
24 0.95 2.51 60 5 23579 2542.1 92.8 2209.8
25 1.29 341 60 5 3189.8 3346.2 95.3 29342
26 1.65 436 60 5 4028.7 4280.0 94.1 37059
27 0.50 1.32 60 0 12321 1297.0 949 1371.0
28 0.50 132 60 7 1198.5 1297.0 92.4 1004.0
29 0.50 132 60 HE 1292.0 1297.0 99.6 901.5

The water replacement system consisted of a graduated cylinder
full of water and a water container that was used to submerge the
cylinder. Before the experiment was started, the water in the
container was filled to such a level that any extra water could flow
out of it from the slope into the container on the balance. The
replaced water measurement system consisted of a container and
an electronic balance that was connected with a computer using a
standard R5232 connector.

Before starting the experiment, the reactor was cleaned using
distilled water then dried, and the water in the water bath was
electrically heated using the hot plate (2) to a stabilized predefined
temperature. The reactor containing 3 g of catalyst was put into
the water bath, A predetermined amount of NaBH, powder was
then put into the reactor. When the system was ready, the cork of
the feeding funnel was turned on to let the contained water or the
NaQOH solution flow into the reactor to start the hydrolysis. The
water replaced by the hydrogen produced was then monitored using
the computer,

Semiempirical Model

When the kind and amount of catalyst is fixed, the reaction
rate of NaBH, hydrolysis is affected by the reaction temperature,
the NaOH concentration, the NaBH, concentration, and the
byproduct, sodium metaborate. During the experiment, the
volume of hydrogen was measured at 20 °C. Table 1 sum-
marized the experimental results. The theoretical guantity of
the hydrogen generation in the table was calculated using the
PV = nRT relationship taking into account the saturated vapor
pressure {which is 3400 Pa at 20 °C),

Figure 2 shows typical hydrogen generation behaviors at 42
°C. The water supplied into the system was 10 mL in volume
and it contained 5% NaOH, Four NaBH, concentrations were
tested: (1) 0.5, (2) 1.04, (3) 1.7, and (4) 1.98 g. Figure 2a shows
the accumulated hydrogen production, and Figure Zb shows the
hydrogen generation rate. Similarly, Figure 3 shows typical
hydrogen generation behaviors at 60 °C under the same NaOH
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Figure 3, Hydrogen generation by hydrolysis of NaBH, at 60 °C.

and NaBH. concentrations. It can be seen that the rate of
hydrogen generation increased quickly to a maximum value in
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the first one minute or so and then decreased until no hydrogen
can be further produced. The amount of hydrogen produced
increased as the NaBH4 concentration increased.

The hydrolysis of a concentrated NaBH; solution in the
presence of solid catalyst is a complicated process. In the
literature, noncensistent mechanisms were reported, and the
study was conducted in dilute solutions. The reaction mechanism
in the presence of metal catalysts is still not clear. Second, the
activity coefficient data of NaBH, in concentrated solutions is
not available. Third, pore diffusion resistance exists for such a
large catalyst particle, The diffusion may not only involve the
BH4~ ion but also the product, hydrogen gas.

Theoretically, the maximum reaction rate occurs at the
beginning of the reaction since the concentration of the reactant
is the highest. However, the maximum reaction rate was delayed
because of the pore diffusion resistance. The size of the catalyst
has a significant effect on the extent of this delay. The size
influences will be further studied.

However, it is impossible to use pure precious metal catalyst
powder without any support and configuration in practice. It
has to be supported by a substrate. In this paper, for the
convenience of calculation, it is assumed that the maximum
hydrogen generation rate was the initial valve of hydrogen
generation rate. The error caused by this assumption needs to
be verified further in the future work.

From runs 1-26, it can be observed that hydrogen generation
rate increased with the increase of NaBH, concentration at a
fixed temperature and NaQOH concentration. The rate can thus
be expressed using eq 1

~ o
P, ~ MyaeH, 0y

where ry, is the rate of hydrogen generation in milliliters per
minute, Myapp, is the molality of NaBHy, and « is the apparent
reaction order.

From runs 15, 23, and 27—-29, it can be observed that
hydrogen generation rate decreased linearly with the increase
of NaOH concentration at a fixed NaBH, concentration and
temperature, A rate expression in which the NaOH concentration
appears in the denominator could explain this dependency, as
shown in eq 212

SN S
®mUTE kyWywon @

where wy,on is the concentration of NaOH in weight percent
and & is a proportional constant.

In a combination of egs 1 and 2, the rate law of hydrogen
generation from a basic NaBHj solution can be expressed using
eq 3, where k is another proportional constant

o
kmNnBH,,

Yy =—— 3
T 1+ kywyaon )
The equation may be rationalized as follows: when no NaOH
is added, the hydrogen-generation rate is proportional to the
molality of NaBH, in the solution. k is the hydrolysis rate
constant, measuring the hydrogen-generation rate from the
solutions with a unity molality of NaBHj. This is understandable
since the reaction sites increase with the increase of the
concentration of NaBH,, When NaOH is added to the solution
but its concentration is fixed, the denominator is a constant,

(12) Fogler, H. 8. Elements of Chemical Reaction Engineering, 3rd ed.;
Prentice Hall: Upper Saddle River, NJ, 2000; pp 622—623.
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Figure 4. Regression of initial hydrogen generation rate with the molality of NaBH,.
Table 2. Parameters Determined at Various Temperatures and /
NaOQH Concentrations 0.00%1 - w
: e
NaQH
temp (°C} concentration (%) K+ wiaom) o 1 /
26 0 . 193.0 1.08 0.0010 4 w
42 0 538.8 1.00 = pe
42 1 452.2 1.09 E ~
60 1 1030.8 1.00 £ 4 ooon e
42 5 318.0 1.18 g “ i
60 5 531.1 0.94 & ) P //
-
k(1 + kyWnaou) now becomes less than k, indicating that the .0008 4 ,//
reaction rate constant becomes smaller, and thus hydrogen is /
generated in a slower rate. Hydrogen generation from the .
hydrolysis involves hydrogen ion. The addition of NaOH makes aeee7 .
the concentration of hydrogen ion smaller resulting in a lower ) 2 ‘ ¢ 8

hydrogen-generation rate. In the following, the features of the
parameters were studied.

In eq 3, kA1 + kywp,ou) is 2 constant at a fixed temperature
and NaOH concentration. The parameters &/{1 + kiwn,on) and
o in eq 3 can then be determined by regressing the maximum
hydrogen-generation rate and the initial NaBH, concentration
using a power function. The curves obtained are shown in Figure
4, and the parameters determined are listed in Table 2.

It can be seen from Table 2 that the order of the reaction
with respect to NaBH, concentration 0. equals 1. To determine
parameters k and %y, eq 3 was transformed into eq 4

kyw
1__1 421 aoH @)

Ty, kimyapn, K Mg,

Therefore, a plot of 1/ry, versus wason/mnasy, should yield a
straight-line graph, whereby the intercept on the y axis is
1/kmyapn, and the slope is k)/k, from which both k and % may
be determined.

In Figures 5 and 6, the regressed lines at 42 and 60 °C are
shown. Good linearity justified eq 4. The values of k and %y
vielded are listed in Table 3. It can be seen that k increased
significantly from 530.1 to 1043.5 when the temperature
increased from 42 to 60 °C. However, k; did not change
significantly with NaBH4 concentration and temperature, From

w, mlmmm‘(wt%f(mol!kg))

Figure 5, Relationship between wy,on/mnasi, against the reverse
hydrogen-generation rate at 60 °C when the NaBH4 concentration is
1.32 molkg.

the above study, the empirical relationship (eq 3) is good enough
to describe the effect of NaOH concentrations, temperatures,
and NaBH, concentrations.

The change of rate constant with temperature can be
expressed using the Arrhenius equation (eq 5)

k= Ae~EFT (5)

where E is the apparent activation energy, R is the universal
gas constant, and T is the reaction temperature. The values of
E and A were estimated by substituting the k values at 42 and
60 °C into eq 5, where A = 7.47 x 10% and E = 37.3 kJ/mol.

To integrate eq 3, the relationship between ry, and #n.sn,
(eq 6) was substituted

_dVy, A RTYPY) Ao RTYP)

T g ar dr
A4 Wi, oRTo/ Po)

dt

(6)
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Figure 7. Comparison between experimental data and calculated
hydrogen generation for the hydrolysis of 0.5 and 1.98 g of NaBH, in
10 mL of water at 42 °C when the NaOH concentration was 5%.
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Table 3. Parameters Determined at Varions Temperatures and
NaBH,; Concentrations

NaBH4
maolality {mol/kg) temp (*C) k ki
1.32 60 1043.5 0.052
132 42 473.5 0.084
2.75 42 5316 0.086
4.49 42 5711 0.069
5.32 42 520.7 0.044

where Vg, is the volume of hydrogen produced, Tp and Py are
the temperature and pressure, respectively, at which the
hydrogen was measured, ny, is the number of moles of hydrogen
produced, nyaey, is the number of moles of NaBH; consumed
when ny, is produced, my.ay, is the molality of NaBH,, wy,o
is the mass of water in the solution in kilogram, and ¢ is time,

Substitution of the values of A and E and integration of eq 3
allows the hydrogen produced with time to be calculated. The
calculated results and experimental data are shown in Figure 7
for the hydrolysis of 0.5 and 1.98 g NaBH, at 42 °C when the
concentration of NaOH was 5%. The discrepancy occurred
mainly at the initial stage. This may be caused by the
transportation effect that results in a later occurrence of the
maximum hydrogen-generation rate. Moreover, since the byprod-
uct, NaBO;, is a strong base, it has an effect similar to that of
NaOH and slows down the rate of hydrogen generation at later
stages.
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Figure 9. Comparison of the hydrogen-producing rate by hydrolysis
of NaBHj in saturated NaBO: solution and in water at 42 °C,

Effects of NaBO»

The production of NaBO; has the same effect as that of
adding NaOH since it is a strong base. In addition to depressing
the hydrogen generation rate, NaBO; may have other effects
because of its limited solubility, When NaBO, is saturated in
the reaction system, it will precipitate from the solution. In this
section, the effect of the NaBO; precipitation en the hydrogen-
generation rate was studied. To this end, a saturated NaBO;
solution was used instead of pure water. The saturated NaBO;
solution was put into the reaction containing NaBH, and catalyst
mixture to allow NaBH, to hydrolyze.

The hydrolysis of NaBH, in saturated NaBO; solutions at
42 °C was compared with the corresponding hydrolysis in water.
As shown in Figures 8 and 9, the hydrogen-generation rate was
significantly depressed when an NaBQ;-saturated solution was
used as the reaction medivm. Since the reaction medium was a
saturated NaBO;-solution, NaBOQ; precipitated from the solution
as soon as the hydrolysis started, The decrease of the hydrogen-
generation rate was most probably the result of the blockage of
the catalyst by the precipitated NaBO4. This suggests that the
concentration of NaBH4 in the hydrolysis system is limited by
the solubility of NaBO, in water. The concentration of NaBH4
should not be high enough to produce a saturated NaBO;
solution.
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Conclusions

In this work, the kinetic features of hydrogen generation from
the hydrolysis of a concentrated NaBH, solution have been
investigated. The hydrogen-generation rate increases with the
increase of temperature and NaBH, concentration. However,
the addition of NaOH slows down the rate. When the byproduct
NaBOQ, is saturated in the solution, the hydrogen generation rate
is significantly depressed, From the present work, the following
can be concluded.

Shang and Chen

The hydrolysis of NaBH, is first order to the concentration
of NaBHy, which indicates that the hydrogen-generation rate is
directly proportional to the NaBH, concentration.

The reaction temperature has no significant effect on the
depression of the hydrogen-generation rate by NaOH.

The depression of hydrogen gencration rate when NaBOQ, is
saturated in the reaction system was most probably the result
of its blockage of the catalyst active sites.

EF050380F



7 World Joumak of Engineering 3(3) (2006) 1425

Y Shang, R Chen and R 'I‘hrm

Wortd Journal of

Engineering

Depnrtmcm of Acromzuz;cuf and Autorotive Enginecring , Loug!zlvomugh Ummuy, Lougfabomugh. : PR
‘ U1 Leicestershire IE 11 31T, UK. o : _ '
i . Carmpamimgauzhar F maily 1, chen@!bam at, nl:

- (vamved 2 May 2006 aceepwd 28 Augu&t 20(}6)

‘ H} dmgen is the on]y umversal fuel that can povuer almost everythmg from ‘;paceshxps t0. "'-'f'_ ;
R 'automoblles The main problems ‘are Thow to genemte hydmgen from renewable resources and . i ..

“how 1o store it in a ‘manageable form since hydrogen has the minimum density among all the . -
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tion, hydrolys:s and apphcatmns of sodmm borohydnde, as well ais 1he mnles for transfonna
j non of sod;um metabomte back lo sod:um bomhydnde S S

” 1 Introductmn

S 'th the progress of human socaety “and’ the_" B
s poptﬂmmn growth, the use of energy ‘and the ex="
"7 ploitation of energy resources has expanded rapid-.. "
- ly. A good supply of energy has become an indis--
. pensable factor for economly devc]opment The
- history of humanity is in fact the history of, the
b 'avmlabllity and itilization of enérgy. Each revolu-
‘- tion in new energy utilization brings sngmﬁcant.‘_;;
. progress in human society.

In ancient times, people were abie to use the

power of water to drive’ wate_rmzl__ls for grl?!_r_]mg' sil fuels’ stnll play a dominant role in the woeld,

1SSN:1708 5284

gram and the puwer of wmd enﬂrgy for pumpmg
© waler and dnvmg ships The beglnmng of the e

dustrial revolution in ‘the 19 century in' Great .

Britain saw the use of fossil fuels on a large scale,:- -
;. The extensive use of coal and oil has made a greai;‘:_'.;"
_contribution to the developmenl of modem indus-
tries. Various eriergy conversion devices were then
“invented 10 enable the use of fossil fuels to drive
- automobiles, aeroplanes and other means of trans~

port, lo generate electricity, 1o heat and to cook.

. Nowadays, nuclear energy, wind energy, hydro- "

energy and solar e energy are in use. However, fos- =
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: and it will s1ill account for the main part of energy
. 'suumes in the foreseeable future. :

Unfortunalely. fossil fuels are not a renews

_ able resource. They will eventually become de-

" pleted. Moreover, the emission of carbon dioxide -
and NO, gases has heen linked to the problem of - -

global warming. These present challenges to the

- world and have _become key factors that must be
. considered for a_sustainable development in the '
21 century. A sustnmabie energy supply has thus o

B become- mcreasmgly necessary.

how to generate ‘hydrogen from renewable re-

all the gases.- At the present time, the lack of

~tally friendly: hydrogcn fuels.’

+.have been 1nvest1gated for hydrogen storage such_ :

T h:gh -pressure gas cyhnders, hqmd hydrogen, . -

. adsorption using carbon nano-tubes and metal hy-":"
dride compounds Research s0 far has proven that

" 2004 Richardson et al .

- Hydrogen is the only umversﬁl fuel that can '5 ;
nn everythmg from SpﬂfeSths to automobilés as -
. summarized in Flgure 1. The main pmblems ate

sources and how to store. itin a ‘manageable form‘éj
\ce. hydrogen has the minimum density among' -~

practical storage ‘methods has hindered the more
widespread use of the renewable and environmen- ‘-
Various methods™

Hydro gcn

_ the use of the hydrolysis of sodium horohydride -
(NaBH,) is one of the most promising methods of
hydrogen storage. This is because NaBH, is a sta-

 ble compound and the hydrolysis reaction ean be o

“carried out in ‘mild conditions (K1m et al.,
s 2005). -

- The' main advaniages of using’ sodxum_'.
bomhydnde are as follows: High temperature is
"needed for productng H, by some methods, but

via ‘the hydmlysxs of NaBI'L, H, can be produced :
ina more contmllable way at a wude and modemte,_'__
: iempemture range - {from '~ 5 C t0.100. C),-
‘NaBH, is a ‘non-flammable compound at nonnal
 pressure, Dunng the hydrolysis, there are no side
reactions or other volatile products. The generated
hydrogen has a high purity. (no carhon mcnox:d i
and’ ﬂulphur) w:th Just some water. vapour How-: L
ever,- there are. two main barriers for its commer— S
cmhqatmn. One is how to improve its energy den- -
_sity.The other 35 how to recycle the by~prod
sodium’ metaborate (NaBO,). In this’ paper; 4. .
detalled review is given of the productmn hydrol- Pl
ysis and’ applications of sodivm horohydride, as -

well’ as the routes for transformation of sodium |
metabomle back to sodlum borohydnde S s
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2. Producuon of sodium borohydnde

The dtscovezy of sodium homhydn&e by H.

- J. Schlesinger, H.C. Brown, H, R. Hoeckstra, -
and Li R. Rapp can be teaced back to 1942
(Bmwn, 1972): T was first synthesxzed as a con-'-‘ il
- sequence ‘of the atomic bomb related efforts at the
" University. of Chieago, together with many novel o
. compounds containing horon and hydrogen. Soon " -
' after its discovery, it was found that this” com- -
'pound could be used as a hydrogen generanon 8-
gent. %fter ‘tha.t, its chemical and physical prop-
-~ erties were studied in detail, Extensive research of -
Tits synthems and application was - mainly conducted:
~in 1950s, In the 1990s, the hydrolysis of NaBH;
T has been ac,mrely mvestlgated due to the _strong
| ‘“'desu‘e to Jook for alternative clean energies. Over ..

. l.iydr'é.gcn'

ods for the preparmmn of sodmm borohy« i

 vimeytbone

mi

dride have been described, but few of these have
achieved any practical ‘significance. So far, two -

~ main technologies have been widely applied, the
“organic process (the Schlesiger method) and the
inorganic process { Bayer method) . '

The Schlesiger method to manufacture

_ NaBH4 uses sodium hydride and tnmethyl borate .
ina mineral oil medium at sbout 275 C '
(Schlesinger et al., 1953). The flow diagram of i

the process is shown sohemancally in Figure 2,
and the main reaction is given in Scheme 1. In -
this process, sodium hydride is prepared in min-

~_eral oil in a reactor and then transferred to another
reactor, where trimethyl borate is added to react ..
with the sodium hydnde forming sodium borohy- -
dride. After that, 4 complex separation procedure L
s parfoxmed to recover pure %dlum bomhydnde
J_'I'he ywld 1$ over 90%

Nafont | ]|
i : stofage 1

reactor

hoWdf | [ ]|
tank| = | |- PR

. reactor’

4NaH + (‘cnao)BB -——*NABPL, + 3NaOCH3

The Boyer method was first developed by the

Bayer Company ( Buchner and Niederprum, -
1977), and is referred to as the Bayer process,

Opropy]'amlne ::l‘".".‘:‘. S

o Fg 2 The S<h1esnger pmcﬂs for pmduotmn nf NaB!L,

‘. ."'I'he ﬂow dlagram of the Bayer method is shewn :‘ :
' schemahca!ly in Figure 3, .and the main reaction - ./

Orgamc process for pmpammn Uf mdl' __ s given in Scheme 2. In this process, the -/

CH,0H

L A .+ (' separator }a-'dil re_cyc'lje":"‘..
© - NaOH - Lo 0 e
- NaBH, in amine Vacuum ©water and
- Isopropyl-- o stnppcr . methanol.
AAAAA T\ - ‘NaBH,+NaOHin -
L extraGion o T water, product "0
NaBHmroduct columns NaOHm water L — e o

borosilicate (NayB40,+75i0,) is produced by the
fusion of borax (Na;B,0;) and quartz sand
(8i0,). The borosilicate is cooled, ground, and

then reacted with sodium in an atmosphere of hydro-
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'genai3mk1’a and 400~ 500 C in a partly hetero-

' geneous reaction., The 9od1um bomhydndc Is extact-

Quenchmg
trough

Na,B4O7 75;].02 + 16Na ¥ 3{»12 -~—>4NaBH4_

: f +7N325103

- Sch_eme 2. The main reaction in the Bayer process. - -

- 3. Properties of sodium borohydride -
‘ In order to hetter Lmder'atand the hydrolysus re-.'." e
-‘_f-f"_:‘:‘acuon to produce hydrogen from NaBI-L, its” main -
i pmpemes are introduced in ﬂns sectlon The physx-
.. cal and thermodynamic properties are listed in Tables -
jf_:'_'I and 2 respectwely, whlch were mmnly obtmnﬂdlf

;'Tilh]e‘l ‘ e
'f,*j__[’h}smnl pmpemes of aodlum humhydndee"-” R

Flg 3 lhe Bayer pmm% for pmdu( mnhl' NaBH4 &

ed from the borosilicate-silicate mixture with liquid
ammonia under pressure. The yield is over 0% .

Borosilicate

¢ Ammonia
glass container to recycle
* Sodijum g
. 'b . .Ammonla Drier
| Reactor :

: Na; SIO;

!949)
S An important physncal property is us solub:h-"_ o
- 'ty in water, which is related to hydrolysis reac- -

_{mm. qpc-otmqmpm stu(hes (Dzmq et al

~tion. Jensen {Jensen) has a('cumteiy meaqured
~ the solubility of sodium borohydride in “aler at .
the different temperature-s and the resulls are re-
produced in Figure 4,
- The data pre%ented in Figure 4 qhovus the Pqul- o

-~ Jibrium temperature of the two crystal forms NaBH, -

Vand NaBH,+ 2H,0. The « c'urve Telow 36, 4 T repre- -
sents_the solubility of the dehydrale, and above

36 4.%C, the solubility of anhydrous NaBH,. e i

Ma]t-cular wmght

Colguf

o White

 Face centred cubic 8= 6,15 A -

. ':Cﬁ'st_ali'fx_é_ form "(ign};yc}fag’s_)' S s e

Melting point ~ -

L S0ST(I0 bar Hy)
" Decomposes above 4007 in vacuum:

Thermal stabiiity '

. Will ot ignite above 400°C on a hot .pl_aie. Ignites -

" from free flame in air, buming quietly -

Desity(g/em’)

1.074
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Table 2
Thermodynamic properties of sodium borohydride {Davis er al., 1949; Johnston und Hallett, 1953; Gunn and Green,
1955; Stockmayer et af ., 1955),

Sodium borchydride

Free energy of formation - 125.82 kJ mol ™!
Heat of formation - 190,32 kJ mol ™!
Entropy 101.41 J mol~'K ™"

Heat capacity ' 86.40 J mol ~'K !

Free energy of ionisation . y
NaBH,(s) = Na* + BH{ w 23.66 kI mol

Borohydride ion BHY

Free energy of formation - - _ ~199.55 kJ mol ™!

Heat of formation | 5183 K mel

Fntropy -~ . 3 B I 106.59 ] mol-'K"!

B Heat of hydr(')]ysis_.; SR : ' o
BH; + H* + 3H,0(liq) = HyBO; + 4Hy(g) . =3B K mal

Half electric reaction

BH; +80H" = B(OH); +4H0 + 8e" 1.y

sy
2
=]
5 50
2 ;
g
5 45
?
o0
g 40 "G
e 35 - - -
M ]
1]
’Fg; 30

25 . , ]
0 20 40 60
Temperature °C
Fig. 4. The solubility of sodium borohydride in water.
Sodium borohydride is used extensively for aldehydes and ketones selectively and efficiently
the reduction of organic compounds. Its broad in the presence of other functional groups, and to

synthetic utility is based on its ability to reduce reduce other functional groups, e.g., esters, di-
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and polysulﬁdes. imines and qua!emary iminiium
' compounds, “under specml condxtxons or. wnth
* added catalysts or oo-magents :

4. Hydrulys:s of NaBH4

Sodium borohydride is o white solid, smbie'__ o
© in dry air up to'a temperatura of 300 C. It deu-_f‘__ g

pmduci, a reactive protonated intermediate AH*
is formed as shown in Scheme 3, nhem Aand B

' -are lhe reaclmn substrates .

A+1~1* — AR
: v _ ]

AH“ + 3 m»pmdw o

“composes slowly in moist air or in vacuum at

S, 400 (Kroschwitz, 1995): The aqueous solu~"
*tion of sodium borohydride-is also stable-at normal * -
environmental temperatures and’ prer.sures prowd- L
~ed that the pH of the solution is hlgh, which is
" usually achieved by adding NaOH to ‘stabilize it -
(Davis and Swain, 1960; Kreevoy and Jacobson,

o -‘1979) Howevcr, when an acid, a. metal saltora
- selective cmalyst is added, NaBH4 starts 10 hy-»;“- :
drolyse to release hydrogen. In the following, the

- .mechamsms for the three types of hydro]yms are'_‘-

ey 1ewed respe(,uvely

4 1 Acui catalysu

Acad catalysm can be c.lassxf" ed mlo two

o calalys:s (Miller, 2004) ;"

*"rniﬂe 3

Different ralé lnws for aud cala]ysed h)dml;, 513 o!' %dmm bnwhsdrxde

general  acid catalysxs imd specd' c amd:

Schcme 3 The mam.s szeps for amd catalysu mwt:an

Ifstep 2 is z}w rate-dctarrmmng stepandstep 1-' S
is ifw aczd~base equilibrium , the mechanism is called  °
ecific acid. catalysas. The me‘.e depends only on'the. .
concentration of specific acid H*, i.e. thepHmlue' e
qf zhe saluzzon as dwwn in equanon ().

rate = szmﬂ[_xs] Lk ”:m[smm m

If slep l is the rife- detexmxmng step
mechamsm is called. general acid catalysas'

s rate depends not only on pH. but also on:total. acid.

concentration since any general ac1d can pmvide‘ e

H* as qhmm in Scheme 4. The rale equanon for‘__ S

- this type of mechanism is shown in equatwn (2)
In a typw'ﬂ acld catalysed react:on A + B =

‘\ general case is shm\n in Table 3

. :‘_ .Spm fie aclti cﬂtalyqis

. Gem:ra.l “acid ('am!yﬁa

o mie [Pmluc!q] -
. d! ‘”:uhstmte]

= k,,b,[Suqutrate}
Kot By [H7] e
" ku = mle constant I'or uncmxﬂymd reactmu (s 1)
= hydrox:d_elon catalytic coefficient (M-tsmh)

.' ];--— kah

= kot by [(n*] =

"”3. :'dfl-’r(;ucts

Eﬁ ; _[Sub‘étrate l
A dr: :
= ko,,, [Subsiraw]

3 J[“A]
ko = rate constant for uncnm!}md
veaction (s77)
k,,* = hydroxideion cata])_m_:_”
T cocfficient (M1
ks, ) = catalytie coefficient for

__genenl acid WA, (M"S ’)'

ks o
A +HX“‘"‘""AH" il- X" :
Scheme 4, Genera] acid catal} sis reartmn

: reale = k[ﬁ][ff*]i‘ffa[AJ[HX] (2)

Il has been conﬁrmed thal the hydrolysxs re-.

‘ :'actmn of “sodium bomhydride is a general ac:d

calalysis not specific acid catalysis (Abts et al.
1975) . Davis and Swain ( Davis and Swam,

- 1960) studled alkali metal borohydrides hydrolysis



20 S?wng et al, 7/ World Jmu-mll of Eﬂg!'mering 3(3) {2006) 14~ 25

in dilute buffer solutmns 'Ihey found that the rate

' expressmn was first order in hydrogen jon concen- -
trafion in the pH range of 7.7 to 10.1, and the
" rate is less sensitive to hydrogen ion concentration . - -

at high pH (12 to 14)". The apparent reaction or-

der in hydrogen ion concentration decreases to

~about 0.4, Davis and Bromels (Davis and Swain,

1960; Davis et ol
' depended upon the ionic strength and upon the

“anion component ‘of the buffer solution. They sug-:
- "gested a mechanism which involved a rate-deter-

B mining proton transfer from a general acid onto the
borohyride ion (as shown in Scheme 5), in which

the hydrolysis of the borohydride solution was con--~"

: trolled by the formation of [H* BH;~ Ai~ ]*
© The intermediate hydrolyzed immediately to an
. 'k_aqunted borine’ radlcal ((BH3) aq) \shmh also hy-
o dmiyzed rapxdly. o

| l«l*BHa

| BIi, +m —

'_'-(BH3) +A~" o
(BH3) *—-—*pmducts

] — I{z

Schemt, 5. Pmposed 'nydrol}«ns mec hamsm fur bom- =

_hydnd: cati}'sed b} acu!

_;h_}.'dmlysm of BH4

‘c'oncentratmns ‘of BH4 and H+

: ,'lwn as__shown in. S(,heme 6
-~ BH{ +"H v---~HzBH3
: HzBHg ""'“""""Hz "i" BH3

_BH; + 3H20
- 'OH + :B(OH)3

Hg + B(OH)3
Ny fnnL

, Scha;me 6 Pmposed reaction mec hamsm fnr the I1y-
dm!;s:s of baroh}'dnde

Wang and Jolly (1972) 'ﬂm\ rever, suggecsled _

'Schcme 7.

196”) found that the rate
o HqOBH(OH)a “*"B(GH)g + Hz

- drolysis of borohydnde

equatmn can be expresqed usmg equatmn (3)

-,(Hzo) + kﬂA(BIh )(HA) | ;_(g)_

: (4), where (BH4 ), (H30+) (H-;O) and -

| spt:cles in the qystem

i K;éevoy s work (Kreevoy and Iiutchms, E
Kreevey and Oh 19733 Abts, Langland et
:3.1975 5 Kreevoy and Jacobson, 1979) onthe -
by ac:d has shown that the ;

loss of the first hydmgen detennmes the nverall:i Ihe mate of h)dmgen reléasé sloys dofen mpltiiy -

“rate," and the reacnon is ﬁrst order to both the &

~:_-—-——-th )mmm >1

the pH mcreases due to the mcreased presence of

In' ac:dm %olu- L
_txon, the Tate- deieﬂmmng step 13 the formatmn (,f o
HzBH;, He proposed .the mechamsm of thas reac-

- "".:resealch on the hydrolytic reaction of NaBIL In
.. the 1950s and 19605, the search for more pracn-'f

©eal catalysts led to investigations of some first row -
“transition metal chlorides (1953), .which includes - -

B(OH) -
Y MnCly, FeCl, CoCly; NiCl, and CuCly.

 salts and concluded that the transition metal saits :

H,0BH,, BIIZ(H20)2 H,OBH(OH), as inter-

mediates in-low 1empemmre rf-acl::ons as shown in

: Bm + H:* + Hzo ""‘"""'H-vOBﬂg + H, :
 H0BH+ H* + H,0 ~—BH,(H,0)," +H;
: BII«,(HzO)2+ —“‘"HZOBH(OH)': +H* + H,

D AR A

HEON e

Scheme 7. I’mposed reaction machamt-m l'or !he hy-

T W)

e b, i
L s R

, Nv;i matter what the ‘in!eﬁnediale ié‘,‘ the hydrol- -
ysis of the borohydride is confirmed to be first order -
in both hydrogen ion and borohydride ion. The mte B

pr
ol

%’[‘* ’fn(BI‘h )(H;O*) + kyo(Bm )'f'_‘ :

ogies WL i s B
e R e e A P

Equatmn (3) can be ‘umphi' ed to. equanon

(HA) represent the ac,tmhes of the correspondmg

daH,

Schlesmger of al (1953) hsve qhownuthat

horale ion. Smce the borate ions produced are
kalme; _ac:dq are therefore not an e[f‘ cient cataw

Acxd cataly‘;ls compnsed lhe majom}* of the

Kauf-_.' :
man (Kaufman, 1981; Kaufman and Sen, 1985) -
conducted detailed research on the effect of these .-

R R L

REGS HE

can accelerate the hydrolysis greater than amde_,.

5
L
-
L
%
=y
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The catalysis by metal salts can be described
as an additive combination of acid catalysis and
metal surface catalysis, the kinetics of which can

. be approximated by equatlon (5) ( Kaufman,
1981) :

.m!e' = k.;;.'..(BH-.f )(H{). + ki (5)

. where kH* is !he rate constant for the acid

) 'catalysxs and kg is ihe rate constanl for the meta] '

~ surface catalysxs

4. 3. Metal catalysw

_ Due to the low ei’ﬁcxency of acid cataly51s, ,
high eff iciency catalysts have been investigated to -
" hydrolyse ‘soditim borohydnde to hydrogen The‘3

. most_ eﬂiment cata!ysts 50 far are the iranmmn\:. sents the pH v alue of the qulutmn an d T 15 the_f'"':::

phi B lemperdture (K)
The adwmtarfes o{ transmon metaﬁ catalyms'_'_,:_‘:
'51%‘- are os followmg (Kaufman,“ T

= S 'I‘ransformatlon of NaBO,_ to NaBH,, :

i 'metais

¥ ’f_'over acid " cat

:.-A;-.As ear!y as the 19505,

Cyears.” ot

S . Brown (1962) exammed severa! metal cata-
© " lysts for the hy&ml) sis of sodmm bumhydnde solu-
© . lions and found that Ru and Rh liberated hydrogen
- rapidly. ‘Amendola et al.( 2000) used supported
 high surface area Ru on ion exchange resin beads
io catalyse the hydrolysis. Wu ¢t al. {2004) used

_carbon supporied platinum as the catalyst for the

* hydrolysis. Richardson (2005) used Ru as the . .-

" catalyst without™ any camer' Krishnan et al.

- (2005) staled that Co0, can be used as an effi-

cient carrier for Pt, Ru and Li for catalysis.

The. mechamr-;m of metal catalys:s is not well -
“understood.. ‘Some ‘resedrchers proposed a zero-or- .
der reaction mechamsm (Kaufman, 1981_}_ , while

; 5 1 Properzzes qf NaBO '3

. :‘;i_ﬁs pmduoe-d as the: by-pmdu(t (Schemé: 8))} In

: S('hlesmner o 'al -
0 (1953) re-poned that alkalme homhydnde sralu~
o :uons undsrgo hydrolysls, in Lhe presence of varis -
.= ous, transition metal catzrly%ts, 1o produce hydro-' S
'gen Based on t}us data, vanous metals such as
~ P, Ru, Ni, "Co and their ‘supporting  materials .
" have been developed for hydrogen productmn from -
L homhydnde so}utions and reported in: recenl

o and posmble mules lo tmnsfom: it bat-k 10 NaB[L?_
- are veviewed., ‘NaBQ, is relanvely inert and non-:
- toxies it is a common detergent and soap addmve? :
 but is toxic to ants and is an ingredient in ant poi- -

some others proposed a first-order reaction mecha-

~nism (Richardson et al ., 2005).

4.4, Factbr; affecting the hydrolp;sis

The pH of the solution has a great effect on
the hydrolysis of sodium borohydride in the ab-
sence of catalyst. The solution temperature also

E thas a significant effect on the hydrolysis. Kreevoy
- and Jacobson {1979) proposed the following em-

pirical equation to pre-dict the rate of hydrolysis of -
NaBH4 e

log(tm) pII (o 034T = 19”) ()_'

Where ), is s the time it takeq fnr one—half of o

Ca NaBl‘L‘ solution 1o decompoqe ( mm) , pH repm-r“" '

Aﬁer hyrlm]yq:e., sodtum me'mlmmte {NaBO,

sons. An anhydrous form can be obtained when =

“erystallizing from melts, of 1:1 of NaZO B,O;.
 The oclahydrate, Na,0+B,0;.8H,0, the tezrahy-! .

drate, N2,0- B,0;.4H,0, and the’ monoh}am:e,.:j':-

" NayO* B,0, ¢ H,0, occur in the system :Naz()-fr'.;'

B,0;-H,0. However; there is no endencc for the

. existence of a dxhydrate (Kemp, 1956)

NaBH‘ +2H,0 —'-“"NaB()z +4H,
Scheme 8. The Hydrolysis of soﬁium borohydride. - )
The simple ionic unit (BO,") .orﬂy exists in ._ N

the sodium metaborale vapour in the form

M* (0~ —B*-~0") (Kemp, 1956). The an-

‘hydrous solid sodium metaborate is composed of

trimeric ~ metaborate ion,
+ as shown in Scheme 9. However, the

sodium ion  and

{B30g)*~
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solution of sodium metaborate is 2 binary elec-
- trolytes system,

“'solid "salts evidently bresk up on dissolution.’

which has heen proved by
. eryoscopic results and Raman spectrum of dis-
= solved sodium metaborate ( Kemp, 1956). The

- ¢yelie triborate ions present in the crystals of the -

_. .- Therefore, what is referred to a5 a solution of
L f_[sodmm metaborate is in fact a solution of the bi-

nary electrolyte NaB(OH), that is usually mmph» S0 |

| ﬁed as NaBOz

:‘-‘"‘- /-‘: \ . R E

g o
A
BB

. Q

: - Hon, (8305)3 =
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in close limits. It is also a component for the
preparation of starch and dexirin adhesives, due
“to the high degree of alkalinity. Sodium metabo-
rale can also be used as a stabilizer for textile pro-
cessing. It can nlso be incorporated into liquid -
Taundry detergentq for pH control and enzyme sta~
bxhzatmn

5 2 Routes for transfbnnmg NaBOz back .
‘ ?3; 1o NaBH,,

In order o use NaBH, hydrolyszs in a r.us-':

. tminable way, the hy-pmduct must he converted _
e back into NaBH4.. Little ‘attention has been pmdi :

so far o the conversion of NaBO; to NaBH4 inthe

- literature . T}us qecu n gwes possxble routes for

the -conversion. R
5, 2 1. Couplmg reactions . -

St,he.me 9. '[‘he strue ium {)f the tnm{*nc meta[mrale

A ‘so!utmn of qodlum matﬂborate s hng}ﬂy ba- L

“ . sic. It can be used as a ‘component of photogmph- '

__-f';\._lc developers and replenishers due to its’ strong’ -
buffenng func‘uon, whl(:h can cnntrol lhe pH mlh- e

: ;3;rab1e 4 ; S
Caiculaxmn of passtiale c:mplmg resiction mlh rea-::hon 10
'-f_‘}aken from Literature (Alberly, 2001)

- One possible way to convert NaBOz into NaBI*L,f';
is 10 wse the reaction e-xprﬁqed in Scheme 10. How- "
ever, this reaction has'a very high positive. G]l:bs en-
engy (4, & = =796.8 KJ.mol~ '), as shnwn in Table
4 for the relatmnbhtp between reaction Gibbs. envrgy,_'ff?
equxhbnum constant for. chemical reaction (K) and’
reaction dlrectmns This indicates  that dlrect reac o

tion thmugh 1]115 ruule is 1mposmble. o

The, volues of th'e fuﬁdﬁ:ﬁi&hta_l""ﬂliﬁﬁéd}:ﬁémié_fﬁﬁéiﬁﬁn were

Basxc rcactwn o Coup]mg n:acmm o Gvémli 'r't.-.'actidn"’ 5'53. N A,(:"(k]- m"] ?;.’-):: '.
| 4Nes 0, =280 | NaBO; + 25i0; + 4Na + SR L
| S0 Nm0=NaS0; | 2M = Nabit e 2Nmsi0y | T
o - - Nazo; i + 027;.Na;S_iOJ:__;._'- ﬁﬁgﬁ;ﬁ“&g;gﬁ w [ -205
NEIB02+2H2 et N&Bm A T ‘- ety B ) 3
| NaBO, + Mg + 2H2 = | :
2 [P CT
..... 2Mg+03 “50 | NaBH, + ZMgO e 3413
44 4 Na,o + 30, = | 3NaBO, +4AL+2Na0 + | 3720.8
41%.3'1!(::2 ~ | 6Hy= NaBH, +4NaAl0, . |7 7 7700

- NaBO, + 21 *ff-.—{'B.aBIL +0, o

Scheme 10. A d:rﬂ! reaction o comu‘l sodium -

_ meia!mmte mlo ‘mdmm lmmhydmde

s known thzu some re-arnom with negative .
" AG can drive a reaction that i is not spontaneous as
coupling reactions ( just as. the combustion of
gasoline supplies enough free energy to move a car
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(Silberberg, 2001)). Therefore, some reactio_ns'
with very negative reaction Gibbs energy are pro..
~ posed to couple with reaction (10) to make it pos-

sible to convert NaBOz back into NaBH,. The po-
tential chemical species for coupling- with the

~ NaBO, conversion reaction should not have any -

. chemical reactions with NaBH, and the resulung_

S NaBH,, should be separated from the reaction mix- -
- ture easily. Metal oxidation, such as that of sodi-

" um, silicon and aluminium, satisfy the above cri-

~- teria and therefore can be used.to couple with the

- conversion reaction. The nature _of the 1ndusmalf;'.':-g

" inorganic method for produmng NaBH.; can be .
‘classified as » ‘coupling reaction; The caleulation

of the reachon Gibbs energy for the overall reaction

L‘:q given in Tuble 4, As can be seen, all of the above. OH is OXIdLZEd 10 0, mlthe anode. 5

coupling reactions can be used to drive reaction (10}:_ o
- to completion. Coupling reactions are possible routes

for converting NaBOz back into NaBIL
- _5 2 25 Ele.ctrochemlcal methods L

From. the thermodynamzc ; ana}y‘ns, :lt 14 rate ],m :n }msm mﬂdmms

'knov«n that it is 1mpossxble to transfer NaBOy into. -

NaBH, without the use of a coupling reaction. In

order to make the reaction proceed quickly, tricky:

conditions such as high temperature and _hydrogen :
. pressure are needed’ 10 fulfil the: mqmrements of
* the coupling reaction ; Electmlysxs may be an al-.

. ternative 1o solve the pmblem In contrast to the

- coupling reaction appmnch, th:s is 2 relatwely_‘ :
::-f;"'ssmpie Ttechnology - Ry E)

SEa There" are two' electmde reactions deahng-
mth BH,” preparation in the Handbook of Physics:

- and Chemistry (Dean and Lange, 1999) as shown

oin Scheme (11) and (12). Electrode. reaction
S {12) may not be. quatahle {or use in the produc tion
Coof bomhydnde because the borohydnde ion is

readlly hydrolyqed m an amdlc environment .

1«321303 +5H20+8e «-mm +80H~7" '
Eo :...1 24v i

Scheme 11. llulf~ccll reaction o_f bopc acid in hésic
: mndmuns ST

H,,Bo, +7H+ i8e ~—““‘BH4 +3HgO
E°= -0, 81V

‘ SCheme 14 Oxygen-cveluuon reactmn on unode' '

_ ‘metubomte mns i
“the cathede..

'calhocle
- B( 0H)4

L . Scilt,mc 12 Ha'lf—t'e]l rwctlon af bonc amcl in acﬁm .
s _ wndlutms ; e

The sclution of sodium metaborate is a binary
electrolytes system. However, the ions in its
afueous, c;olutwn are pot Na* and BO*~. Actual-
ly, the anion in the solution is B(OH).; {Mellor,
1981) . Hence, Scheme 11 should be written as
Scheme 13, which can be designed as the cathodé
reaction of an electmlytnc cell (Pmdar et al.,;

2002) . Oxygen evolution is the main anodic reac-?-f s

tion, as shown in Schems 14. The overall reaction
is given in Scheme 15, A schematic diagtam of

_the cell requlred to pmduce l\aBH,; from a NaBOz- L
- solution is shown in Figure 5. The cell contmns:fy” '

one anode, one cathede, one- senn-penneahlef" T

‘membrane. Undér an external electnc power, BT

(01‘1)4 is reduced to BH," in the calhode and'r

B( O_H)f + 4H2'0 G se = Bm.-.:'

Stheme 13. 'I‘he actual hulf cell macmn of metaho- s

o | 40}1&: 0+ z‘sz‘;,Aé- ST

B(OH);; =1m.1 +zo2 |

Scheme 15 Overall reactton of. elcctmiysls of‘- L

In 'pracllce , there are cnmpenng reacnons on .
Because the calhode reaction with
the higher reduced potential reacis at the cathode " .
first, water may be reduced mm hydrogen’ on the
mstead - the " metaborate mn, i
due to ;ts iow standard electrode po- . -
tential, "as shown in Schemes 16, By qelectmg_-

suitable cathode materials and hydmgen pressure,
~the elcctrochemlcal method may_ be posmble :

. 21{20 +2¢ = Hy + 20H"
- E=-0mmy

S« h( sme 16 Hvdmly‘ns uf “aier on <ath<»dc

5.2. 3 Raw materials for existing processes
- Sodium metaborate may be changed into lhe
raw matenals for tbe existing processes. For an
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fomung borax and sodium  carbonate ( Scheme

B give u'lmelhyl borate. This is the raw material for

as shown in Schemes 19 and 20.

Schr,me 1’7 Transfunnanon uf sod;um melsbomte _

. inte borax using boric amd

| 4NaBO,_ + co; —-*—'-Naq 34 o7 ¥ Nazco,

“into borax usmg COZ

NaBOz + H* + HzO ———"Na + B(OH), =

‘ichexne 19 'ﬁmsi'ummimn of m-w}xmne mlo hnnc amd-

B( OH);; * 3MeOll ’——-*B( OMe)a + 3H«O

S(heme '20_ I‘runsformntmn of bonc acid into

tri meth:,l bnmte

Sem1pcrmeable _
membrane: [

Ing 5 A S{hemunc dmgmm ol' the pmpowd LlLLll‘(ﬂ)’th cell i'or NuBO;

mnrgamc pmcesq s 'NaB()ﬁ c'ax'i l'}e tr'linsfdnn?d in'to"
 horax through the following reactions. When con-
tacted with boric acid, sodium metaborate can be
<hanged into borax (Scheme 17) . Sodium metab-
~orate’ can absorh: atmospheric. carbon  dioxide,”

. 6 | Current status of NaBH4 as a hydro- __:'ff

18) . For the organic process, sodium metaborate
reacts ‘with qtmng mineral, amds 10 form boric -
acid, which can’ reacl with mf-lhanol further to -

the pmductmn of sodium: 'bprohydnde by the
Schleslger mﬂhod The proceqq ‘can be expressed*? L

zNaBo,, + ?.B(OH)3 —-—~+Na,B,,07 + 3H~0 S
' e cmhse the sodlum borohydmde eyslem as a hydro- o

Scheme ]3 Tmnsfomatmn nf sodlum mt'lalmrate .;: ‘

gen source’ : |
- Sodium borohydnde has hee-n Lnnwn asa v;-j'j

: ab]e hydmgen generalor since 1943 (Schlesmgeru g

et al., 1943). At first, it was used a5 a conve-
nient hydmgen source when a small amount of hy-
drogen was needed. It was overlooked after World-‘_‘ i

" "War 1l due to its hlgh cost. However, in recent v

years, it has attracted great attention as an glier--
native hydmg,en storage. ‘method.. Currenlly, sever~' v
al companies and groups such as Millennium Cell,
Toyota Motor Company, and H}dmgemcs are m-' ,

: vestmg in this research..

Great, effeﬂs have heen made to comrner--

gen source, For emmpie, Millennium Cell has.

eetablmhed a portable hydrogen geﬂerator using " , 7
" aqueons: sodium’ bomhydnde solution with Ru cat=:

alyst ( Amendola "¢t al, ..000) In Oak Rldge:":
National Laboratory of USA, a 500 W power sys- -

“tem based on sodium bomhydnde hydrolysis has .
- been constructed (Rmhardqon e al 2005) . It

is optimistic the commerma]:zahon of NaBH4 hy-
_drogen product syslem. -

7. Conclusmns

, ’I'here are two rnnunerually available -
mfethods for producing NaBH,: an orzanic process -
and an inorganic process. Both processes are
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commercially available.
... = Three mechanisms are used for the hydrol-

2 }Slﬂ of NaBH, : acid catalysis, metal salt catalysis

" and metal catalysis. Metal cataiysm is behcved 1o
- be the most efficient. '

+ Although there is a s:gmﬁcmat amount of.

: ' D'avzs, R.E., Swain, C.G.,
“use of NaBH, as a hydrogen source, ‘some jmr_;.. Vi

research and develnpment heing focused on the

tant 1ssuw ‘Temain mt}l rega:d to its ntihsatmn,

. the side pmduct NaBO;,

raw materials approach.

A ",-_'_nam:caﬁy lmposszble due to .the high positive

" sodiurn and siliconi .
oA ﬁlmpie and practu'al transformatmn is

to pre-vem hydroven evolution,

ufactunng_ NaBH, is, a feastble melhod
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i 1 _ [ntroductlon

source. The main problem with hydrogen applica-

. tion is that it is not readily lmnnported in bulk. In
" order to use h}dmven widely, especially for mo-
" bile applications, a compact and safe method for =

‘storage is nieeded. Various methods have been de-

" veloped for H, storage, such as high-pressure gos - &
© drides (Dudfield et al.,

(Loubeyre, 2004), liquefied hydrogen (Amann,
19925 Zuetiel, 2004), 5 nclsarpuon on materials

- ;SsN:i:ros'-.'s‘zsa, e
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Y Shang, R Chen and R Thrmb e
: De-prmmml nf Aeranaunml mad maamnuw anmm rwg, Inughbamngh Umwrcuv E—mad e ch a@ lhorp . ac. ak. o
Qo & Cnrmpomimg nm!mr.‘ - SR ey

T -~ With !ha mcreasmr' concern aboul air ]mllu~
o uon and 01] depieuon, hydrogen, H,, has been
i _mtenmvely studied’ a5 .an - alternative’ energy-".

World Jaumal of

Engmeenngi_; e

The eoncentratlon of sodmm borohydnde Yo
hydrolysxs system used for compact hydrogen storage

L (ﬁccei'vcd 29_.._|u]y 2005 accepied }9 S.qulﬁ.tf?l)f?f 2(3{_15} ::‘-‘.j;‘ g '_j o :f' : -

h}dm«en under a cat'a]ync oondltmn This phemmenan hus lwen qludwd as a pa\enlml hym. .
dmgt*n storage method: The water contained in the -agqueous solution has a significant impaet. ..
. on'the hydrogen pmduc tion denqlly In this report, using the cnnc*t*pl% of th&rmndynam:c dis-

“solution equilibrium and the van Hoff"s equation, a model 1o simulate and analyse the solu- . 0
bilities of NaBH; and NaBOz at varying temper.-nure has been de\eloped The paramelers em- | N
i . ployed 11’ the model were ohtained from existing mensured data. The calculited results:
showed that the’ optimura concentmtmn ‘of the I\aBPL; qnlutmn used for the hydm]ysm reactlon f
is nbout half the level of its saturated qolutmn. I increases as the solutmn 1empemture 1n-.=:;.§§'
_creases but only up to 3781( Further mcreace m 1empcrature wxll resuhs in decreaﬁ;e in Optl-'_' -

: Key wards--' Sod:um borohgdnde H}dmgen produc!mn, Hydmgen sromge,‘ .‘S‘t;fubzi'uy,5_"*?"-‘:.'_'--':-:--f-fE

o \uth luwh specnfc surface area (Zhou ancl Zhou,f
L a001), reformmg of natnral gns, a’lmh(ﬂ‘; and h}-""":;‘-
- droearbons (Dudﬁeld et aly 2000), catalytic re- - -
L 'duchon of water with meta]s (John; 1997), and"
< slush h}fdmgpn (DeWm et'al., 1990) ete. Each .
; of these 1echnologles has its inherited ndvantages -
i as well as clra“hac'ks, Imt lhe snll poor. siored en-

ergy ‘density remains. ' a

. One allernative solution W’hl(h has polf»nual
to store more H, safely for mobile applications is
1o utilize the catalytic reduction of water with hy-
2000; John 1997; Ko-

jima et al., 2004')_' lherf- are many different
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types of hydrides which have the potential to react
with water and produce hydmgr-n gas. To use such
" malerials for Hs production’ for mobile applica-
" tions, the energy densuy and l;he system operation

safety are the major concerns. Table T listed the -

energy release during the hydrolysis reaction from
-~ a number of typical hydrides. It can be seen that

" most reactions between metal “hydrides and water -

are vigorous. The large amount of heat can be re-

sion. Table 2 lisled the density of these potential
hydrides. Apart from LiH which clearly shows the
safety concern, the sodium bbrohydridf,' NaBH,,

has the least weight density. In mmpan%on, it is
clear that NaBH, produces the least heat energy

during the hydrolysis reaction while has a low

3 _we-:ght density; It has 1herefore the potenlml fobe
~a successful candidate as an alternative hydrogen
qlorage_‘ technology for mobile application in partic-

: _3‘.ff=leased dunng ,tilé reaction whu,‘ﬂ may cause explo< " ular.
- Heat re]eased fﬁl‘ 1gmm hydmgm With d:ffewnl h}’dl‘ldf"‘.", v e R T e e k
. H}dndes _ Nalm,, LT LiHL e LA l\aMH.i 'Ca'Hz'---iﬁ-ﬁ_ -
le_-(_kjmur‘)S-]_'.l; Clpa e B L e o862 T sg0 e
L Table2 e :
- Weight of vaduetnts | m:cc:ssm"y For l ;,,ram af hvdmg{n S B
 Hydrides - NaBHy . LH A CNeAlH, - Gty

’I‘he generahon of hydmgen fmm NaHE{; n.
. aqueous mluucm is shown in Eq (l) It can he
¥ opumlsed concentration, a sem:-empmcal sm]ula- i

"+ tion method hased on dissolution E*qudibrmm prin- .}

_ ciples has been developed and reported in lhm pa- i ;.

_(NLBOz) 85" hy-product. Helf of the pmduccd__ _f_;.l"p_e_l'r;

- seen that one. ‘mole’ of NaBH4 in a ‘water solution

' "'reucis with 2 moles of the water and produces 4
* moles of H, and one mo]e of qodlum metaborate

N Hz is extmc(ed fmm 1he wa!er

l\ﬂBH.g + 2“50 ""’"’"‘"’“41’12 + N&BGz

- reaction eiﬁmnoy { Davis'and Swain, - 1960;
I Davis et al.}

reaction and bring the solution into a exhaust sys-

¢ tem, Clearly, the ‘ﬁmezf,c_:oméiﬁcd in the NaBH, -

" hydrolysis reaction system has to not only cover
~ the h}dml) sis reaction but also to dissolve and re-

“* move the by-product. Too much wmer will reduce -
the hydrogen generanon density of the system (A-

~ mendola et al., 2000; Kojima et ol., 2004),
0 while insuffi cwm water may resulls in catalyst
clogzing and reduce the system reaction

1962). A pmctlcal way 0 remove. BEEEE
thej l\ﬁBOa fmm the, (:atalyhc reaction bed is to oo o o

T dlsscﬂve it into the water lefl from the hydmlysm'ﬂf-' R AB'nHz'O ~—“"“——A+; +Bf + nHzO (2a) R

':;"_"efﬁmemy, Tlns news%lt.neﬂ the npl:mlsalnon nf

the NaBH, concentration. In order to identify the

j 5;:_:2 Theoretlcal solubll:ty model

When a sohd =,olute is ]eft in contact mth a' '

As a by-pmduct NaBO: hﬂs o be removed " solv ent, it ‘dissolves untll the solution is salu.ml«-l__ o
s et

durmg the h}'dm!yms Teaction to avoid cloggmg the ed, i.e: an eqwllbnum bciween undissolved and "

. catalyst which will slgmﬁranﬂy reduce the system. . dissolved solutes is reached. This dissolution

- equilibrium can be expressed in a general torm: -

oy here n s mlmhm of water crystalh?ed thh ﬂle__-'_- i

solute AB, K is the equilibrium constant.
Due 1o the interaction among the dissolved

‘substances and ihe solvant, lhe pm{ommnces of

the dissolved qubslmwes in a real solution differ

~from that in the ideal-dilule one. Such differences
‘are reprmenled by the activities of the substances

in the solution. Hence, the equilibdum constant




the dissolution can be expressed as:

T
Qa"ap~ " ano-

ﬂ-m-..u 0
3 substances

centrailun 4

m/m

1utmn, which is lhe moles of subbmme conlmnf-d
b l_OOOg of sohent m the solution, and m; :q t}w

5 (4) can he furiher smxphf' ed as

Hoff equatmn (‘\!klns, ]990)

Ak am" dnk  AHP .,

ar- "‘ ; d(l/T)" -___?}_.-(6),'_ :

Mme Tis tvmpem!um AH" is Ihe channe of en-

1halpy of the dissolution process. uhmh equals 1o
- the molar heat of eolunon :md R is the umwr%u] .

gas constunl

Integration of thé van'1 Iloff equntmn and

substitute the equilibrium constant \nlh Eq.(6),
" gives . .

where a; is the actu’li'y. and the suhwript denotes

>\ctn'1!y eoeﬁimem of a sibstince § is dcﬁned_' ‘_
e ratio bemeen acnmy zmd uieal dllute con- - -

- (3 ) ~ may exist as the undissolved solid in its saturated
solution dependmg upon the temperature of the so-
lution as shown in Eq. (9a,b) (Mellor, 1981).

* When thé lempemture is lower than 309.4K, the .-

_undls.so!s ed part is in lhe form af NaBI-& 2H 0 g

4 nhere m; is the molaraty of %ulﬂlance iin 1he s0- -

ts aclmty |s aqsumed 10 he a mnsmnl Sﬂh&atlllﬂe :
i Bg. (3) ino ("b) s the equahbnum constant can
¢ ihen be oblamed as:

o -'Naﬁm v————Na 4 BH4
_ _ P (T( 309'4K) S
-If the molari y.ef suht;ianr*e A ¥ equal la thal_'_‘ i

g of B nnd the scﬂuie AB in the solutmn, mg =
mg = My lhen lhe} ethlmum wmtam Eq.

Shung ot al ./ World Journal of Engineering 2(3) {2005) 1 -9 3

Ay
[T (7.

k. Einm,m= r

where € is un integration constamt, which in-"

- eludes all the activity coefficients,

Rearrange Eq. (7) then gives the molality of
the solute AB in the saturated selmion,

-;:\!IQKRT | (8) .

mle:A '

Fﬁr %ffmm -ﬁbﬂm]lydnde, NaBHass _hm potem S

ial crystalline states, NaBH,*2I1,0 and NaBH,,

_NaBI{, H,O +2]s{;0, S

N-'] +BH.§ . ’
(T<309. 4K) | e (%)

> <9h>.i"-: -

Fﬁr sodivm me-mlmmle, 'Na”BOz _ £here are_"

three cr;slailme states in the mtumled *aod:um
melaborate solution NaBO,- 4Hp_O . NaBO, -
2H,0, and NaBO,* 1/211,0, as ‘;hown in Eq.

(122, b,¢). Again, the solubility of each state.
. depends on ihe tcmperalure of lhe‘ %alutmn_(MeL S

- ‘ ' e Inr, 1980 ok
o The eqwhbnum crmsizmi clmngcs mlh le-m- SRS

- perature:. This can be expresscd using - 1}19 vzm t:':

—Nat 4 B(o}{)4~'~" s

E 1\«30-. 4H, o
(21K« T< 1% 6K) - oo (120)
© NaBO,*2H,0 ——Na* +B(OH)4'_'- AR
(326.6K < T< 378K) T (12h)y
- NaBO,- 1/2110+2/311,0---: '+B(0H)4 |
- (T>378K) C(12)
‘ Using Eq% (7) and (3), ihe aclubll:!y of .

bmb 1\3!3144 and: NaBOa in l(*rms (nf molaltly can
be nhtamcd asg : Lo '
"AHNumL .

311_‘"1:\:1[:11‘ =t c o (13)
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2lnmAi\-;H'(,J::~.-i‘I-‘——?;—;,ﬂ$ +C fﬁ'('M) |
vhih = -
e ; e S P07 i_-:_'a;,;

"':"uhere, A!i;\,[m and AH’\uBO is Ehe s.t ndard #n-

'lhalpy change of “sodium’ metaborale selulmn,ﬁ__;‘_
* which’ cquals to the molar heat of solution’is an™

1981). It can be seen that the solubility of c-odxf

mtf-gral constant,” which is related to the overall
activily coeﬂ" ment, and R is the unnersal gas
- constam : ;

me oqu'm ong

- is endothermic, i.e. AH®> 0, a higher tempera-
. ture results in a Inrger_snlubll_:ty. When the dis-
- solving process is exothermic, 1. e,

R 1'5) and (16), 11 can he
= f\st*en that the soluhilny is related (o the heal of so- -
Lution and the temperature at which the dissolving
- process takes place, When the disqolnn - process

' highm’ tempr:rature gives smaller solubility.

3. Semi-emplr:cal solublhty mode]

‘Equations ( 13) and (14) shows that there is”

el polemxaﬁy a linear relationship between 2lnm and -
177 ¥ such relationships can be identified, we
"~ may then he able to use these equatmns to analyse -

* the solubility of hoth reactant and hy-pmduct of

the NaBH, hydrolysis sy%tem and 1o develop a- ' ’

 'model to simulate and cptlmme the amlutmn i"or ﬂle'
) '_NaBHx; hydro‘[ysm system. LERITELR D
i Figure 1 shows the measured solublht}f daLa k

of NaBH; af varying lemperature { Mellor, 1980;

um borohydnde increases as the temperature in- .

~ creases. Below 36. 4°C {309. 4K), the, oryss i
~talline qtate in. the dasso]utmn erpuhbnum ls

NaBH, * 21,0, and. above _this temperature . thcs

: cr;%tal]me siate in the dmml\“mg equﬂtbnum isl
. NaBHy. At 36.4C (309.4K), two kinds of erys-
talline, NaBH,*2H,0 and NaBlL, coexist in the
fqatunted qolutmn, wh:ch is regm'ded as, tbe m-
_mri nl_pmnl el il

.

7 solidiNaBH. oo

: Flgure 2 qhows lhe measuwd so}uh;l:l} oi'

NaBOs at \argmg tempemture (Me]inr, 1980
-~ '1981). There are two invariable poinls at 53.6C
. ‘and 105°C; respectively. These comrespond to the
transition. temperatures of the sodium rhetaborate

: '_ﬁbetween ifs_three' crystalline states,- NaBOz

'.'.411-,0 NABO,: 2]1«0, {md NaBOa .: 'I/”H«O

R T
ST Temnemture'C ST
?lg 1. Mt’a‘%umd soiuln]ll) of \'aBlL(Md]or, 1981)

30040 S0 60

Ot erali , ns ﬁolulnllty increases as the tempermure :
" increases up to the level of 105°C . This indicates -

that the enthalpy change of the dissolution is posi-

~ tive when the crystalline state is NaBO,*4H,0 or
- NaBO,*2H,0. If the solution temperature further

lncreasf-s, the knluh)iny 0{ qodlum muahorale.

_ blaﬁs to decline.
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- 105°C
1] NaBO:-2H:0
{ and NaBO:ﬂfQH:Q

SNaBHw%s

| NaBOxdHO _*

NaBO:» 2H:0 ,
L ET L i

nd NaBOz:2H:0 -

.'NﬂBOE'”j?._HZ.O: S

~.53. 6 T
NaBQ 4RO

0 ]0 20 30 40 50 60 70 80 90 100]]0 120

Temperature ‘T '

T'he soluhxllty -dala ml{*d in, F igures 1

7 lain the parameters in the mndels, this :neod% to
. be mnvertcd into molalny deﬁned as j -

m“(loo wl%)M

‘: _ :“here M 13 the molecula:r “ﬂght of l\aBH4(equals o
T te 37, 83 g/mol) or NaBO-.(equa]s fo 65 8 g/ ,
e mal) :

Ti ig. 2 Measumd sulu!nh!y of NaBOa(MLllor, 1980) 3" -

“are in percentage by mass (Sﬂ%) In order 1o obs

o

Figure‘: 3 and 4 sl 1ﬁé"ﬂ=u=1"rziiib¥'deéﬁlu':-'j e

~m vs. 1/T for NaBIL, Tt can he seén that a rea-
sonable linearity exists at each temperature range.,
'There are some thfferences betwae*n the measurf*d .

data ‘and the hmar fit. This is pml)ahly 'mamly," o
B '”:’_due 10 the fact that the at'er nclwlty in the solu-'
" tion has been nr-;qumed to be constant’ at varous |t -
.Fm_iher E

NaBH, concentration gmd temperature.,
- work in the area is undértaking,

o
(o]
1

T
EhEE
AN

2 .

P
i

S :fsohd NaBo{H»o

o osac
‘ NaBH; -2H=0 and NaBH4 :

q mthaBHq

LY

* {m,mol ality of NaBH4 _molllkg'iﬂléteg)' L

{)0031 00012 00033 00034 000'1’5 00036 00037.:

l/’I‘( ! ’K)

Flg 3 .Tempemture eff(ﬁ on Nal]]h au!uiul:tv

“bility data cited in Flgureq 1and 2 by converting : £
the mass solubility into molality in the form of 2In -~
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'551 \ wsc B " *

] \ ~ NaBO 2H:0

20 NaBD ;”B\ - and NaB0:1/2H:0 S
s ) T Cosgc |
Poom o SN and NaBO2 BHO| T
57 NaBOr2H:0 \ az ‘

>
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=]
o
=
B
B
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N
-
.
—

000'76 0.0028 00030 00032 00014 0003(00038
ifl"{I/K) L :

.
:
i
|
CE
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e Cdmrmringfﬂtg_ linearity with the dissolution’ dothermie, Incre‘asmg te-mperﬂture is favourqb]e
= equilibrium theory, Eqs (13) and (14), both™  for the dissolution. On the other hand, the nega-

" AH and constant C can be obtained. These are tive heal value mdmales that the dissolution pro-
listed in Table 3. The positive value' of the heai of cess is exothermic and increase in temperature will |
: ;_.:".'so!uttcn qu,.,geqts that Ihe thaqolung proces‘; 1s en-' dpcrt,aqe lh(, soluluilty of the qolute :

" szhl?}! NP e
iSf»:tumnmmc-al ;mmmewrs AH anrl C

o0 Darameters

¢ Species. Pre-exponential factor

‘&ffu(kj/mnl):_ . = (Mol/kg water) -

SN ".-":-._Nanﬁ'-ﬁl'iﬁ('€309--4'K') ol 0 a0

' ff‘NaBHa(aaw iy vy ol T aok00

 NaBO, ;\'al.zo'z?.zﬂzo (336.6-378K) SR % S SR nge -

: f\aBO, /"H.o (>378K) ERRRORIY I U 9'25 REE

PR Sul:rsutute 1}13 }wat and lhe conmdm mlo? “hew E and F m‘e scrm ern Jmczfi ammeter# »
| i 3 9 |
A Eqs (15) and (16), the solubilify of NaBH, and . listed in Table 4. - S
NaBO, in the form of percentage by mass at vari- Figures 5 and 6 show Lhc ‘comparison be-
B o f gu [’

ous temperatures can then be obtained as: ~ ~ ~ tween calculaled solubility using Eq. (18) and

100Ee- /T the measured value. It can be seen that a good a-
i T 1000 + Ee- I-./?'.' o (18) greements are obtained at all temperature ranges.
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Table 4

" Semi-empirical pammcter': E; and Fi.

Parameters

U NaBH2H0 (<309.4K)

Con13xet

 NaBO,"2H,0 (326.6-378K)

©Na

B0, 1/21:0 (=378K)

C6.00% 10

s

s

':Sai_mn."m%. :

) F)g 5. Compzmmn of mlrulaled and measured solulnht) of NaBEh _.-:, o

60

~1NaBOY 2H:0 —
lond NaBO:- uzn»o

10

1g 6 Lomparmon of (-zll(u!alf,d zmd me ‘huml malnlnltlv ni' NdBO;_.

o

solld NaBHa

. . 364‘0 L n{:._
N ) X\KBHt H'(}*-"——-—-'m—" BRI
' mdNaBm Con ade

AL ! 7 ] T L) v 1 ! 1

00 0 a0 @ -

Temperalure T

SR o

' NaBOsAH0

rod
R S

g « simulated date. _
L —0= original date.

‘ NaBO* 4]—1 Oand NaBOv "H~O

L i v 4 v M f. AL
0 20 40 6 sb. .- :00 120
' Tcmpcralure T




-7 signifi t'anl}y larger than the amount of water con-
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4. System optumsatmn '

In f)le"r 1o_obtain the maximum possible hy-

- drogen production density, the water contained in
. the KaBH,; hydrolysis system needs to be opti-
- mised. There are three parts of water involve in
'the h}dml}sm reactions: water used to produce a

 Table s

salarated NaBH, solution, wy, water consumed by

the hydrolysis reaction, wy, and the water needed 0
chsmlve and remove the hyupmduct 0.
Table 5 listed the minimum amount of waler'

feqmred by ‘each part of the reqmrement of the
hydrolysis *;ystem at varying temperature mngcs ‘as

_ shown. R

- Wmer m‘edmd for N&BH.; hydmly‘s:s s«ybtem

| Water required for . |

T* ' Waler i saturated - Wﬂler requmd for Waler required | Water mqmwd h}'
o cmpvr?llzigﬁ Tﬁ_‘"ge " NaBH, soiuuon -_j hvdml)s:s. d_isso]ving’ KaBO,, “the system
. ' wi{g) “’"(B) B w;(g) (“z'i'“;) (g) -
Coa3-309.4 {10200 360 ' '180 o Jaueo
S 309.4-326.6 166.0

6.0
36.6-378 0

It can be ?'.éé-n‘thai 1he amount of water need-
. ed to react with NaBH4 and 10 solve the NaBO—. is

© tained in the saturated NaBH, solution. In other
*words, it is !hc water, qumred to hydr(ﬂ}sas l]w‘-.f'“
'Nn‘BH, and dissolve the by-pmdu(,t NaBO, decides .. -
: _ﬂle optmused waler content in the hydrol;szs ‘;ys‘-::f o
7 tem. The optimised mncenualmn of the _syslem” -
Di 'can lhus he calrulated by : :

IOOw NabH,

_(__19)

C y
| \@ti(a:@ wg + w;, + wuann

\\here wﬂa}lu is Lhe wc-lg,hl of NnBH;

. Figure 7 shows both calculated maximum op-

- timised NaBH, concentration in the hydrciysxs sys- | 3
_tem and the cnnoentralmn of satumted Namh 0=
- lution: at. various . lempemtures. Two mterfc-tmg-'-'
: phenomena need to be’ addresse-d hnst the opti-"
mised concentration of NaBH4 for the hydmlysxsf-"‘
syslem is about half the level of saturaied solution -
- of NaBH,. B)r sitnply looking at the conoentmtwn o
of the NaBH, 1o design the hydrolys:s reaction sys-
tem is clearly insufficient. Setond, the opnmlsed
2 concentralmn mcreases as the %nlulmn lamperamre :

in hydmlys;ts sysiem

‘. - solubxhiy of NaBHa
"o max concentration of NaBH:

Tcmps.ramre'c o R
i't;, 7 Lalf ulated Nn]ilh so[uluhly zmd ll‘ muximum (tmu*mmtmn in lhe }ty(lmly*us ‘-ysu-m

FLECaY

e e Bl
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increases. This clearly increases the hydrogen
produclmn density . Howrver, such benefit only
exists when the solution wmperamre is lower than

378K. Further increase in 1emperature would de-_- :

. crease the optimised concentration, so reduees the -
- . hydrogen production density of the. system This'is -~
* due to the fact that the dissolution ‘of NaBOs at
L temperstures above 378K becomies exothermie and e
b hugh iemperamre will reduce its solnblhty e

Based on the van Hofl’s equalmn, a ihermo-l '7
v d)nmmc d.lssolulmn ethbnum mt)del has heen"""' ‘
e developed .

Usmg cxxstmg measured solubxhty data,

.":"-f'.'gmup of semi-e pmwl parameters reqmred hy.::"g‘.:i':.‘
the. themndynmmc dissolution equilibrium ‘model.

..:for NaBH., and NaBOz were ohlamcd
Usmg these " semi- Pmpll’l(‘ﬂl pnrameters, the

L S()Illh!il[)‘ of both NaBH, znd NaBO2 was predict-
ed by the thennodynamlc dmsolulmn ethbnumf: o

* ,'modei agrees well with the measured data,’
’I’he calculated results showed that the apti-
7 mum concentratlon of the NaBH, solution used for -~
s _lhe hydrolysxs reaction is about half the level of its -
saturated solutxon‘ Tt increases as the solution . .
: tempemlure‘ mcrea.s.es hu,t only up to 378K=.f Fur-

in” lf-mpemture will res lts n d
fTease in ﬂpt!mw?d mnoenlmlmn.
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