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Abstract 
 
The excessive use of fossil fuels is severely affecting the planet and it is important to find cleaner 

ways to obtain energy. Hydrogen is an alternative, due to its high calorific value and its abundancy 

on the universe. However, it is difficult to obtain this molecule in its pure form and to safely store 

it. Chemical hydrides, for example sodium borohydride (NaBH4), have hydrogen in their 

composition. When hydrolyzed, sodium borohydride releases 4 molecules of hydrogen. This reaction 

is safe, since it occurs at moderate pressure and temperature, and does not produce toxic products 

to the environment. Nevertheless, it produces a by-product - sodium metaborate (NaBO2) - that 

needs to be recycled to sodium borohydride in order to originate a circular economy to this hydrogen 

generation method.  

In the current thesis, the by-product of sodium borohydride catalytic hydrolysis was studied to 

understand its molecular structure and envisage how it can be recycled. Different experiments were 

carried to understand the influence of the hydration factor and the use of an additive in the reactant 

solution – carboxymethyl cellulose (CMC). In relation to the recyclability, the mechano-chemical 

process through ball milling of sodium metaborate with magnesium hydride was studied. However, 

due to experimental difficulties related to hydrogen gas leaks, it was necessary to manufacture a 

vessel to use in the mixer mill where the mechano-chemical process would occur. Nevertheless, the 

delay in the manufacture of the designed vessel did not allow the process to be tested on time of 

this thesis.  

However, important results were obtained after a careful analysis of the reaction byproducts. 

Primarily, it was concluded that the reaction by-product is highly heterogeneous, which hinders its 

analysis. Nevertheless, it was observed that the additive CMC has an important influence, since it 

induces a rearrangement of the sodium metaborate molecule to form sodium boron hydroxide, a 

molecule that does not contain crystalline water, whose evaporation is a high energy consuming 

step. Moreover, the results showed that CMC also promotes the formation of sodium carbonate 

monohydrated. Although the use of 0.25 % CMC in the hydrolysis reaction led to the formation of 

sodium boron hydride and sodium carbonate monohydrate as by-products, the use of 1 % CMC also 

promoted the formation of sodium borate hydroxide hydrate. These results are very important to 

improve the recyclability process. If separated, sodium borate hydroxide hydrate may also be 

recycled to sodium borohydride. Furthermore, the hydrolysis yield and the gravimetric and 

volumetric hydrogen storage capacities were not affected by the concentration of CMC; however, 

the rate of production of hydrogen decreased with increase in the additive concentration. 

 
 
Keywords: Hydrogen, Sodium borohydride, Recyclability of sodium metaborate, mechano-chemical 
process, Carboxymethyl cellulose.
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Resumo 

 
O uso excessivo de combustíveis fósseis tem afetado severamente o planeta e é importante 

encontrar formas alternativas mais limpas de obter energia. O hidrogénio é uma alternativa, devido 

ao seu elevado poder calorífico e à sua abundância no universo. Contudo, esta molécula é difícil de 

obter na sua forma pura e de armazenar com segurança. Hidretos químicos, como por exemplo o 

borohidreto de sódio (NaBH4), têm hidrogénio na sua constituição. O borohidreto de sódio, quando 

hidrolisado, liberta 4 moléculas de hidrogénio. Esta reação é segura, visto ocorrer a pressão e 

temperatura moderadas, e não liberta compostos tóxicos para o ambiente. Apesar disso, forma-se 

um subproduto - metaborato de sódio (NaBO2) - que deve ser reciclado a borohidreto de sódio com 

vista à aplicação de uma economia circular para este método de produção de hidrogénio. 

Na presente tese, o subproduto da hidrólise catalítica do borohidreto de sódio foi estudado de modo 

a compreender a sua estrutura molecular e como pode ser reciclado. Realizou-se um conjunto de 

experiências para perceber o impacto do fator de hidratação e do uso de um aditivo - 

carboximetilcelulose (CMC) - na reação. Quanto à reciclabilidade, foi estudado o processo 

mecanoquímico, através de moagem da mistura de metaborato de sódio com hidreto de magnésio. 

Devido à deteção de fuga de hidrogénio no equipamento, foi necessário construir um recipiente 

para o moinho. Contudo, um atraso no fabrico do recipiente projetado não permitiu a realização 

destes testes a tempo da entrega desta tese. 

Obtiveram-se importantes resultados a partir da análise detalhada da estrutura do subproduto da 

reação que revelou uma elevada heterogeneidade. Observou-se que o uso do CMC como aditivo tem 

uma influência importante no subproduto formado, porque promove o rearranjo da molécula de 

metaborato de sódio para formar hidróxido de sódio bórico, uma molécula que não contém água na 

forma cristalina e cuja evaporação é um passo de elevado consumo energético. Os resultados 

mostraram ainda que o CMC promove a formação de carbonato de sódio mono-hidratado. O uso de 

0.25 % CMC levou à formação de dois subprodutos, hidróxido de sódio bórico e carbonato de sódio. 

No entanto, o uso de 1 % CMC promove a formação de mais um subproduto, hidróxido de borato de 

sódio hidratado - Borax. Este resultado é de extrema importância para o estudo da reciclabilidade 

do processo, uma vez que quando separado da mistura formada, o hidróxido de borato de sódio 

hidratado pode também ser reciclado para borohidreto de sódio. O rendimento da hidrólise e as 

densidades gravimétrica e volumétrica de armazenamento não foram afetadas pelo aumento de 

concentração de CMC; contudo, observou-se uma diminuição da velocidade de produção de 

hidrogénio quando se usou a concentração mais elevada de CMC. 

 

Palavras-chave: Hidrogénio, Borohidreto de sódio, reciclabilidade do metaborato de sódio, processo 

mecanoquímico, Carboximetilcelulose. 
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1. Introduction 

This chapter introduces briefly the general topic covered by the developed research activities: 

hydrogen as an energy carrier. It refers some of the characteristics of molecular hydrogen, how 

it is produced and stored and, also, the thesis objectives and its organization. 

1.1. The Hydrogen 

Hydrogen is the first element of the periodic table and the smallest, lightest and most abundant 

in the universe, since it is found everywhere, from the stars and planets to the water on Earth. 

It is one of the most essential elements due to its unique characteristics: in the molecular form, 

at standard pressure and temperature, it is nontoxic, nonmetallic, odorless, colorless and 

flammable. This gas has lower density than air and reacts with many compounds, although it 

has high stability [1], so it can be used to produce/convert different forms of energy – energy 

carrier. Table 1 presents some of properties of Hydrogen. 

Table 1 – Properties of H2 at 25 ºC and 1 atm [2]. 

Molecular mass (g/mol) 2.016 

Specific gravity (air=1) 0.070 

Specific Volume (m3/kg) 12.1 

Absolute viscosity (N/m2) 9.0×10
-6

  

Specific heat (kJ/(kg·K)) 14.31 

Melting Point (K) 14.05 

Latent heat of fusion (kJ/kg) 58 

Boiling Point (K) 20.40 

Latent heat of evaporation (kJ/kg) 447 

 

Hydrogen was first observed in 1671, by Robert Doyle, however it was only recognized in 1766  

as a periodic table’s element by Henry Cavendish, whose name was defined by Antoine Lavoisier 

[3]. In 1972, John O’M. Bockris, published “The Hydrogen Economy – An Ultimate Economy”, 
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introducing the concept of “hydrogen economy” for the first time. This means the replacement 

of fossil fuels by hydrogen, a more clean and powerful source of energy. Since then, there have 

been studies regarding the large production of this fuel a possible use in several applications, 

for example in aerospace [4].  

1.2. Hydrogen as an Energy Carrier 

An energy carrier is a substance that contains enough energy capable of being converted in 

other forms. The most common examples are fossil fuels, used to produce heat and electricity. 

Hydrogen is also considered as an energy carrier with a high interest, since it has the highest 

energy per unit mass at gaseous state, 142 MJ/kg (Table 2).  

Table 2 – High Calorific Value of different fuels, at 0 ºC and 1 bar ([5], [6]). 

Fuel High Calorific Value (MJ/kg) 

Butane 49.51 

Diesel 44.80 

Gasoline 47.30 

Hydrogen 141.79 

Petroleum 43.00 

Propane 50.35 

Methane 55.54 

Natural Gas 52.33 

 

Nevertheless, unlike fossil fuels, hydrogen is not found in its pure form in Nature, being present 

mostly in water and organic compounds.  

Hydrogen can be obtained from many sources. The most exploited are reforming of natural gas 

and coal gasification and in a lesser extent by electrolysis. Figure 1 presents the percentage of 

hydrogen produced by each of this sources in the world in 2003.  
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Figure 1 – Hydrogen production sources and their percentage in 2003 [7]. 

Reforming of natural gas is the process used to produce approximately 95 % of hydrogen in the 

United States of America. This gas, mainly composed of methane (CH4), is consumed in three 

different reactions: i) steam-methane reforming (Equation 1.1), where it is exposed to high 

temperature (between 700 and 850 ºC) and pressure (between 3 and 25 bar) [8] to produce 

hydrogen and carbon monoxide (CO); ii) partial oxidation of methane, producing primarily H2 

and CO; iii) auto-thermal reforming, that is a combination of Equation 1.1 chemical reaction 

and the coal gasification reaction (Equation 1.2). The temperature and pressure of this reaction 

is maintained at 950-1100 ºC and up to 100 bar, respectively [8]. 

CH4 + H2O → CO + 3H2     (1.1) 

Another method to obtain pure hydrogen is by coal gasification, Equation 1.2.  

C + O2 + H2O → CO + CO2 + H2        (1.2) 

To avoid the formation of by-products, the reaction must occur at high temperature, on a fixed 

bed, fluidized bed or entrained flow reactor. Although coal can be found in many parts of the 

planet, and this technology is more mature than reforming of natural gas, this process is more 

complex and the hydrogen produced is commercialized at a higher price. 

The CO produced in these reactions can be used to obtain carbon dioxide and hydrogen by the 

water-gas shift reaction, represented by Equation 1.3 [9]. 

CO + H2O → CO2 + H2       1.3) 

The carbon dioxide formed in these processes can be sequestered to avoid its emission to the 

atmosphere. Nevertheless, this is only a temporary solution, since it does not help to reduce 

the greenhouse gas effect and the global warming. Nowadays, there is a necessity to obtain 

energy from new and cleaner ways to replace the fossil fuels. One of the alternatives is 

electrolysis of water, responsible for 4 % of the hydrogen produced in the world in 2003 [7]. 

This method consists on giving enough electrical energy to break the O-H bonds of the water 
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molecules, forming pure oxygen (O2) and hydrogen (H2). This energy can be obtained from 

various sources, whether renewable (e.g., sun, wind and hydraulic) or non-renewable (e.g., 

fossil fuel power stations). The low fraction of hydrogen produced by water electrolysis is 

related to the important disadvantages of this method: it has a low efficiency and it is difficult 

to access electric energy produced by clean sources. The development of the production of 

electricity from wind, sun and other renewable energies has induced an increased importance 

of electrolysis of water [10]. Overall, hydrogen can be produced from the sources referred 

below, in Figure 2. 

Figure 2 – Sources for hydrogen production. 

After obtaining the hydrogen, it is crucial to safely store it, since it is very light and flammable. 

The most common way to store hydrogen is by compression: in gaseous or liquid state. The first 

one, requires high-pressure gas containers, which are very expensive, heavy and large. The 

storage in liquid state requires the liquefaction of the gas, which loses 40 % of the energy stored 

as heat. Although hydrogen can be stored at room pressure, the containers cannot avoid full 

adiabatic conditions, allowing heat transfer to the interior and causing vaporization of 

hydrogen. Metal and chemical hydrides can also be used to store hydrogen. Metals and metal 

alloys can adsorb H2 in their lattice, by cooling. This storage method is safer than compressed 

gas or liquid storage and it is possible at moderate pressure and temperature. Nevertheless, 

the energy stored per mass is very low, the tanks used for this purpose are heavy and expensive 

and the hydrogen must be pure to avoid contamination. Chemical hydrides, for example sodium 

borohydride (NaBH4), can produce and store hydrogen by exothermal catalytic hydrolysis. This 

reaction also occurs at moderate pressure and temperature and does not require large storage 

tanks. Furthermore, this method produces high energy density hydrogen, is carbon dioxide free 
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and can be directly provided to a PEM fuel cell to generate electricity. The main disadvantage 

is the formation of by-products that need to be recycled [11]. Figure 3, presents schematically 

the different methods for hydrogen storage, where chemical hydrides are represented as 

chemical hydrogen.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – Methods of hydrogen storage [12].  

1.3. Objectives of the thesis 

At a more personal level, the first objective of this thesis is the identification and adaptation 

to the stringency that a research laboratory must be based on. Although a difference between 

a research centre and an ordinary company must not be forgotten, the creation of good work 

habits for both situations is similar. Moreover, the study of hydrogen and renewable energy and 

the possibility to contribute to study their impact in solving the energetic global problems are, 

by their own, a motivation for being involved in this thesis. 

At a different level, more focus on the theme of this thesis, the main goal is to obtain the 

optimal usage of the materials and equipment available, not only in the CEFT laboratory, but 

also in the chemical engineering department, to the execution of the thesis in the time 

dedicated to it, producing quantitative and qualitative results that demonstrate practical 

observations and valuable considerations for future studies developed. In a general way of view, 

these results will be based on the following objectives: 

1) Identification of the methods for hydrogen production and storage, with focus on 

chemical hydrides, particularly sodium borohydride; 
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2) Learn about the catalytic hydrolysis of sodium borohydride and its reaction products, 

inclusively the by-product sodium metaborate (NaBO2); 

3) Study the recyclability of sodium metaborate back to sodium borohydride, at room 

pressure and temperature; 

4) Analyse the viability of adaptation of sodium borohydride as a hydrogen carrier to 

portable applications. 

5) Study of the influence of the additive carboxymethyl cellulose (CMC) in the hydrolysis 

of sodium borohydride and in the produced sodium metaborate solution. 

1.4. Organization of the thesis 

The current thesis is organized in 6 chapters. 

Chapter 1, Introduction, corresponds to a brief presentation of the hydrogen gas, its 

characteristics, methods of production and storage. It also refers the objectives of the 

presented thesis and its structure. 

Chapter 2, Context and State of the Art, gives a more detailed observation on the chemical 

hydrides, mainly the sodium borohydride, and their capacity to store hydrogen. Introduces the 

hydrolysis of sodium borohydride, producing hydrogen released as a gas, referring the 

characteristics of this reaction, e.g., what are the reactants involved, if it is catalysed or not, 

the reactor where it can be conducted and the essential parameters to optimize the hydrogen 

production and minimize the disadvantages associated to the reaction. On this last topic, the 

chapter presents the formation of a by-product and the methods to recycle it back to sodium 

borohydride, namely the mechano-chemical process. 

Chapter 3, Materials and Methods, describes, in detail, the methods operated to produce 

sodium metaborate, its recycling capabilities to sodium borohydride, by mechano-chemical 

process, and a proper analysis of the influence of hydrolysis’ additive carboxymethyl cellulose 

in the product medium composition.  

Chapter 4 presents the Results and Discussion. 

Chapter 5 outlines the main Conclusions of this work.  

Chapter 6 discusses Limitations and future work that must be considered to obtain better 

results in the NaBH4 – NaBO2 closing cycle and in the CMC study.
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2. Context and State of the Art  

2.1. Chemical hydrides – sodium borohydride 

Sodium borohydride is an inorganic compound derived from borax (a mineral obtained in natural 

pits), white fine crystalline powder or lump, slightly hygroscopic salt, stable in dry air at 

temperatures up to 300 ºC. Decomposes in vacuum between 400 and 500 ºC and, when ignited, 

burns quickly. It is readily soluble in polar solvents especially protic compounds such as water, 

lower alcohols and amines. This compound is usually used as a reducing agent in organic and 

pharmaceutical synthesis, wastewater treatments and as treatment agent in paper 

manufacturing, given its strong selective reduction capacity, as shown in Equation 2.1. 

BH4
− + 8OH− → B(OH)4

− + 4H2O + 8e−     (2.1) 

Sodium borohydride can also be used for purification of organic chemicals, including separation 

of metals from diluted solutions [13] and as heat-exchanger media for cooling purposes [14]. 

Some of this compound’s properties are presented in Table 3.  

Table 3 – NaBH4 properties [15]. 

Molecular Mass (g/mol) 37.83 

Melting Point (ºC) 400 

Boiling Point (ºC) 500 

Density @ 25 ºC (g/mL) 1.035 

Water Solubility @ 25 ºC (g/L) 550 

 

2.2. Catalytic hydrolysis of sodium borohydride 

In theory, sodium borohydride is composed of 10.8 % hydrogen, and reacts with water to 

generate molecular hydrogen, according to the hydrolysis reaction presented in Equation 2.2. 

NaBH4 + (2+x) H2O → NaBO2•x H2O + 4H2 + heat           (2.2) 

Ideal hydrolysis is attained for x = 0, where x represents the hydration factor. However, in 

practice, an excess of water is necessary since the sodium metaborate produced has the 

tendency to consume water molecules, typically forming NaBO2 • 2H2O or NaBO2 • 4H2O, as it 
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is more stable in those forms [16]. In addition, according to Brack et al. [17], the maximum 

amount of NaBH4 in solution must be 16 wt.% to keep the by-product in the liquid state. 

Figure 4 presents the influence of the hydration factor in the gravimetric hydrogen system 

capacity (GHSC). Although increasing x promotes a decrease of the hydrogen content in the 

sodium borohydride solution, it enhances other reaction parameters such as the hydrogen 

generation rate (HGR) and the reaction yield, since more molecules of water are available 

which allows the formation of hydrogen, as observed by Ferreira et al. [10], [18].  

 

 

 

 

 

 

Figure 4 – Variation of GHSC with the hydration factor [19]. 

Furthermore, although the Department of Energy (DOE) declared a no-go recommendation for 

sodium borohydride for on-board vehicular hydrogen storage [20], the DOE’s targets for 

hydrogen’s medium power portable equipment storage (2.5 W-150 W), Table 4, can be achieved 

if the hydration factor is optimized, to increase gravimetric and volumetric hydrogen storage 

capacities. The remaining technical system targets are presented in Appendix B.  

Table 4 – DOE’s storage technical targets for medium power portable equipment [21].  

System Capacity Units 
Single-use Rechargeable 

2015 2020 2015 2020 

Gravimetric 

kWh/kg 

(kg
H2

 / kg
system

) 

0.7 

(0.02) 

1.3 

(0.04) 

0.5 

(0.015) 

1.0 

(0.03) 

Volumetric 

kWh/L 

(kg
H2

 / Lsystem) 

1.0 

(0.03) 

1.7 

(0.05) 

0.7 

(0.02) 

1.3 

(0.04) 
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2.2.1. Catalyst 

The hydrolysis reaction of NaBH4, although exothermic, requires a catalyst to lower the high 

activation energy of the reaction. A wide range of catalysts have been studied and can be 

separated in five different classes: acids, metallic salts, metal borides, reduced transition 

metals and supported metals. The use of acid catalysts was widely studied in the last century. 

However, nowadays, metal-based catalysts are typically required. The most important 

parameters to define are its cost, performance and capability of regeneration. In this thesis, a 

Ni-Ru based catalyst was chosen, due to its high performance ([9], [10], [16], [18], [22]–[25]) 

and straightforward process of regeneration. In Table 5, the best performed catalysts for each 

class, and the Ni-Ru catalyst used in the experiments, for hydrolysis of sodium borohydride are 

exhibited [19]. 

Table 5 – Best performed catalysts for each class, temperature of reaction and H2 generation rate. 

Catalyst Reference Class 
Temperature 

(ºC) 

HGR  

(L/(min·g
cat

)) 

Co-W-B/Ni  [26] Metal Boride 30 15.0 

Ru60Co20Fe20 [27] 
Reduced 

Transition Metal 
25 26.8 

PtRu‐ LiCoO2  [28] Supported Metal 25 2.4 

Ni-Ru [24] Ni-Based Metal 25 33 

2.2.2. Alkaline Hydrolysis and use of additives  

The alkaline hydrolysis of sodium borohydride requires the use of an inhibitor, such as sodium 

hydroxide (NaOH), to stabilize the solution and avoid spontaneous reaction [29], as observed 

by Pinto et al. [25] and Hua et al. [30]. Moreover, Amendola et al. [31] observed that, although 

the hydrogen generation rate decreases with an increase in sodium hydroxide’s percentage in 

solution, NaOH presence extends the sodium borohydride solution shelf life, thus confirming 

the results obtained in previous articles.  

Furthermore, some additives can be used to improve the hydrolysis of sodium borohydride. 

They have different roles, either for: the rearrangement of the NaBH4’s structure, lowering the 

energy of the B-H bonds, for example, carboxymethyl cellulose (CMC); or to promote the 

reactants-catalyst contact, since it decreases the diffusion limitations between them and, 
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consequently, increases the H2’s yield and generation rate, for example, sodium dodecyl 

sulphate (SDS). 

2.2.3. Carboxymethyl Cellulose (CMC)  

Carboxymethyl cellulose (Figure 5) is a derivative from cellulose formed by reaction with 

sodium hydroxide and chloroacetic acid, as observed in Figure 6, where step 1 represents the 

activation of the substitution reaction, i.e., step 2. This mechanism involves the use of a strong 

base to expose the hydroxyl groups on carbons where the substitution reaction will occur. 

Formation of sodium chlorine is also observed in this process [32]. 

 

Figure 5 – Chemical structure of CMC, R=CH2CO2Na or H [33]. 

 

 

 

 

Figure 6 – Synthesis of CMC [34]. 

As observed in the following picture, Figure 7, the degree of substitution (DS) is dependent on 

the number of hydroxyl groups that are substituted (each glucose unit in the cellulose molecule 

has three hydroxyl groups), where the reactivity of the hydroxyl group carbons is the following: 

C2 > C6 > C3 [35]. Although cellulose is not soluble in water, CMC is, and its solubility increases 

with the degree of substitution. Moreover, minimum dissolution time increases with the CMC 

concentration [33]. 
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Figure 7 – Degree of substitution (DS) of NaCMC [35]. 

Carboxymethyl cellulose is used in a wide number of industries and applications. Unpurified 

CMC (55-85 % purity) is used as soil carrier in the field of detergents; and as flotation aid in 

drilling mud in the field of deep-well drilling for oil and water. Purified CMC (98 % purity) is 

requested in surface coatings or in paper industry, to improve, among others, fiber retention, 

strength and smoothness of paper. High-purified CMC (99.5 % or higher purity) is used in 

cosmetics and pharmaceutical industries, given his good binding, thickening and stabilizing 

properties, and also in food production as a replacement for starch [32]. 

The rheological properties and thixotropic behavior of CMC when in solution were studied, in 

2008, by Benchabane et al. [36], who concluded that the polymer presented two critical 

concentrations: 0.9 %, where a structural entanglement and increase in intermolecular 

interactions are observed; and 2.5 %, in which, above this concentration, the compound exhibits 

strong elastic behavior.  

In 2010, Ferreira et al. [18] reported an increase in H2 generation rate with CMC, by improving 

the H2 bubble velocity formation, and a higher hydrogen solubility in the liquid phase. Due to 

these effects, a rearrangement of the by-product’s structure was observed, i.e., the presence 

of crystalline water was not detected in the crystal structure. Instead the by-product was 

presented in the formula NaB(OH)
4
, which is easier to recycle to NaBH4, since evaporation of 

the water requires high temperature and energy consumption. Figures 8 and 9 present the 

crystal structure of the by-product sodium metaborate produced in a classic hydrolysis of 

sodium borohydride with and without CMC additive, respectively. 
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Figure 8 – Crystal structure of by-product of classic hydrolysis of NaBH4. Color legend: Violet-sodium; 

Red-oxygen; Pink-Boron; White- Hydrogen [18] 

 

Figure 9 – Crystal structure of by-product of hydrolysis of NaBH4 with CMC. Color legend: Violet-

sodium; Red-oxygen; Pink-Boron; White- Hydrogen [18] 
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In 2017, Li et al. [35] studied the influence of sodium chloride concentration on several 

parameters of NaCMC with different degrees of substitutions. The studied parameters were the 

effective length (the range between the two most distanced atoms of the molecule), radius of 

gyration (the standard deviation of the atoms to the molecule’s center of mass), hydrodynamic 

radius (mean distance between each polymer), intrinsic viscosity (the hydrodynamic volume 

occupied by a macromolecule), and salt tolerance (the capacity to maintain the properties 

unaltered in salt solutions) and the authors observed that they decreased with the increase of 

NaCl concentration and degree of substitution. This can be explained by the interaction 

between Na
+
 cations and the carboxyl groups of the polymer, i.e., with increase in salt 

concentration, the attraction between these ions would increase and neutralize the repulsion 

between the carboxyl groups. In this way, the sodium carboxymethyl cellulose molecule 

presents a more curled state, instead of the initial extended form observed in the absence of 

NaCl and in NaCMC solutions with high degree of substitution, due to the presence of more 

carboxyl groups and consequent higher force of repulsion, which can affect its use as an additive 

of sodium borohydride hydrolysis. 

Although the effect of CMC in the sodium borohydride hydrolysis reaction is not fully 

understood, the published results in the literature show that this polymer may be the key to 

overcome one of limitations of this reaction – byproduct’s recycling. Thus, the influence of CMC 

as an additive in hydrolysis reaction of NaBH4 and, consequently, in sodium metaborate’s 

structure was studied with more detail in this thesis. 

2.2.4. Reactor 

Some studies were conducted in the past decades related to the shape and geometry of the 

hydrolysis of sodium borohydride reactor to obtain better results, i.e., the best hydrogen yields 

[10], [16]. The most common geometries are cylindrical, with flat or conical bottom. Hydrogen 

yield depends strongly on the geometry and dimensions of the reactor. Table 6 presents the 

results obtained for hydrolysis of NaBH4, with a H2O/NaBH4 ratio of 4, for different reactors. 
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Table 6 – H2 yields obtained for different reactors and their volume (H2𝑂/NaBH4 = 4). 

Author Reference Reactor 
Vreactor 

(cm3) 

 H2 yield 

(%) 

Ferreira et al. 

 
Cylinder 

(flat bottom) 
646 78 

[10] 
Cylinder 

(conical bottom) 
369 86 

 
Cylinder 

(conical bottom) 
229 98 

Ferreira et al. [16] 

Cylinder  

(flat bottom) 
229 76 

Cylinder 

(conical bottom) 
229 96 

As can be seen in Table 6, the reactor with cylindrical geometry and conical bottom presents 

better results than the reactor with flat bottom. As Ferreira et al. [16] observed, these better 

performances are due to the an increase in the contact between the reactants and catalyst, 

decreasing the mass transfer limitations and promoting the hydrogen formation.  

In 2016, Nunes et al. [22] reported a 90 % H2 yield using a mini-reactor (9 cm3) with ovoid 

geometry. The hydrolysis was performed with a H2O/NaBH4 ratio of 18 and a NaOH 

concentration of 7 %. 

2.2.5. Fuel Cell Application 

Hydrogen produced in hydrolysis of sodium borohydride can be directly fed to a fuel cell to 

obtain electrical energy. Fuel cells are formed by two electrodes (an anode and a cathode) and 

an electrolyte, that acts as a permeate membrane. In the anode, oxidation reaction occurs 

where electrons and ions are released. Electrons are extracted to the exterior of the cell. The 

ions cross the electrolyte to the cathode side, where the reduction reaction occurs.  Typically, 

catalysts are utilized to promote the oxidation and/or reduction reactions. Table 7 

demonstrates the most common types of fuel cells, and the respective electrolytes, the 

maximum efficiency, advantages and disadvantages and applications of each one. 
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Table 7 - Types of fuel cells, their electrolyte, temperature of operation, efficiency, advantages and 

disadvantages and applications [37]. 

Fuel Cell Electrolyte 

Operating 

Temperature 

(ºC) 

Electrical 

Efficiency 

(%) 

Advantages Disadvantages Applications 

Proton 

Exchange 

Membrane 

(PEMFC) 

H
+
 (solid 

polymer) 
80 40-60 

High power 

density; low weight 

and volume; only 

need hydrogen, 

oxygen from air 

and water to 

operate; low warm-

time; durability 

Requires a noble-

metal catalyst to 

separate the 

hydrogen’s electrons 

and protons (system 

cost); sensitive to CO 

poisoning 

Backup power; 

portable power; 

distributed 

generation; 

transportation; 

specialty vehicles 

Alkaline (AFC) OH
-
 < 100 60 

High performance; 

high efficiency in 

space applications; 

can be operated in 

recirculation mode 

Sensitive to CO2 

poisoning, wettability 

and increased 

corrosion; difficulty 

handling differential 

pressures 

Military; 

space; backup 

power; 

transportation 

Solid Oxide 

(SOFC) 

    O
2-

  

(hard, non-

porous 

ceramic 

compound) 

600-1000 60 

Do not need 

catalyst; relative 

high efficiency; can 

reform fuels 

internally; sulphur-

resistant; CO 

tolerant 

Slow warm-up time; 

requires thermal 

shielding to retain 

heat and protect 

personnel; requires 

high temperature 

resistant materials  

Auxiliary 

power; 

electric 

utility; 

distributed 

generation 

Phosphoric 

acid (PAFC) 

H
+
 (liquid 

phosphoric 

acid) 

205 40 

Tolerant to 

impurities; higher 

efficiency (more 

than 85%) with co-

generation of 

electricity 

Low efficiency (37-42 

%) without co-

generation of 

electricity; low 

power; large and 

heavy; expensive; 

require high loadings 

of expensive 

platinum catalyst 

Distributed 

generation 

Molten 

Carbonate 

(MCFC) 

CO3
2-

(molten 

carbonate 

salt 

mixture) 

650 50 

Improved efficiency 

and lower costs 

than phosphoric 

acid fuel cells; 

internal reforming 

Durability due to high 

temperature and 

corrosive electrolyte 

Electric 

utility; 

distributed 

generation 
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The interest in PEM fuel cells is, nowadays, more intense due to its application in transport and 

portable systems. 

2.2.6. Recyclability of Sodium Metaborate 

As given by Equation 2.2, besides hydrogen, hydrated sodium metaborate is formed in the 

hydrolysis reaction. For the adaptation of a NaBH4 - H2 PEMFC system for portable applications 

(e.g. medical appliances and portable electronics [22]) the recycle of this product is crucial. 

This can be achieved, mainly, with the following processes: Brown and Schlesinger; Bayer; 

mechano-chemical; electrochemical; reduction with reducing agents. Figure 10 demonstrates 

these processes. 

 

 

 

 

 

 

 

Figure 10 – Processes for sodium borohydride synthesis. 1-catalyzed hydrolysis (c-catalyst), 2-thermal 

dehydration, 3-the Brown and Schlesinger process, 4-electrochemical process, 5-modified Bayer 

process, 6-reduction process with three different reducing agents [29]. 

The Brown and Schlesinger process is, nowadays, the most used for synthesis of sodium 

borohydride. It is represented by the global reaction Equation 2.3, but subdivided in seven 

steps, as exemplified in Figure 11. It is important to refer that this scheme is representative of 

borax (Na2B4O
7
) recycling to NaBH4. However, the same can be illustrative of the NaBH4 – 

NaBO2  cycle, with replacement of borax for sodium metaborate in step 3. 

B(OCH
3
)
3
 + 4NaH → NaBH4 + 3NaOCH3    (2.3) 
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Figure 11 – The Brown and Schlesinger process [38]. 

In step 5, reactant sodium hydride (NaH) is produced: molecular hydrogen is obtained through 

steam reforming of methane (step 1); sodium metal is the result of electrolysis of sodium 

chlorine (NaCl) (step 2); sodium hydride is the product of reaction between hydrogen and 

sodium metal. The reactions that represent the steps 1, 2 and 5 are Equations 2.4, 2.5 and 2.6, 

respectively.  

CH4 + 2H2O → 4 H2 + CO2     (2.4) 

NaCl → Na + 
1

2
Cl2            (2.5) 

H2 + 2Na → 2NaH           (2.6) 

Step 2 is one of the most energy consuming steps on the Brown and Schlesinger process. 

Alternatively, commercial sodium metal can be used, however energy cost is converted in 

purchase and transport costs, which are significantly high.  

Steps 3 and 4 are responsible for sodium methoxide B(OCH3)3 () formation, as observed in 

Equations 2.7 and 2.8. 

NaBO2.𝑥 H2O + 
1

2
H2SO4 → B(OH)

3
 + 

1

2
Na2SO4 + (𝑥-1)H2O  (2.7) 

B(OH)
3
 + 3CH3OH → B(OCH

3
)
3
 + 3H2O     (2.8) 

The most crucial step is number 6, where reactants NaH and B(OCH3)3  are combined to produce 

sodium borohydride, Equation 2.3. 

At last, step 7 consists in the regeneration of methanol (CH3OH) by reaction of by-product in 

step 6 with water, Equation 2.9, and recovery by distillation. 
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NaOCH3 + H2O → CH3OH + NaOH    (2.9) 

This process requires high pressure and temperature and is very energy inefficient since a 

significant percentage (about 50 %) of energy consumed is lost in the form of heat. Another 

disadvantage is the multi-step process and the highly costs of energy and reactants, mainly the 

acquisition of sodium, as referred above [39]. Based on these limitations, it is safe to assume 

that the Brown and Schlesinger process for sodium metaborate recycling to sodium borohydride 

is not a hypothesis for application in medium power portable equipment. 

Another process to recycle sodium metaborate is by using reducing agents, e.g., CH4. This 

process requires high temperatures (above 1000 ºC), given the necessity to separate the 

compound into its elements (boron, sodium and oxygen). Sodium and boron must then be mixed 

together with hydrogen, at elevated pressure and temperature, to form sodium borohydride.  

The Bayer Corporation developed an alternative process for sodium borohydride, denominated 

the Bayer process, to guarantee the needs of the company. It consisted in a one-step reaction, 

as presented in Equation 2.10, carried out in liquid state at 700 ºC. 

Na2B4O7 + 16Na + 8H2 + 7SiO2 → 4NaBH4 + 7Na2SiO3    (2.10) 

Once again, although this process was developed for borax-sodium borohydride reaction, 

sodium metaborate can be converted in borax in a separate reaction [40]. 

The disadvantages of this alternative process are related to usage of sodium silicate, which has 

low demand and concerns for its disposal, and risk of explosion of liquid sodium borohydride. 

Moreover, this is a batch reaction that occurs at elevated temperature and requires separation 

of the products.  

Alternative methods to obtain sodium borohydride that do not require elevated temperature 

and pressure have been studied, namely, as represented in Figure 10, the electrochemical 

process. This process occurs at ambient pressure and temperature and does not produce waste, 

which makes it a simple and clean process. Still, the energy consumption is very high, which 

needs to be reduced in order to be an effective method for sodium metaborate recycling. 

However, a modification of the Bayer process has been tested, where it is based on mechano-

chemical forces instead of heat, avoiding not only the use of elevated pressure and temperature 

but also high energy consumption. 
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The mechano-chemical process is illustrated in Figure 12, where a high-density ball and the 

reactants are inserted in a vessel supported by a plate. The rotation of the vessel at elevated 

speed provides the collision of the ball with the reactants, thus reducing their size and 

promoting the contact between them. This principle allows the pretended reaction to occur 

without external heat, i.e., the energy necessary is provided only by mechanical forces.  

 

Figure 12- Principle of a mill [41]. 

The mill can have different configurations: vibratory mill, high-energy mill (e.g. shaker mill, 

planetary mill), high-speed mill, mixer mill, and others. These configurations are dependent of 

different parameters: direction and velocity of rotation of vessel; number and diameter of the 

balls inside the reactor; ball/powder ratio; interior and exterior layout; and atmosphere in the 

mill. With this parameters in mind, different experiments of synthesis of  NaBH4 were 

performed by several authors, and the results are referred in this chapter. 

In 2009, Hsueh et al. [42] mixed NaBO2 and magnesium hydride (MgH
2
), 40 % excess, as 

represented by Equation 2.11, and obtained a 76 % NaBH4 yield after 6 hours in a high-energy 

mill.  

2MgH
2
 + NaBO2 → NaBH4 + 2MgO     (2.11) 

This reaction is complete, which means the reactants are fully converted in the products sodium 

borohydride and magnesium oxide (MgO). Moreover, MgO can be further recycled to MgH
2
. 
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Figure 13 presents an x-ray diffraction (XRD) analysis of the powders produced after the milling 

process. 

 

Figure 13 –XRD patterns of the powders produced after shaker milling the MgH
2
 – NaBO2 mixture (in 

2:1 mol ratio) for different durations along with solid product extracted from powders produce after 

2h of ball milling, obtained by Hsueh et al.[42]. 

Kong et al. [43] also evaluated the ball/powder mass ratio and obtained a maximum NaBH4 

yield of 71 % after two hours with a MgH
2
/NaBO2 molar ratio of 2.07, a ball/powder mass ratio 

of 50, in a 2 kPa H2 atmosphere. 

Çakanyildirim et al. [44] studied different additives to the same reaction (27 % MgH
2
 excess) on 

a mixer mill and concluded that no additive was necessary, obtaining a maximum yield of 73.90 

% at 700 minutes.  

Ouyang et al. [45] focused on the energy consumption of the NaBO2 – NaBH4 cycle and observed 

that, although the maximum energy efficiency was 49.91 %, indicating the cycle is conceivable, 
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the energy consumption could be lowered with addition of a magnesium-lanthanium alloy 

(LaMg
3
). This alloy can adsorb hydrogen molecules more easily than magnesium itself by ball 

milling and the products of the reaction can produce sodium borohydride, as observed by 

Equations 2.12 and 2.13.  

4LaMg
3
 + 18H2 → 12MgH

2
 + 4LaH3                   (2.12) 

12 MgH
2
 + 4 LaH3 + 9 NaBO2 → 9 NaBH4 + 12 MgO + 2La2O3 (2.13) 

More recently, in 2017, Lang et al. [46] studied the influence of MgH
2
/NaBO2 molar ratio, 

hydrogen pressure and time of milling, as well as methanol’s presence for the reaction 

expressed in Equation 2.11. The authors reported an optimal NaBH4 yield of 89 % for a 

MgH
2
/NaBO2 molar ratio of 2.7, 3 MPa hydrogen pressure and after 12 h in a high-energy ball 

mill. Also, the mechanism of the reaction was observed by Fourier Transform Infra-red 

spectroscopy (FTIR) and it concluded that intermediate NaBOH2 is formed in a two-step process, 

as observed in Figure 14. 

 

Figure 14 - Mechanism of formation of NaBH4 from NaBO2 and MgH
2
. 

The experiments performed in this work were based on the results of Kong et al. [43] and will 

be reported, in detail, in the next chapter.
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3. Materials and Methods  

3.1. Mechano-chemical process 

As referred in the previous chapter, the experiments concerning the recyclability performed 

were based on the results of Kong et al. [43]. For this purpose, the RETSCH MM200 mixer mill, 

Figure 15 (appendix C), available in the associated laboratory LSRE-LCM of FEUP was requested.  

 

Figure 15 – RETSCH MM200 mixer mill [47]. 

In a previous work, the group studied the recyclability of sodium metaborate using RETSCH 

MM200 mixer mill and the results were inconclusive due to hydrogen leak throw the groove of 

the cylinder [48]. Nevertheless, the experiment was replicated and the results were the same 

– the leak of hydrogen remained. Thus, to solve the hydrogen leak problem, a new vessel was 

designed, using the software SolidWorks, to replace the one provided with the mill. The built 

vessel is similar; however, it was designed with a different closing method – thread NPT locking 

system. The new design proposes it should be built in zirconia (ZrO2) with stainless steel coating 

with a cylindrical geometry with an internal diameter of 9 mm (internal volume of 15 cm3). The 

stainless-steel coating is responsible for the thread locking system. The mechanical properties 

are displayed on Table D.3 of Appendix D. 

The 3D and 2D sketches of the vessel are presented in Figures 16 and 17 and Figures 18 and 19, 

respectively. It is noteworthy that this vessel has a groove with a 0.7 mm depth for a 24 mm 

diameter Viton O-ring to allow the crushing between the external and internal screw threads, 

thus promoting the isolation of hydrogen during the milling. The characteristics of this O-ring 

are available in Table D.2 of Appendix D. 
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Figure 16 – 3D representation of external screw thread of vessel. 

 

Figure 17 – 3D representation of internal screw thread of vessel. 

 

Figure 18 – 2D representation of external screw thread of vessel. 
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Figure 19 – 2D representation of internal screw thread of vessel. 

3.2. Methods of Analysis / Characterization Techniques  

This sub-chapter presents an introduction to the methods and techniques used in this thesis to 

analyse the crystals of the by-product of NaBH4 hydrolysis. 

3.2.1. X-ray Photoelectron Spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy is a technique that analyses the surface of a sample, and its 

principle is illustrated in Figure 20. Photons with a defined energy are emitted from an x-ray 

gun to a point in the sample, ionizing the atoms and exciting below the surface electrons. If 

given enough energy, the excited electrons escape from the surface of the sample and their 

kinetic energy is recorded using a detector. 

 

Figure 20 – Schematic representation of XPS technique [49]. 

Then, a spectrum is created with an intensity peak (CPS) for each binding energy. This peak 

depends on the kinetic energy of ejection from the sample and, when compared with the 
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literature, provides an identification of the elements, composition and chemical bonds on the 

sample’s surface. 

Other peaks that can be present on the spectrum are the Auger peaks and satellite peaks. Auger 

peaks represent the release of energy with the decay of an electron to fill the vacant spot 

originated from the x-ray incidence (Figure 21). 

 

Figure 21 – Formation of normal and Auger peaks in XPS [50].  

Satellite peaks are resonance peaks that interfere with the analysis. These peaks appear close 

to known peaks of elements or compounds and can be filtered with monochromatic x-rays, by 

narrowing the binding energy gap [51]. 

3.2.2. X-ray Diffraction (XRD) 

X-ray diffraction [52] is a method used to characterize a crystalline sample, namely i) its 

structure; ii) presence and concentration of distinct phases; iii) atomic structure; iv) grain sizes 

and micro-deformations; v) residual stresses; vi) anisotropy and vii) micro diffraction. As the x-

ray beam is scattered on the atoms in the sample, the different arrangements of the atoms in 

the crystal structure will induce the diffraction of the beam in different directions and with 

different intensities, depending on their size and form, which will form a pattern that can be 

sensed by an x-ray detector [53], as observed in Figure 22.  

 

Figure 22 – Schematic representation of X-ray diffraction technique [54]. 
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Figure 23 represents a diffractometer, whose main components are: 

 X-ray generator; 

 X-ray source, generally a vacuum-sealed x-ray tube; 

 X-ray detector; 

 Sample holder; 

 X-ray optics, for collimation, conditioning or focusing of x-rays; 

 Goniometer, that provides relative angular positioning of x-ray source, sample and 

detector. 

 

Figure 23 – X-ray diffractometer [55]. 

The detector is one of the main components of the diffractometer and, as the name refers, it 

is responsible for the detection of each x-ray, generating a current pulse when absorbing it. 

Three important characteristics must be present in the detector: i) it must detect all the x-

rays, but discriminate false or noise pulses; ii) photons with the same energy must have pulse 

currents with identical height; iii) amplitude of the pulse must remain the same along time. 

Some of the most used detectors in XRD are the scintillator, lithium drifted silicon detector 

(Si(Li)), wavelength dispersive, and calorimetric. 

This analysis is mostly used to identify unknown crystalline materials in different fields of 

science, which must be homogeneous and single phased (for better analysis) and requires access 

to standard files with the compounds’ crystal characteristics, namely d-spacing and hkl 

positions index [52]. 

3.2.3. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is a technique used to analyse a sample surface and observe its 

composition and structure. It is based on the emission of an electron beam that scatters the 
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atoms at the surface of the sample, as can be observed in the figure below, Figure 24, releasing 

electrons that are detected and can create an image of the sample surface. 

 

Figure 24 – Electron scattering of surface’s atom in a sample (SEM) [56]. 

The electrons responsible for the SEM image formed are the secondary electrons (SE) and the 

backscattered electrons (BSE). SE are emitted when the electrons of an atom receive enough 

energy to escape and are responsible for the greater resolution of the image. BSE are electrons 

emitted from the electron beam that re-emerges from the surface of the atom. They are 

sensitive to the atomic mass of the nuclei and so, they present variations in the composition of 

the sample [57] and can improve the brightness of the image. However, a loss in resolution is 

also noticed [58]. 

Figure 25 shows how a scanning electron microscope can produce a SEM image. Condenser lens 

are responsible for controlling the spot size in the sample allowing the objective lens to 

converge the beam and focus the image on the pretended position. After that, SE and BSE are 

identified by the respective detectors to form a SEM image. This analytic technique is 

performed under low or high vacuum. 
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Figure 25 – Elements of a SE microscope [59]. 

3.3. Experimental Procedure 

3.3.1. Catalytic hydrolysis of commercial sodium borohydride 

Catalytic hydrolysis of NaBH4 (Panreac Química SA – 123314,1608, 96 % purity) was performed 

9 times in the reactor with conical bottom and internal volume of 229 cm3, referred in Table 

6, to obtain by-product NaBO2. Different solutions, stabilized with NaOH (EKA UN1823, 98 % 

purity), were prepared according to the mass percentage of reactants displayed in Table 8, and 

5 mL of each solution were injected in the reactor (Figure 26) previously closed with a Ni-Ru 

catalyst inside. In some experiments, sodium carboxymethyl cellulose (Sigma-Aldrich - 419938) 

was used as additive. It is important to refer that NaBH4 and NaOH are hygroscopic, so the 

preparation of the solutions observed in Table 8, involved the initial dissolution of NaOH in 

water, during agitation, before adding sodium borohydride and then the additive CMC, if used. 

The density of each solution was also determined using a 10 mL pycnometer.   
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Table 8 – Mass percentage of reactants on the performed experiments. 

Reactant 

Mass Percentage (%) 

1 and 2 3 and 4 5, 6 and 7 8 and 9 

NaBH4  13 10 10 10 

NaOH 7 7 7 7 

CMC - - 1 0.25 

 H2 80 83 82 82.75 

 

Figure 26 - Reactor used to perform the hydrolysis of NaBH4. 

Regarding the catalyst, it was synthesised and provided by the National Laboratory of Energy 

and Geology (LNEG), prepared through impregnation of ruthenium in nickel salts (Riedel-de 

Haën) by reaction with 10 wt.% stabilized NaBH4 solution (Rohm and Haas), as a reducing 

environment. It was then decanted, washed, filtered, dried and heat-treated at 110 ºC, and 

kept in a desiccator until use. The ratio of mass of catalyst over mass of NaBH4 was stablished 

as 0.4 g/g, similarly to previous experiments published ([9], [10], [22], [24]). In the end, the 

catalyst was separated from the products of reaction, settled naturally in water and decanted 

a few times, to dissolve the unseparated NaBO2 crystals in water, and finally dried at 80 ºC for 

1 hour or 120 ºC at 30 minutes. The reaction was performed under uncontrolled room 

temperature and the pressure and temperature on the bottom and on top of the reactor were 

monitored and recorded with a data acquisition system using LabView software. 
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3.3.2. Ball milling of sodium metaborate 

The products of the hydrolysis, H2 and NaBO2 were treated differently: H2 was carefully 

released to the atmosphere – as soon as the reaction ended; the product solution containing 

NaBO2 and the catalyst was inserted in a 15 mL conical centrifuge tube (falcon) and, after 

deposition of the catalyst (using a centrifuge Rotofix 32A, at 4000 rpm, to promote the 

separation), NaBO2 was dried at room temperature, and a small quantity was analysed by SEM 

(FEI Quanta 400 FEG ESEM / EDAX Genesis X4M) and XPS (Kratos Axis Ultra HAS). The remaining 

sodium metaborate was used in the mixer mill to be recycled to its hydride form. 

Commercialized NaBO2 was also tested in the RETSCH MM200 to compare the results of the 

milling with sodium borohydride produced from synthetized NaBO2. The catalyst separated on 

the falcon was treated as above mentioned to be reused in the sodium borohydride’s hydrolysis.  

In the ball mill, 1 g of NaBO2 reacted with MgH
2
 in excess, following Equation 2.11, in the 

presence of two high-density balls of zirconium with 10 mm of diameter. The conditions of the 

reaction are presented in Table 9. 

Table 9 – Conditions for NaBH4 formation by mechano-chemical reaction. 

MgH
2
/NaBO2 molar ratio 2.07 

Ball/Powder mass ratio (g/g) 2 

Atmosphere in the mill Nitrogen 

Radial velocity (rpm) 1200 

 

3.3.3. Study of CMC’s influence 

The by-product of experiments 5 to 9, referred on Table 8, was also analysed by XRD (Bruker-

AXS Smart Apex II). This analysis can be important to understand the behaviour of additive 

carboxymethyl cellulose in the hydrolysis of sodium borohydride and in the crystal structure of 

sodium metaborate, i.e., if the rearrangement referred by Ferreira et al. [18] is more 

accentuated when the concentration of CMC increases. 
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4. Results and Discussion 

4.1. Recyclability of sodium metaborate 

As referred in chapter 3.1, a preliminary test to recycle commercial sodium metaborate through 

ball milling was performed, in the presence of a gas detector, on the RETSCH MM200 mixer 

mill, based on the results of Kong et al. [43]. However, the reaction had to be stopped after 

two minutes due to hydrogen leak and to safety reasons, to avoid hydrogen combustion. A new 

vessel was then designed to solve this problem. Nevertheless, the manufacture of this vessel to 

the mill was delayed and ball milling reaction could not be tested. As future work, the test of 

this recyclability process with the new vessel is important to confirm the previous results 

reported in the literature. 

4.2. Hydrolysis of sodium borohydride 

4.2.1. Influence of CMC on the by-product NaBO2 

This sub-chapter presents a comparison between the results obtained by SEM and XPS analysis 

of catalytic hydrolysis of sodium borohydride with and without use of additive CMC. 

4.2.1.1 Scanning Electron Microscopy (SEM) analysis 

The catalytic hydrolysis of sodium borohydride allowed the production of sodium metaborate 

crystals, according to the experimental procedure presented in chapter 3.3.2, that can be 

furtherly recycled within the vessel. Although experiments 1 to 4 (without additive) 

demonstrated a simple crystallization process, the crystals in the hydrolysis with CMC formed 

a unique crystallization, whose aspect can be resembled to needles. Figure 27 shows the sodium 

metaborate crystals formed in experiments with 1 % CMC and 0.25 % CMC.  

 

Figure 27 – Sodium metaborate crystals with a) 1 % CMC and b) 0.25 % CMC. 

a) b) 
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Figure 28 presents the SEM analysis of the crystals, where it is observed the high heterogeneity 

of the hydrolysis’ by-product, i.e., there is not a defined pattern that characterizes the sample. 

There is also confirmed, in the experiment with CMC additive, the presence of a needle’ shape, 

as observed in Figure 28 c).  

 

Figure 28 – SEM analysis of sodium metaborate crystals obtained from NaBH4 hydrolysis. 

a) hydration factor (x) = 11, b) hydration factor (x) = 16, c) hydration factor (x) = 16 and solution with 

1 % CMC. 

4.2.1.2.  X-ray Photoelectron Spectroscopy (XPS) analysis 

Figure 29 presents the XPS analysis for the hydrolysis by-product crystals obtained in 

experiments 1 and 2 (x = 11, without CMC), 3 and 4 (x = 16, without CMC) and 5 and 6 (x = 16 

with 1 % CMC). Table 10 provides the atomic percentage of the principal components of each 

sodium metaborate crystals. From this analysis, it can be observed a decrease in boron 

percentage in the hydrolysis with additive CMC compared to classic hydrolysis (without 

additive). A possible explanation for this decrease is that the polymeric additive involves the 

sodium metaborate molecule, and given that XPS is an analysis performed to the surface of the 

crystals, the intensity of the boron peak is smaller due to a higher distance from the surface. 

On the other side, the atomic percentage of carbon is larger, because the by-product is 

composed by carbon atoms arising from the carboxymethyl cellulose. However, this theory may 

be better demonstrated with an XRD analysis which is presented later. 

  

a) b) c) 
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Figure 29 – XPS analysis of by-product from experiments a) 1 and 2, b) 3 and 4 and c) 5 and 6. 

 

 

b) 

c) 

a) 
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Table 10 – Atomic percentages of the principal elements of the by-product crystals obtained from 

experiments 1 to 6. 

Element 

Experiment 

1 and 2 3 and 4 5 and 6 

B 1s 14.3 15.0 4.0 

C 1s 31.0 22.5 42.7 

O 1s 41.4 44.9 35.8 

Na 1s 13.3 17.5 17.6 

 

4.2.2. Influence of the CMC concentration 

This sub-chapter presents a comparison between the results obtained by XPS and XRD analysis 

of catalytic hydrolysis of sodium borohydride with 1 % and 0.25 % CMC. 

4.2.2.1. X-ray Photoelectron Spectroscopy (XPS) analysis 

The XPS analysis of experiments with 1 % CMC and 0.25 % CMC are presented in Figures 30 and 

31, respectively. Table 11 contains the atomic percentage of each element observed in this 

analysis. As can be observed, although a decrease in the boron and sodium peaks and atomic 

percentage with increase in the CMC concentration was expected, there is not a clear relation 

between these two parameters. Despite a decrease in the boron percentage from experiment 

7 (1 % CMC) to experiments 8 and 9 (0.25 % CMC) is observed, the percentage in experiment 5 

and 6 (1 % CMC) is inferior to that experiment 8.  

This way, the most important conclusion from these results is that the by-product of reaction 

is highly heterogeneous, not allowing the correct analysis of the crystals, as observed 

fundamentally in experiment 9, i.e., these percentages referred in the table are higher or lower 

depending on the point where they are analyzed.  
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Figure 30 – XPS analysis of crystals obtained from experiments with 1 % CMC: a) experiments 5 and 6 

and b) experiment 7. 

a) 

b) 
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Figure 31 – XPS analysis of crystals obtained from experiments with 0.25 % CMC: a) experiment 8 and 

b) experiment 9. 

Table 11 – Atomic percentage of the principal elements of the by-product crystals obtained from 

experiments 5 to 9. 

Element 

Experiment 

5 and 6 7 8 9 

B 1s 4.0 16.0 13.3 1.3 

C 1s 42.7 20.2 26.9 33.7 

O 1s 35.8 45.6 42.9 39.1 

Na 1s 17.6 18.2 16.9 25.9 

 

a) 

b) 
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4.2.2.2. X-ray diffraction (XRD) analysis 

The XRD analysis of the by-products crystals formed in experiments 5 to 7 (1 % CMC) are 

presented in Figure 32 and the percentage of each compound in Figure 33. It can be observed 

that, as reported by Ferreira et al. [18], a rearrangement of the sodium metaborate molecules 

is observed and sodium boron hydroxide (peaks at 17, 23 and 30-40 degrees) is formed. 

However, two other by-products are produced, namely sodium carbonate monohydrate 

(Na2CO3 • H2O, peaks at 32 and 38 degrees) and sodium borate hydroxide hydrate ( 

Na2B4O5(OH)
4

• (H
2
O)

2.67
, peak at 31 degrees). Moreover, sodium carbonate monohydrate is the 

compound with higher percentage. 
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Figure 32 – XRD analysis of by-product of experiments 5 to 7. 
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Figure 33 – Compound percentage obtained in experiments a) 5 and 6, and b) 7. (a) 42 % sodium 

carbonate hydrate, 37 % sodium borate hydroxide hydrate and 21 % sodium boron hydroxide; b) 53 % 

sodium carbonate hydrate, 29 % sodium boron hydroxide and 18 % sodium borate hydroxide hydrate). 

Figures 34 and 35 represent the XRD analysis of the by-product crystals formed in hydrolysis 

with 0.25 % CMC (experiments 8 and 9) and the percentage of each compound, respectively. 

The presence of NaB(OH)
4
 (peaks at 17, 23 and 32-50 degrees) is again observed and sodium 

carbonate hydrate (peaks at 32-50 degrees) is produced. However, comparing with the results 

of XRD of hydrolysis with 1 % CMC, when only 0.25 % CMC is added to the hydrolysis, sodium 

borate hydroxide hydrate is not formed and NaB(OH)
4
 is the major compound present in the 

crystals.  

a) b) 
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Figure 34 – XRD analysis results of by-product of experiments 8 and 9. 
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Figure 35 – Compound percentage obtained in experiments a) 8 and b) 9 by-product. (a) 62 % sodium 

boron hydroxide and 38 % sodium carbonate hydrate; b) 72 % sodium boron hydroxide and 28 % sodium 

carbonate hydrate). 

Table 12 is a summary of the XRD analysis results of the by-product of catalytic hydrolysis of 

NaBH4 with CMC additive and presents the percentages of each compound in the crystals 

analyzed, referred in this sub-chapter. It can be stated that the use of CMC influences the by-

product of reaction, confirming the formation of NaB(OH)
4
, reported by Ferreira et al [18]. 

Nevertheless, the results report, for the first time, the presence of other components as 

constituents of NaBH4 hydrolysis by-product: sodium carbonate hydrate and sodium borate 

hydroxide hydrate (solution with 1% CMC); and only sodium carbonate hydrate is formed when 

0.25 % CMC is used. This way, the use of 1 % CMC not only decreases the sodium boron hydroxide 

formation as also promotes the formation of one more compound, which probably hinders its 

recycling to sodium borohydride. However, sodium borate hydroxide hydride, a less hydrate 

form of borax, can also be recycled, given its higher similarity to sodium borohydride than 

NaB(OH)
4
. As future work, it is important to separate these compounds and understand the best 

recycling process for each by-product. NaB(OH)
4
 is the compound with higher percentage when 

0.25 % CMC is used, which means that CMC is an important additive in hydrolysis of sodium 

borohydride, nevertheless its excess can also be a disadvantage in the recycling process of the 

by-product of reaction. Furthermore, the XRD results did not detected the presence of the CMC 

molecule in the samples, which not substantiate the theory presented in Chapter 4.2.2. 

Also, as future work, it is important to study the influence of other concentrations of CMC as 

well as its impact with different hydration factors. 

 

 

a) b) 
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Table 12 – Percentage of each compound in the by-product of each hydrolysis with CMC performed. 

Compound 

Experiment 

5 and 6 7 8 9 

NaB(OH)
4
 21 29 62 72 

Na2CO3 • H2O 42 53 38 28 

Na2B4O5(OH)
4

• (H
2
O)

2.67
 37 18 - - 

At last, a comparison of the sodium borohydride hydrolysis experiments with 0.25 % and 1 % 

CMC is presented in Figure 36, where the evolution of pressure inside the reactor is plotted. 

The results show that the production of hydrogen in gas form is the same in all experiments. 

Also, the yield and gravimetric and volumetric hydrogen storage capacity were not affected by 

the concentration of additive used. However, experiments with 1 % CMC (5 to 7) presented 

lower hydrogen production rates (slope of linear region of the curve) than those with 0.25 % 

(experiments 8 and 9). This confirms the results reported by Ferreira et al. [18] that CMC 

increases the solubility of hydrogen in the liquid phase.  

 

Figure 36 – Variation of pressure inside the reactor with time, in experiments 5 to 9 (exp 5 – H2 rate = 

6.2048, yield = 110 %, GHSC = 2.20 wt.%, VHSC = 24.46 kg/m
3
; exp 6 – H2 rate = 2.4052, yield = 108 %, 

GHSC = 2.16 wt.% , VHSC = 23.98 kg/m
3
; exp 7 – H2 rate = 2.4057, yield = 109 %, GHSC = 2.19 wt.% , 

VHSC = 24.22 kg/m
3
; exp 8 – H2 rate = 19.9057, yield = 111 %, GHSC = 2.22 wt.% , VHSC = 24.57 kg/m

3
; 

exp 9 – H2 rate = 14.8028, yield = 104 %, GHSC = 2.06 wt.% , VHSC = 22.80 kg/m
3
).
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5. Conclusion 

The main objective of this thesis was to study the recycling of sodium metaborate, a by-product 

of catalytic hydrolysis of sodium borohydride, through the mechano-chemical process, i.e., by 

ball milling the by-product with magnesium hydride in a mixer mill. This objective was not 

achieved, due to a failed preliminary test with commercial sodium metaborate, which required 

a new vessel to be designed and manufactured, that did not come on time of the conclusion of 

this thesis. 

The second objective was the study of the influence of an additive to the hydrolysis of sodium 

borohydride: carboxymethyl cellulose (CMC). Two concentrations of additive were studied: 0.25 

% and 1 %. The results obtained confirmed the rearrangement of the sodium metaborate 

molecules when CMC was present on the reaction, reported by Ferreira et al. [18], where 

sodium boron hydride was formed and no water molecules were observed on XRD analysis. 

Moreover, the results presented two other compounds in the crystals of the by-product of 

sodium borohydride hydrolysis, namely, sodium borate hydroxide hydrate (present in by-

product crystals with 1 % CMC) and sodium carbonate monohydrate (present in all the by-

product crystals with CMC). These important results allow to conclude that catalytic hydrolysis 

of sodium borohydride with additive CMC is an advantage when compared to hydrolysis running 

without additive, because the rearrangement of the sodium metaborate molecules facilitates 

the recycling to sodium borohydride, since the removal of the water molecules on sodium 

metaborate is a high energy consuming step. These results can be used to design novel paths 

in the recyclability process.  However, the formation of sodium carbonate monohydrate needs 

to be studied with more detail, because it is the compound with more percentage in the by-

product crystals with 1 % CMC and is present in the by-product crystals with 0.25 %. It is 

important to investigate if the separation of this compound from the remaining ones containing 

boron is required to synthetize sodium borohydride, since sodium borate hydroxide hydrate can 

be recycled as well. Moreover, it was observed that hydrogen yield and gravimetric and 

volumetric hydrogen system capacities were not affected by the presence of CMC, but the 

hydrogen production rate decreased with the increase of the concentration of CMC. Finally, 

from all the analysis performed on by-product crystals formed by hydrolysis of sodium 

borohydride with and without CMC, it can be concluded that the by-product of reaction is highly 

heterogeneous, i.e., there is not a defined pattern in the crystals and the atoms composing the 

by-product of hydrolysis of sodium borohydride are not equally distributed at the surface of the 

crystals.
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6. Limitations and Future Work 

The study of sodium metaborate – a by-product of catalytic hydrolysis of sodium borohydride - 

and its recycling process to sodium borohydride is fundamental to implement the use of sodium 

borohydride as a hydrogen carrier. This thesis focused on understanding the chemical structure 

of this by-product and how can it be recycled to its hydride form. The use of additive CMC at 

different concentrations was studied to analyze the impact on the by-product composition and 

structure.   

On the recyclability study, given the failed preliminary test with commercial sodium 

metaborate, performed on RETSCH MM200 mixer, it was necessary to design a new vessel to 

that mill, to avoid hydrogen leak. This vessel did not arrive on time to test the mechano-

chemical process, which requires, also, the extraction of sodium borohydride synthetized. As 

future work, it is necessary to test this reaction on the new vessel as well as the best extraction 

method to optimize this recycling process. Moreover, it is important to study other processes 

for recycling the sodium metaborate, for example, the electrochemical process referred on 

chapter 2. 

As for the study of the use of sodium carboxymethyl cellulose as additive to the catalytic 

hydrolysis of sodium borohydride, the number of experiments performed was limited by the 

amount of catalyst available together with the thesis deadline. Furthermore, the influence of 

other concentrations of CMC as well as its impact with different hydration factors must be 

studied. The results obtained open new ways of improving the recycling process to be developed 

in a near future.  
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Appendix A  Enthalpy of formation and 

Gibbs Free-Energy of the compounds and most 

important reactions referred in the thesis, at 

standard pressure and temperature 

Table A.1 – Enthalpy of formation and Gibbs free-energy for compounds referred on this thesis and 

reaction’s respective values at 25ºC and 1 atm. 

Compound Enthalpy (kJ/mol) Gibbs free-energy (kJ/mol) 

CH3OH  -238.66 -166.27 

CH4  -74.62 -50.46 

Cl2  0.00 0.00 

CO2  -393.51 -394.36 

H2  0.00 0.00 

H2O  -285.83 -228.94 

H2SO4  -909.27 [60] -744.53 

Mg 0.00 0.00 

MgH
2
  -75.30 -35.90 

MgO -602.69 -570.55 

Na 107.50 [61] 77.00 

NaBH4  -188.60 -123.90 

NaBO2  -977.00 -920.70 

NaBO2.2H2O  -1585.60 -1421.80 

NaBO2.4H2O  -2166.40 -1896.10 

NaCl -411.00 [62] -384.10 

NaH -57.66 -38.97 

NaOH -427.21 -379.61 
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Na2SiO3  -1519.00 -1462.80 

Na2SO4  -1384.50 (solid) -1266.90 

SiO2 [62] -859.40 -856.70 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 
1‐ NaBH4+ (2+x)H2O→ NaBO2.x H2O+4H2 

∆Hreaction = n Ʃ∆Hproducts − n Ʃ∆Hreactants 

=  ∆Hf,298K
0 (NaBO2.x H2O)+4 ∆Hf,298K

0 (H2) − [∆Hf,298K
0 (NaBH4)+(2+x)+∆Hf,298K

0 (H2O)] 

=[for x = 0] (‐977.00+4 × 0)‐(‐188.60+2 ×(‐286.26))=‐215.88 kJ/mol 

 
2‐ CH4+2 H2O → 4 H2+CO2 

∆Hreaction =  253.63 kJ/mol 

 

 

3‐ NaCl → Na + 
1

2
Cl2 

∆Hreaction = 518.50 kJ/mol 

 

 

 
4‐ H2+2Na →2NaH  

∆Hreaction = −166.16 kJ/mol 
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Appendix B  DOE’s technical storage targets 

for medium power portable equipment 

Table B.1 – DOE’s technical storage targets for medium power portable equipment. 

System Parameter Units 

Single-use Rechargeable 

2015 2020 2015 2020 

GHSC 

kWh/kg 

(kgH₂ /kgsystem) 

0.7 

(0.02) 

1.3 

(0.04) 

0.5 

(0.015) 

1.0 

(0.03) 

VHSC 

kWh/L 

(kgH₂ /Lsystem) 

1.0 

(0.03) 

1.7 

(0.05) 

0.7 

(0.02) 

1.3 

(0.04) 

Storage System Cost 

€/kWh net 

€/kgH₂ stored 

0.2 

(6.7) 

0.1 

(3.3) 

1.0 

(33) 

0.5 

(17) 

Hydrogen Capacity gH₂  >1-50 
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Appendix C  RETSCH Mixer Mill MM200 

Table C.1 – Mixer Mill characteristics. 

Feature Value or Aspect 

Size reduction principle Impact, friction 

Material feed size ≤6 mm 

Final fitness 10 µm 

Batch size / Feed quantity Max. 2 x 10 mL 

Number of grinding stations 2 

Setting of vibrational frequency Digital, 3-25 Hz (180-1500 1/min) 

Typical mean grinding time 30 s – 2 min 

Cell disruption with reaction vials Up to 10 x 2 mL 

Grinding jar sizes 1.5 mL / 5 mL / 10 mL / 25 mL 

Setting of grinding time 10 s – 99 min 

Storable SOPs 9 

Electric supply data 100-240 V, 50/60 Hz 

Power consumption 100 W 

W x H x D closed 371 x 266 x 461 mm 

Net weight 25 kg 

 

Applications: size reduction, mixing, homogenization, cell disruption 

Field of application: agriculture, biology, chemistry/ plastics, construction materials, 

engineering/ electronics, environment/ recycling, food, geology/ metallurgy, glass/ ceramics, 

medicine/ pharmaceuticals 

Feed material: hard, medium-hard, soft, brittle, elastic, fibrous 

Material of grinding tools: hardened steel, stainless steel, tungsten carbide, agate, zirconium 

oxide, PTFE  
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Appendix D  NPT – American Standard Pipe 

Thread Taper, O-ring dimensions and properties of 

Zirconium Oxide and stainless steel 

Table D.1 – NPT – American Standard Pipe Thread Taper [64]. 

Pipe 

Size 

(inches) 

Threads 

per Inch 

TPI - 

pitch 

Approximate 

Length of 

Thread (inches) 

Approximate 

Number of 

Threads to be 

Cut 

Approximate 

Total thread 

Makeup, Hand 

and Wrench 

(inches) 

Nominal 

Outside Pipe 

Diameter 

OD 

(inches) 

Tap 

Drill 

(inches) 

1/16" 27 - - - 0.313 - 

1/8" 27 3/8 10 1/4 0.405 R 

1/4" 18 5/8 11 3/8 0.540 7/16 

3/8" 18 5/8 11 3/8 0.675 37/64 

1/2" 14 3/4 10 7/16 0.840 23/32 

3/4" 14 3/4 10 1/2 1.050 59/64 

1" 11-1/2 7/8 10 9/16 1.315 1-5/32 

1-1/4" 11-1/2 1 11 9/16 1.660 1-1/2 

1-1/2" 11-1/2 1 11 9/16 1.900 1-47/64 

2" 11-1/2 1 11 5/8 2.375 2-7/32 

2-1/2" 8 1 1/2 12 7/8 2.875 2-5/8 

3" 8 1 1/2 12 1 3.500 3-1/4 

3-1/2" 8 1 5/8 13 1 1/16 4.000 3-3/4 

4" 8 1 5/8 13 1 1/16 4.500 4-1/4 

4 1/2" 8 - - - 5.000 4-3/4 

5" 8 1 3/4 14 1 3/16 5.563 5-9/32 

6" 8 1 3/4 14 1 3/16 6.625 6-11/32 

8" 8 1 7/8 15 1 5/16 8.625 - 

10" 8 2 16 1 1/2 10.750 - 

12" 8 2 1/8 17 1 5/8 12.750 - 

14" 8 - - - 14.000 - 

16" 8 - - - 16.000 - 
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Table D.2 – Seal O-ring dimensions [65]. 

Material Internal Diameter 

(mm) 

Cross Section  

(mm) 

Housing Depth-

static (mm) 

Groove Width  

(mm)  

FKM 24 1.0 0.70 1.40 

 

Table D.3 – Zirconia and Stainless steel’s properties. 

Material Zirconia [66] Stainless Steel 

Elastic Modulus (GPa) 205-380 193 

Poisson’s ratio 0.23-0.3 0.27 

Shear Modulus 86 86 

Tensile Strength (MPa) 350-2400 580 

Yield Strength (Mpa) - 172 

Thermal Expansion Coefficient 

(1/(10
5
·K)) 

0.8-1 1.6 

Mass Density (kg/m
3
) 4150-6150 8000 
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Appendix E  SEM analysis 

  

  

Figure E.1 – SEM images of NaBO2 crystals of experiments 1 and 2. 

  

Figure E.2 – SEM images of NaBO2 crystals of experiments 3 and 4. 



Catalytic hydrolysis of sodium borohydride for hydrogen production – Study of the influence of Carboxymethyl Cellulose (CMC) in the recyclability of NaBO2 

SEM analysis 57 

  

Figure E.3 – SEM images of NaBO2 crystals of experiments 5 and 6. 

 

 

 

 

 

 

 

 


