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Abstract

Fenton’s reagent is the combination of ferrous ions (Fe2+) and hydrogen peroxide and is commonly usedfor the degradation of organic molecules. The ferrous ions promote the formation of radicals from thehydrogen peroxide which degrade the organic molecules. In this research, colloidal hematite (α-Fe2O3)cubes are used as a source of iron ions. These cubes were synthesized according to an adjusted methodof Sugimoto et al. and were coated with amorphous and porous silica, yielding colloidal hematite in asilica box. We find that in the presence of hydrogen peroxide these colloids accelerate the degradationof organic molecules in a fashion similar to Fenton’s reagent. The degradation of the model organicmolecules methylene blue and rhodamine B was followed by the eye and with UV-Vis spectroscopy toquantify the amount of remaining organic dye. Cubes immobilized on mica substrates were still ableto accelerate the reaction, although the catalytic activity was less than for the cubes used in dispersedform. Unfortunately, not all the cubes remained on the support during the reaction. The adhesion wasimproved by thermally treating the substrates and it was observed that the silica shells were less brittleafter the treatment. Nitrogen physisorption measurements were performed on the bare and silica coatedhematite cubes to determine the surface area and pore sizes after etching the hematite core or the silicalayer. Upon etching of the hematite core with hydrochloric acid the porosity of the hematite and thesilica shell increased. A maximum in surface area for hematite during the etching with hydrochloric acidwas not found.
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Chapter 1

Introduction

1.1 Colloids
In this research, colloids of iron oxide coated with silica are used in combination with hydrogen peroxidefor the degradation of organic molecules. Colloids are particles with at least one dimension betweenapproximately 1 nm and 1µm and are widely spread. For instance, mud is a dispersion of colloidal clayparticles in water, fog consists of water droplets in air and also the fat droplets in milk and mayonnaiseare of the colloidal size. Colloids are found in all kinds of shapes and are made of various materials [1].They are used as model systems for atoms, because they show still Brownian motion, but can be mucheasier visualized with microscope techniques than individual atoms [2].
1.2 Fenton’s reagent and Waste Water Treatment
Iron in the combination with hydrogen peroxide is known to form Fenton’s reagent to degrade organicmolecules [3]. In this research cubic shaped hematite (α-Fe2O3) colloids of ∼1µm were used as a sourceof iron for the catalytic reaction. The cubes were synthesized via a precipitation reaction of iron(III)chloride and sodium hydroxide following the method of Sugimoto et al. [4, 5]. The hematite particleswere coated with porous silica [6, 7] in order to make a porous box with an iron oxide core.H.J.H. Fenton discovered the fast degradation reaction of organic molecules in the presence of Fe2+-ions (ferrous ions) and hydrogen peroxide H2O2, known as the Fenton reaction, already in 1894 [3].Although Fenton discovered the reaction, the mechanism was first described by F. Haber and J. Weiss in1934 [8]. They discovered that the hydroxyl radicals were responsible for the degradation reaction of theorganic molecules. In 1949, W.G. Barb et al. adjusted the reaction mechanism to what is still the mostused explanation today [9, 10]. This reaction mechanism will be discussed in section 2.1.During the reaction Fe2+-ions act as a catalyst and promote the formation of radicals from hydrogenperoxide [11]. The most important radical is the hydroxyl radical (OH•), which has a very high reductionpotential (see section 2.1.1.1). Therefore, it can degrade almost any organic molecule. In the Fentonprocess organic molecules are degraded into fragments mainly by reacting with this radical [11].The Fenton reaction is known to be very efficient in waste water treatment and can be used forthe degradation of a wild variety of organics and is applied in many industrial waste water treatments[11, 12].
1.3 Separation Membranes
Separation membranes are used to separate different species from each other, for example pollutants fromwaste water, discriminating on their size. Densely packed colloids can form a separation membrane formolecules. Since cubes have a 100 % theoretical packing, they are the perfect shape to form a membraneof. In this thesis cubic shaped silica coated hematite (α-Fe2O3) colloids are applied for this aim. Stöbersilica is a porous material through which liquids can pass, however large molecules can not. The cubes
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Chapter 1. Introduction 1.3. Separation Membranes
are also filled with iron oxide, so the membrane will not only be able to filter but also to degrade organicmolecules by a Fenton-like reaction. Figure 1.1 shows a schematic picture of membrane built up fromporous silica boxes, functionalized with hematite for catalysis. The advantage of this membrane is thatthe silica boxes already contain the hematite core by the followed synthesis route.

Figure 1.1: Schematic picture of a membrane of porous silica cubes containing hematite. Contaminated water flowsfrom below through the membrane. Large organic molecules will be blocked by the porous silica boxes and smallmolecules are degraded inside due to the presence of iron oxide and hydrogen peroxide added to the solution.
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Chapter 2

Theory

2.1 Fenton’s reagent

2.1.1 Reaction MechanismThe reaction mechanism of the Fenton reaction, the fast degradation of organic molecules in the presenceof iron ions and hydrogen peroxide, is stated below [9, 10, 13]. The underlying redox reactions of thismechanism are listed in the next section.
Fe2+ + H2O2 −−→ Fe3+ + OH• + OH–Fe3+ + H2O2 −−→ Fe2+ + OOH• + H+Fe3+ + OOH• −−→ Fe2+ + O2 + H+OH• + H2O2 −−→ OOH• + H2OOH• + organic molecule −−→ fragments

First Fe2+ promotes the formation of hydroxyl radicals, although little can be found in literature aboutthis specific reaction mechanism. The iron ions are regenerated by hydrogen peroxide to their originaloxidation state and so iron can be considered as a catalyst in this reaction. The ratio of ferrous (Fe2+)and ferric (Fe3+) ions can, however, change during the reaction. Finally the produced radicals, and inparticular the hydroxyl radicals, are responsible for the fragmentation and degradation of the organicmolecules. When completely degraded, the final products from the organic molecules are water, carbondioxide and inorganic salts [11].In the case of the hematite (α-Fe2O3), which will be used in colloidal form in this research, iron ispresent as Fe3+ and the reaction will start at the second and third step where Fe2+ is formed. TheFenton reaction starting with iron(III) instead of iron(II) is called a Fenton-like reaction [11].
2.1.1.1 Redox ReactionsBelow, a number of reduction potentials are given for species which play a role in the Fenton’s reactionand of fluor as a reference which is known to be a strong oxidant [14]. The degradation of the modelorganic molecule methylene blue can not be achieved by a redox reaction between the iron ions andmethylene blue or hydrogen peroxide and methylene blue, since the difference between the potentialsof the oxidant and reductor has to be positive. The only redox reaction that can occur in the first placeis between Fe3+ and hydrogen peroxide, due to the slightly positive difference in standard reductionpotentials between the reduction and the oxidation reaction [14, 15]:

∆E0 = E0reduction − E0oxidation = E0Fe3+ − E0H2O2 = 0.77− 0.70 = 0.07 V (2.1)
However, Barb et al. proposed a different mechanism for the reaction between the Fe3+ ions andhydrogen peroxide [10]. Hydrogen peroxide itself is in equilibrium with H+ and OOH–. The OOH– ioncan react with the ferric (Fe3+) ion to form a ferrous and a neutral OOH radical. Subsequently the radicalcan react with another ferric ion.
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Chapter 2. Theory 2.2. Nitrogen Physisorption
The Fenton reaction has a optimum at an acidic pH. In literature, a pH of 3 is often stated as theoptimum pH for the Fenton reaction [11, 16].

F2(g) + 2 e– −−⇀↽−− 2 F–
OH• + H+ + e– −−⇀↽−− H2OO3(g) + 2 H+ + 2 e– −−⇀↽−− O2(g) + H2OH2O2 + 2 H+ + 2 e– −−⇀↽−− 2 H2OOOH• + H+ + e– −−⇀↽−− H2O212 O2(g) + 2 H+ + 2 e– −−⇀↽−− H2OFe3+ + e– −−⇀↽−− Fe2+O2(g) + 2 H+ + 2 e– −−⇀↽−− H2O2methylene blue + 2 H+ + 2 e– −−⇀↽−− reduced stateO2(g) + H+ + e– −−⇀↽−− OOH•

E0=2.89 V
E0=2.56 VE0=2.08 VE0=1.76 VE0=1.44 VE0=1.23 VE0=0.77 VE0=0.70 VE0=0.53 VE0=−0.05 V

2.2 Nitrogen Physisorption
Molecules and atoms can attach to surfaces in two different ways, covalent or non covalent. The covalentway is called chemisorption, which will only be discussed briefly. Chemisorption is the abbreviationof chemical adsorption and is the chemical bonding of a molecule or atom on a surface. Energy isneeded to chemisorb a molecule and the distance from the adsorbate to the surface is much shorterthan in physisorption, the other way of attaching a molecule or atom. In physisorption only the van derWaals attraction between the surface and the adsorbate plays a role. The binding energy is typicallyaround −20 kJ mol−1, which is ten times smaller than the energy required for chemisorption (around
−200 kJ mol−1). The binding energy involved in physisorption is not large enough to break a bond in thephysisorbed molecule, therefore the adsorbate retains its identity, although the shape might be distortedby the surface [17].Physisorption can be used to determine the surface area of a material and the presence of pores andtheir size. The most common used technique is nitrogen physisorption. Physisorption can also be donewith other gases, however nitrogen is abundant, relatively cheap, the measurement temperature is wellcontrollable and the molecules hardly change their shape and size when it adsorbed on an interface.
2.2.1 Operation of a Nitrogen Physisorption ApparatusIn figure 2.1 a schematic representation of a nitrogen physisorption apparatus is shown. The set-upconsist of two compartments with a known volume; compartment one is empty and compartment twocontains the material to be measured. First, vacuum is created in the two compartments to ensure thatall adsorbed species on the material are removed. The left compartment is then filled with nitrogen whilethe right one is closed. Subsequently, the valve between the compartments is opened and the materialin the right compartment takes up some gas. After equilibration, the pressure is measured and thevalve between the two compartments is closed. The pressure in compartment one is increased and afterequilibration between the two compartments the pressure is measured again. These steps are repeateduntil the condensation pressure of the gas is reached, which is one bar for nitrogen at 77 K. The amountof adsorbed gas can be calculated from the difference in pressure for each step and a plot of the amountof adsorbed gas as a function of the pressure is obtained. In this way the absorption curve is obtained,for the desorption curve the pressure in the first compartment is lowered in each step. The adsorptionand desorption curves, and the difference between them, contains information about the surface area ofthe material and the pores in the material [18].
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2.2. Nitrogen Physisorption Chapter 2. Theory

V1 V2

valve valve

valve

Figure 2.1: Schematic picture of the operation of a nitrogen physisorption apparatus. Compartment 2 (V2) is filledwith the material being measured. The compartments can be opened and closed by the valves. Redrawn from [18].
2.2.2 PoresThe IUPAC (International Union of Pure and Applied Chemistry) defined pores in the three followingclassed, depending on their size [19]:microporesmesoporesmacropores

<2 nm2–50 nm>50 nm
The size and the shape of the pores in a material can also be determined with nitrogen physisorption.Small pores fill at a lower pressure and hysteresis between the adsorption and the desorption curvecontains information about the shape of the pores. First the capillary condensation in the pores isdiscussed according to the Kelvin equation, whereafter the different pore shapes are discussed.

2.2.2.1 Kelvin EquationThe Kelvin equation describes the equilibrium condition for curved surfaces of a liquid that is in equilib-rium with the vapor phase [18]:
ln pr
p0 = Vmγ

RT

( 1
r1 + 1

r2
) (2.2)

Where pr is the vapor pressure of a supersaturated gas that is in equilibrium with droplets withradius r, p0 is the saturated vapor pressure, Vm the molar volume (in cm3/mol or m3/mol) and γ thesurface tension (in J/m2) both of the liquid. R is the gas constant, T the absolute temperature and r1and r2 are the radii of curvature of the surface in two directions. Notice that the radius is positive for aconvex surface and negative for a concave surface. The difference in the adsorption and the desorptionisotherm will only be observed when meso- or marcropores are present. Micropores fill at low pressureand therefore no hysteresis occurs. Since the measurements are performed with nitrogen, T = 77K,
γ = 0.0085 J/m2 and Vm = 30 cm3/mol.A spherical and a cylindrical meniscus are shown in figure 2.2, these two types are common inadsorption of gasses. For the spherical meniscus in figure 2.2a the radii are equal and because thesurface is concave, both are negative. The Kelvin equation for this surface then is:

pr = p0 exp(Vmγ (−1
r −

1
r
)

RT

) = p0 exp(−2Vmγ
rRT

) (2.3)
For the surface in figure 2.2b the surface is curved in one direction and flat in the other direction.The Kelvin equation for this cylindrical surface is therefore:
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Chapter 2. Theory 2.2. Nitrogen Physisorption
pr = p0 exp(Vmγ (−1

r + 1
∞
)

RT

) = p0 exp(−Vmγ
rRT

) (2.4)
For a flat surface between the liquid and vapor phase, pr has to equal p0 which also follows from theKelvin equation:

pr = p0 exp(Vmγ ( 1
∞ + 1

∞
)

RT

) = p0 (2.5)

(a) Spherical mensiscus (b) Cylindrical meniscus
Figure 2.2: The spherical interface is curved in two directions, where the cylindrical interface is curved onedirection and flat in the other direction. Redrawn from [18].

From these formulas it can be seen that the pressure above a spherical interface is smaller than abovea cylindrical interface. Also the fact that small pores fill at low pressure can be understand using theKelvin equation.
2.2.2.2 Slit-like PoresIn slit-like pores the thickness of the layer fill follow the normal absorption, depending on the materialand the pressure. This adsorption can for instance be described by formula 2.12, which will be discussedlater. The layers will touch when the thickness of the layer is half the diameter of the pore. However,for the desorption the interface is curved, as can be seen in figure 2.3, which results in emptying of thepore at a lower pressure.

Figure 2.3: Adsorption and desorption of a slit-like pore. From left to right: empty slit-like pore, a slit-like poreduring filling and a slit-like pore during emptying of the pore. Redrawn from [18].
2.2.2.3 Cylindrical PoresThere are two types of cylindrical pores: pores that are open at both sides and pores that are open atonly one side. These two types show different behavior in the physisorption measurements. In the Kelvinequation r is replaced by rp − tcyl, the pore radius minus the adsorbed thickness, because the radii ofcylindrical pores depend on thickness of the already adsorbed layer.
Open at Both Sides For pores open at both sides hysteresis is observed, the adsorption takes placeat:
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2.2. Nitrogen Physisorption Chapter 2. Theory
pr = p0 exp(− 2Vmγ(rp − tcyl)RT

) (2.6)
The desorption of the cylindrical pore takes place at:

pr = p0 expVmγ (− 1
rp−tcyl + 1

∞

)
RT

 = p0 exp(− Vmγ(rp − tcyl)RT
) (2.7)

Figure 2.4: Schematic representation of adsorption and desorption of an open cylindrical pore. The interface iscurved in one direction during the adsorption and is curved in two directions during the desorption. Redrawn from[18].
Open at One Side For one end open cylindrical pores there is no hysteresis between the adsorption anddesorption curve, because the smallest curvatures are the same in adsorption and desorption. Thereforethe filling and opening takes place at:

pr = p0 exp(− 2Vmγ(rp − tcyl)RT
) (2.8)

Figure 2.5: The interface of a one side closed pore is curved in two directions during adsorption and desorption.Redrawn from [18].
2.2.2.4 Ink Bottle PoresFor ink bottle pores, schematically drawn in figure 2.6, the moment of adsorption is determined by theradius of the large volume, while the point of desorption is determined by the relatively small radius ofthe cylinder. This results in a relatively large hysteresis compared to the hysteresis found for slit-likeand cylindrical pores.
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Chapter 2. Theory 2.2. Nitrogen Physisorption

Figure 2.6: The radius of the large volume determines the adsorption pressure and the radius of the small enddetermines the desorption pressure. Both interfaces are curves in two directions. Redrawn from [18].
2.2.3 IsothermsIn this section, the Langmuir and BET theories for molecules adsorbing on a surface are discussed, aswell as the t-plot method used for microporous materials.
2.2.3.1 IUPAC Classifications of IsothermsDifferent materials give rise to different types of isotherms. IUPAC categorized physisorption isothermsin six types which are shown in figure 2.7 and will be discussed briefly here [20].

Figure 2.7: IUPAC classifications of physisorption isotherms, see the text for details [20].
Type I This isotherm is obtained by materials with a relatively low external surface and has the formof the Langmuir isotherm (section 2.2.3.2).
Type II This isotherm is often obtained for non-porous or macroporous materials.
Type III This type of isotherm is not very common, however it can be found when the interaction betweenthe material and the adsorbed species is very weak.
Type IV This type is the equivalent of Type II for materials with mesopores. The mesopores cause thehystheresis in the isotherm, which is discussed in section 2.2.2.
Type V This isotherm is the equivalent of Type III for porous materials.
Type VI This isotherm shows stepwise multilayer adsorption. This form can be obtained with argon orkrypton on graphitised carbon blacks at liquid nitrogen temperature.
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2.2. Nitrogen Physisorption Chapter 2. Theory
2.2.3.2 Langmuir IsothermThe Langmuir isotherm is one of the most simplest theories for adsorption and describes monolayeradsorption of gases on surfaces [21, 22]. Furthermore, this theory assumes that all adsorption sites onthe surface are equal and there are no interactions between the adsorbed molecules. Formula 2.9 is theLangmuir isotherm and can be derived form thermodynamics and equilibrium reactions. In figure 2.8 theLangmuir isotherm is plotted for different values of K , the equilibrium constant. θ is the surface coverage,which equals one when the surface is completely covered and p is the pressure. Since θ is unitless Khas the unit bar−1 when p has the unit bar.

θ = Kp1 + Kp (2.9)
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Figure 2.8: Langmuir isotherms for different equilibrium constants
2.2.3.3 BET-isothermThe BET-isotherm (equation 2.10), named after and derived by Brunauer, Emmett and Teller is a theorydescribing multilayer adsorption [23]. In this formula Vad is the adsorbed volume nitrogen in cm3 or m3at 273 K and 1 atm, Vml the volume of one monolayer in cm3 or m3 at 273 K and 1 atm, c = K1

K2 , theBET-constant where K is the equilibrium constant between the adsorbed and the desorbed molecules inPa−1. Moreover, c compares the interaction for the first and the following layers and is a rough measurefor the heat of adsorption for the first layer. When molecules adsorb easily at low pressure the c value ishigh, as also can be seen in figure 2.9. p/p0 is the relative pressure and the condensation pressure is at
p/p0 = 1. The equation describes the adsorption of the number of molecules on a surface as a functionof the pressure.

Vad
Vml = cp/p0(1− p/p0 + cp/p0)(1− p/p0) (2.10)

The BET-constant c is a measure for the interaction between the nitrogen molecules and the material.In figure 2.9 a few isotherms are given for several values of c.
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Chapter 2. Theory 2.2. Nitrogen Physisorption
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Figure 2.9: BET isotherm for different BET-constants.
The BET-isotherm is only valid when certain assumptions are made. The BET-isotherm assumes thatall the nitrogen molecules adsorb on equal adsorption sites, but in practice some places on the surfacewill be favored. All the layers of adsorbed molecules are assumed to be equal and the heat of adsorbtionis assumed to be equal in all the layers except for the first layer adsorbed on the surface. In reality thesecond layer will be adsorbed more easily than for example the fourth layer. The interaction of moleculeswithin a layer is assumed to be absent and therefore a molecule can not adsorb on a site in a layer whenthe place below is not occupied. A big disadvantage of the BET-isotherm is that is also assumes theabsence of pores. This makes the BET-isotherm only a good description for the adsorbtion of the firstfew layers.To determine the constants in the BET-isotherm it is useful to linearize equation 2.10 to formula 2.11.

p/p0
Vad(1− p/p0) = 1

Vmlc + c − 1
Vmlc p/p0 (2.11)

Where c−1
Vmlc is the slope and 1

Vmlc the intercept with the y-axis. The BET-isotherm is fitted in this wayusually between 0.05 < p/p0 < 0.3.
2.2.3.4 t-plot MethodThe t-plot method is used to determine the surface area and the pore volume of microporous materials.Due to the capillary condensation in the pores, more gas is adsorbed in porous materials than in non-porous materials. t in the following equations is the statistical thickness of an adsorbed monolayer ata certain pressure for a non-porous material. The statistical thickness is compared with the adsorbedamount of gas with one of the following formulas. From the linear ranges the surface area follows from theslope and the micropore volume from the intercept. The intercept and the slope are corrected by applyinga correction factor. This correction factor is determined for a non-porous silica-alumina material.The formulas are both plotted in figure 2.10, in this thesis the most commonly used Harkins–Jura–deBoer isotherm (equation 2.12) will be used to determine the pore volume [24, 25]. The second formula isthe Dollimore–Heal equation [26, 27].

HJB: t =√ 0.13990.034− log(p/p0) (2.12)
DH: t = 0.354( −5ln(p/p0)

)1/3 (2.13)
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Figure 2.10: Plot of the Harkins–Jura–de Boer (HJB) and the Dollimore–Heal (DH) equations.
2.3 Self-assembly of Cubes
To block the major part of the contaminants in a feed solution by the membrane, the cubic shape particleshave to (self-)assemble into a face centered cubic (fcc)-like structure. It has previously been found thatsilica cubes can assemble in cubic crystals by the use of a depletant, which forces the cubes together[28]. Nevertheless, silica coated hematite cubes can form densely packed structures in the absence of adepletant, which can be seen in figure 4.37. In this scanning electron microscope (SEM) picture silicacoated hematite cubes were dried on a mica substrate, on which they also form ordered structures.Jiao et al. modeled the optimal packing of 2D superdisks and 3D superballs [29, 30]. The colloidalhematite cubes have the superball shape, which can be described by equation 2.14. x, y and z areCartesian coordinates and m is the shape parameter [31]. The shape parameter defines the deformationof the superball. For m = 2 a sphere is obtained and for m =∞ a perfect cube.

(x)m + (y)m + (z)m = 1 (2.14)Depending on the shape parameter the following structures were found for superballs by Jiao et al.[30]. In figure 2.11 two structures are shown for superballs with m > 1. For superballs with m > 2.3the C1-packing, shown in figure 2.11b, is found to be the most dense and favored packing. These densepackings of cubic particles would be ideal to form a separation membrane.

(a) C0-packing for m = 3.6. (b) C1-packing for m = 4.
Figure 2.11: Figures taken from [30].

2.4 Properties of Hematite
Hematite (α-Fe2O3) is, together with goethite (α-FeOOH), one of the most stable forms of iron oxideand is therefore the most common natural form of iron [32]. It appears red when it is finely divided and

17



Chapter 2. Theory 2.4. Properties of Hematite
black or grey when it is crystalline, see figure 2.12 [15]. The crystal structure of hematite is hexagonal(rhombohedral) [15, 33] and the density of the material is 5.26 g/cm3 [32].

Figure 2.12: Hematite mineral [34].
2.4.1 Colloidal Hematite CubesColloidal hematite cubes can be synthesized via a precipitation reaction of iron (III) cloride (FeCl3) andsodium hydroxide (NaOH) to iron hydroxide (Fe(OH)3) [4, 5]. During this synthesis, needles of akaganéite(β-FeOOOH) are formed which aggregate while the akaganéite dehydrates to form hematite [35]. Thefinal internal structure of the particles still contains the needle structure [36]. Furthermore, the size ofthe colloidal particles can be controlled by the excess of Fe3+. The excess of ferric ions (Fe3+x ) can becalculated from the reaction equation with the following formula.

Fe3+x = Fe3+total − 13OH−total (2.15)
The larger the excess of Fe3+ ions, the larger the particles will become [4, 37]. The cubic shape ofthe hematite colloids is obtained by the absorption of chloride ions on the {012} crystal planes [38, 39].Rossi has confirmed that obtained particles from this reaction are made solely of hematite by X-raypowder diffraction [40].

2.4.2 Acidity of Iron IonsSolutions of iron chloride are highly acidic, because the iron ions in solution can form an aqua acid. Thismeans that six water molecules coordinate to the iron ion as can be seen in figure 2.13. Subsequently,a proton can be repelled and an acidic solution is formed. Iron(II) ions can also form aqua complexes,however, due to their lower charge less protons will be repelled [41]. The equilibrium reaction for thehexaaquairon(III) ion is given by:
[Fe(OH2)6]3+(aq) + H2O(l) −−⇀↽−− [Fe(OH2)5(OH)]2+(aq) + H3O+(aq) (2.16)

3+

Figure 2.13: Iron water complex, hexaaquairon(III) ion
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2.5 Properties of Stöber Silica
For the coating of the particles with silica, the silica precursor tetraethyl orthosilicate (TEOS) is used.TEOS can be hydrolyzed and subsequently condensated to form Stöber silica (SiO2) following the totaloverall reaction given in equation 2.17 [6]. The formation of Stöber silica is catalyzed by a base althoughthe hydrolyzation and condensation reaction can also be catalyzed by an acid. From this reaction inethanol, porous silica is formed and when catalyzed by a base, having a porosity of 70 % and a specificsurface area of 515 m2/g [42]. The density of the silica is approximately 2 g/cm3 [43].

Si(OC2H5)4 + 2 H2O −−→ SiO2 + 4 C2H5OH (2.17)The pH in the reaction mixtures with the hematite cubes, hydrogen peroxide and an organic moleculeis quite low, around pH 3. This will be favorable for the silica coating, because the solubility in water ofsilica is less at low pH than at moderate or high pH [44].It is known for Stöber silica to melt around 1150 ℃ and fuse into dense silica. However also at lowertemperatures (upto 850 ℃) the strength of silica is increased by the disappearance of silanol and ethoxygroups on the surface [45]. Unfortunately the porosity of the silica also disappears above 850–950 ℃[46].
2.5.1 Surface Protected Water Etching of SilicaTo make silica more porous, without affecting the shape of a colloidal particle, the silica can be etchedby surface protected water etching [47, 48]. In figure 2.14 the procedure is schematically shown. Firstan adsorbing polymer is added to the particles, in this case polyvinylpyrrolidone (PVP). The polymerwill protect the outer surface. The etching is carried out in water around its boiling point, whether ornot in the presence of sodium hydroxide [48]. Silica dissolves in a basic environment and because theouter surface is protected by PVP the OH–-ions diffuse into the silica layer and dissolve the silica inside[44, 47]. Depending on the degree of etching the particles can be made hollow.

Figure 2.14: Schematic picture of the surface protected water etching process. First PVP is adsorbed on silicaparticles to protect the outer surface. Subsequently the (basic) solution in heated leaving a porous and optionallyhollow silica particle. Taken from [47].
2.6 Analytical techniques
In the following sections the analytical techniques used during this research are briefly explained.
2.6.1 Electron MicroscopyUsing electron microscopy a higher resolution is obtained than using light microscopy. Instead of lightelectrons are used to visualize materials. The wavelength of particles with a high speed is namely smallerthan the wavelength of visible light and is determined by the De Broglie wavelength [49]:

λ = h
mv (2.18)

Electron microscopy was used for the visual observation of the particles. Both transmission andscanning electron microscopy were used to observe individual particles and determine their size. In thenext figure the operation of the microscopes is shown schematically, which will be discussed in the nexttwo sections.
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Figure 2.15: Schematic picture of (left) TEM and (right) SEM. In the TEM electrons pass through the samplewhereafter the electrons are detected. In the SEM the backscattered electrons are detected. The magnetic lensesare denoted in the figure by the rectangles with crosses and focus the electron beam. Figure taken from [50].
2.6.1.1 TEMIn a transmission electron microscope (TEM) electrons are emitted by an electron gun, usually a tungstenfilament. The electrons are accelerated by a high voltage and are focused by the magnetic lenses. Theelectrons pass through the sample, therefore a thin sample is needed, otherwise no electrons can bedetected. Electrons encountering a thin specimen are often diffracted and can be detected in the so-called dark field mode, electrons encountering a thick specimen are not transmitted nor detected. Acontrast image is formed by detecting the transmitted electrons [49].
2.6.1.2 SEMIn the case of a scanning electron microscope (SEM) no thin sample is needed. In a SEM also electronsare accelerated and hit the specimen. Because the backscattered and not the transmitted electrons aredetected, the surface morphology of the sample can be viewed by a quasi 3D image. For SEM thereis no need of a thin sample, however the sample has to be conducting. Therefore the surface is usuallycoated with a thin layer of metal [49].
2.6.2 UV-Vis SpectroscopyIn a UV-Vis spectrometer the difference in intensity of the incident beam (I0) and the intensity of thetransmitted beam (Ie) is measured for each wavelength, usually between 200 and 700 nm. The transmissionis determined by equation 2.19 and the absorption by equation 2.20.

Transmission = T = Ie/I0 (2.19)
Absorption = 100− T (2.20)However, it is convenient to use the absorbance (equation 2.21), because the absorbance is linearwith concentration as given by the law of Lamber–Beer in equation 2.22.

Absorbance = A = − logT = − log Ie/I0 (2.21)
A = εcl (2.22)Where ε is the molar extinction coefficient in M−1cm−1, c the concentration in M and l the lengthof the cuvet in cm (usually 1 cm) [14]. In this research UV-Vis spectroscopy is used to quantify theremaining amount of dye during the catalytic degradation reaction of the dye molecules methylene blueand rhodamine B in the presence of hematite cubes and hydrogen peroxide.
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2.6. Analytical techniques Chapter 2. Theory
2.6.2.1 Reaction SpeedThe absorbance for one peak is plotted versus the time, the slope is a measure for the reaction speedof the degradation of the organic molecules by the Fenton reaction. The absorbance decreases namelyduring the degradation reaction. The slope is given by:

reaction speed = ∆A∆t (2.23)
Finally the conversion of organic molecules is liked to be known, in molecules degraded per second,and is calculated by:

speed (molecules/second) = ∆A
ε ∆t total reaction volume (mL) ·Nav1000 · 86400 (2.24)

This equation gives the total number of molecules converted in the reaction mixture. ∆A is thedifference in absorbance over a time ∆t (in days). ε is the molar extinction coefficient for the definedpeak in M−1cm−1 and Nav is Avogadro’s constant. From this speed also the theoretical degradation timecan be calculated, wherein no color would be observed anymore. The result should be divided by thepath length of the light, which is the thickness of the cuvet used in the experiment, to obtain the rightunits. The used path length throughout this thesis is 1 cm and therefore is left out of the formula inequation 2.24.Also the number of converted molecules per cube per second can be calculated. Therefore number ofcubes present in the reaction mixtures were approximated using the weight percentage of the dispersion,the volume of a perfect cube and the percentage of etched away silica and/or hematite by:
number of cubes = mtotal

msingle cube ≈
mL of dispersion · weight %/100

d3 · ρhematite · fhematite + Vsilica shell · ρsilica · fsilica (2.25)
Where,

Vsilica shell = (2τsilica + d)3 − d3 (2.26)
d is the edge length of a perfect cube, τsilcia the thickness of a silica shell, fhematite the fractionof remaining hematite and fsilica the fraction of remaining silica. For non-etched particles fhematite and

fsilica are one. ρhematite is the density of hematite (5.2 × 103 kg/m3) and ρsilica the density of silica(2.0×103 kg/m3). The density of water was assumed to be 1×103 kg/m3. The turnover-number (TON) inmolecules per second per cube is calculated by dividing the speed (molecules/second) by the number ofcubes. The theoretical degradation time and the TON given in this thesis actually can not be determinedwith the high accuracy they are given. However, these numbers are used to compare the experimentswith each other.
2.6.3 Infrared SpectroscopyOrganic molecules and inorganic materials can absorb light in the infrared by changing their vibrationalenergy. The wavelengths where absorption occurs are characteristic for the compound. In infraredspectroscopy, just like in UV-Vis spectroscopy, the absorbance is measured for wavelengths usuallybetween 450 and 4000 cm−1. Inorganic compounds or low concentration solutions are usually measuresin a solid KBr matrix. The compound or solution is added to KBr powder and pellets are made from thedried powder whereafter the infrared spectrum is recorded [14].

21





Chapter 3

Experimental

3.1 Chemicals

Name, purity (acronym) Formula SupplierEthanol, 100 % C2H5OH InterchemaHydrochloric acid, 37 wt% in water HCl EmsureHydrogen peroxide, 35 wt% solution in water, stabilized, p.a. H2O2 Acros OrganicsIron(III) chloride hexahydrate, p.a. FeCl3 · 6 H2O Sigma-AldrichMethylene blue C16H18N3SCl J. T. BakerPolyvinylpyrrolidone, 40 kg/mol (PVP) (C6H9NO)n Sigma-AldrichPotassium bromide, p.a. for IR-spectroscopy KBr FlukaRhodamine B C28H31N2O3Cl Sigma-AldrichSodium hydroxide, p.a. NaOH EmsureTetraethyl orthosilicate, puriss ≥99.0 % (TEOS) Si(OC2H5)4 Sigma-AldrichTetramethylammonium hydroxide, 25 wt% in water (TMAH) (CH3)4NOH Fluka
All chemicals were used as received from the supplier and the water used during the syntheses waspurified with a Synergy Millipore water purification system (Millipore water).
3.2 Synthesis of Hematite Cubes
Hematite cubes were synthesized following an adjusted method of Sugimoto et al. [4, 5, 37], from iron(III)chloride hexahydrate (FeCl3 · 6 H2O) and sodium hydroxide (NaOH).First, 20 g of NaOH was dissolved in Millipore water and transferred quantitatively to a 100 mLvolumetric flask, where the volume was brought to 100 mL. The sodium hydroxide solution became warmupon dissociation of NaOH. 50 g of FeCl3 · 6 H2O was dissolved in 100 mL water (measured with agraduated cylinder). The iron(III) chloride hexahydrate solutions were placed in an ultrasound bath for20 minutes to ensure complete solvation.In approximately 20 seconds the sodium hydroxide solution was added to the iron chloride solution,while stirred vigorously. Upon addition, a dark brown gel/slurry was formed and the solution was stirredfor another ten minutes. After removal of the stirring bar the gel was placed in an oven (Memmert TypeUE300) at 100 ℃ for eight days. After these eight days the cubes were washed several times to removethe acid, the non-perfectly formed small cubes and the possibly remaining needles. The needles areformed in the beginning of the reaction and assemble during the reaction into cubes [35, 36]. The formedcubes were stored in Millipore water.
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3.3 Coating of Cubes with Stöber Silica
The hematite cubes were coated with silica according to method of Graf, based on the Stöber method[6, 7, 28].7 g of 40 kg/mol polyvinylpyrrolidone (PVP) was adsorbed to 1 g of hematite cubes, dispersed inMillipore water, in a total volume of about 200 mL. The cubes were stirred overnight at 300–400 rpmwith a magnetic stirring bar. The centrifuge tube in which they were stirred was covered with aluminiumfoil since it has been suggested that PVP is light sensitive [7].The PVP coated hematite cubes were subsequently washed twice by centrifugation and redispersionin ethanol to remove the excess PVP and to transfer the cubes to ethanol for the silica coating. Thecubes were redispersed in 150–200 mL ethanol. The total volume has to be known, and therefore theethanol was measured in a graduated cylinder.For the silica-coating-reaction two stock solutions were prepared. The first is the catalyst for thesilica reaction, namely a 1 wt% tetramethylammonium hydroxide (TMAH) solution in water. The other isa solution of 20 g 40 kg/mol PVP in 100 mL ethanol. The PVP mixture was stirred until all the PVP wasdissolved and was then placed in an ultrasound bath for 20 minutes.The silica coating was performed in a 1 L two-neck round-bottom flask (4)1. The flask was placed inan ultrasound bath (5) (Branson 8210, cooled), which prevents the cubes to coalesce during the Stöbersynthesis. The total reaction volume was 500 mL. First, about 200 mL of ethanol was poured into theflask, depending on the amount of solvent wherein the cubes were redispersed. Thereafter, 66 mL ofMillipore water and 10 mL of 1 wt% TMAH were added. Then the ultrasound bath was switched on andthe cubes were added. In 45 minutes 10 mL tetraethyl orthosilicate (TEOS), diluted with 10 mL of ethanol,was added with a peristaltic pump (1) (Gilson minipuls 3 or Gilson minipuls evolution), using a tube (3)to the flask. During the whole reaction the mixture was stirred mechanically and ultrasonicated. Afterthe TEOS was added the 20 g PVP solution was added to prevent the particles sticking together. Theultrasound bath was switched on as long as possible, but at least three times 99 minutes. The mixturewas stirred during sonication and overnight with an overhead stirrer (2). After the synthesis the cubeswere washed with ethanol by centrifugation and redispersion in clean ethanol. The next figure shows apicture of the silica coating set-up.

Figure 3.1: Set-up of the silica coating. From the peristaltic pump (1) there is a tube (3) to the round-bottom flask(4) at the right side in the ultrasound bath (5). The mixture in the flask is stirred with an overhead stirrer (2).
3.4 Etching of Hematite
Once the hematite is coated with silica, the hematite inside the particles can be etched to obtain a highersurface area. A higher surface area results in an increased amount of accessible iron ions for the Fentonreaction.

1The numbers between brackets correspond to the numbers in figure 3.1
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3.5. Surface Protected Water Etching of Silica Chapter 3. Experimental
For the etching process, 6 or 12 M hydrochloric acid (HCl) was added to the silica coated hematitecubes portion wise. The reaction was performed in water.Examples of the final cubes, depending on the HCl concentration and the duration of the etching, aredepicted in figure 3.2. Longer etching times and higher concentrations of HCl result in a smaller hematitecore.In figure 3.2, the upper row shows TEM pictures of the cubes and the bottom row shows the colorof the dispersion. The cubes in 3.2a were not subjected to etching, the cubes in figure 3.2c were etchedover a longer time than the cubes in the middle (3.2b). When the hematite core becomes smaller thecolor changes from red to orange.

Figure 3.2: The silica coated cubes to the left are not etched, the cubes to the right are etched over a longertime than the cubes in the middle. The hematite core becomes smaller (top) and the color of the particles changes(bottom).
3.5 Surface Protected Water Etching of Silica
Besides etching of hematite, the silica layer can also be etched to make it more porous. The silica layerwas etched by surface-protected water etching [47, 48].A 100 mL three-neck round-bottom flask was used for the etching procedure. The flask was etchedovernight with a saturated KOH solution in ethanol prior the reaction.308.07 mg 40 kg/mol PVP was dissolved in 20 mL of Millipore water (measured with a graduatedcylinder). This solution was sonicated for 15 minutes to be sure that the PVP was completely dissolved.The mixture was heated in the flask to 85 ℃ while refluxing. When the mixture reached 85 ℃, 10 mL(10.09 g of 1.28 wt%) of dispersion was added with a Finn pipette (two times 5 mL). The total amount ofparticles was 129 mg.Samples were taken after 1, 5, 15, 30, 60 and 120 minutes and were cooled immediately afterextraction. The samples with an extracted volume of 1 mL were washed ten times with approximately1.5 mL ethanol and stored in ethanol, the samples with an extracted volume of 9 mL were washed sixtimes with approximately 10 mL Millipore water and also stored in Millipore water.
3.6 Substrates
Mica plates of around 4 by 2 cm were used as substrates for the cubes. Mica is a mineral which is heatresistant and, when cleaved, atomically flat.
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3.6.1 Coating of SubstratesCubes dispersed in either water or ethanol were deposited on the substrates with a Pasteur pipette, untila large drop was formed, see figure 3.3a and 3.3b. The surface tension of water is higher with respect tothe surface tension of ethanol. Therefore, more water could be brought onto the mica plates than in thecase of ethanol.Twice a large drop of cubes was deposited onto the substrates, otherwise not enough cubes wouldbe present to perform the degradation reaction. Figure 3.3a shows the wet first deposition, figure 3.3bshows the second wet deposition. The last two pictures show the dried substrates, 3.3c before the heattreatment in the oven and 3.3d after the heat treatment (see section 3.6.2).

(a) First deposition (b) Second deposition, after the firstone dried.

(c) Second depostion after drying. (d) After the heat treatment in theoven.
Figure 3.3: A substrate during the process of deposition with silica coated hematite cubes.

To be able to attach a rope to the substrate to hang the substrate in the reaction mixture, mostsubstrates were not completely covered with cubes, see section 3.7.2. One part of the substrate wastherefore taped to a petri dish as is depicted in figure 3.4 and the normal coating procedure was followed.The coated substrate was heated in the oven without the tape.

Figure 3.4: Partial coating of a mica substrate.
3.6.2 Heat TreatmentThe coated substrates have to undergo a heat treatment, to prevent the cubes to release from the substratetoo easily. Figure 4.36 in section 4.3.1 shows TEM pictures of the supernatant of the reactions mixturesfrom the substrates containing the released cubes and shows why the heat treatment is necessary.
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The heat treatments were performed in a calcination oven (Nabertherm P330). The oven heats up to450 ℃ in 10 hours where it remains for 3 hours. The oven then cools down to approximately 45 ℃ in 10hours. This procedure was followed, unless stated otherwise.

3.7 Preparation of Reaction Mixtures
The reaction mixtures for the catalytic evaluation of the cubes were prepared in 20 mL glass vials. First,5 mL of methylene blue (unless stated otherwise) (4.39 × 10−4 M) or rhodamine B (1.82 × 10−4 M) wasbrought in the vial. Second, the cubes were added, typically 1 mL of 1 wt% dispersion in water or a withcubes coated mica substrate. Finally 5 mL of 35 wt% H2O2 and the total volume was then brought to20 mL with Millipore water. The solutions were stirred during the reaction (usually between one and twoweeks).
3.7.1 Reaction Mixtures with Dispersed CubesThe dispersed cubes were stirred magnetically during the reaction and the lids of the vials were screwedloosely to circumvent most evaporation whilst allowing the produced gases to escape.
3.7.2 Reaction Mixtures with Cubes on SubstratesFor the substrates two different set-ups were used. The first one is magnetically stirred (in figure 3.5)and the top of the vial is covered with parafilm with a cut for the rope to circumvent evaporation and tolet the gases escape. The typical substrate used in this set-up is shown in figure 3.7. For the secondset-up, a substrate completely covered (one side) with particles is placed flat on the bottom of a 100 mLvial and is slowly stirred with an overhead stirrer, see figure 3.6. In this set-up it is certain that all thecubes are in the reaction mixture in contrast to the first set-up. Also the chance for cubes to detach fromthe substrate is lower, because in the first case the stirring bar touches the substrate occasionally. Thesubstrate in this case is a square and completely coated on one side which is lying upwards in the vial.On top of the bottle there is a lid with a hole slightly larger than the stirrer, for the same reason as theloose lid and the parafilm.

Figure 3.5: Set-up for hanging substrates and magneti-cally stirring. (20 nL vial) Figure 3.6: Set-up for stirring with overhead stirrer.(100 mL vial)

Figure 3.7: Example of substrate which is hanged in the reaction mixture.
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3.8 Analytical Techniques
In this section the used analytical techniques for both the syntheses and the catalytic reactions aredescribed.
3.8.1 Microscopy
3.8.1.1 Optical MicroscopyFor the visualization of particles with an optical microscope, a Nikon eclipse Ti inverse optical microscope,with a 100x Nikon oil immersion objective and an InfinityX CCD camera was used. Small drops (∼20µL)were placed on a microscope slide. This technique was for instance used to observe the extent of hematiteetching.
3.8.1.2 TEMTEM images were taken with a Philips TECNAI10 or TECNAI12, which have a maximum accelerationvoltage of 100 kV and 120 kV, respectively. Copper TEM grids were covered with particles by placing asmall drop of sample on it. The grids were dried under a heating lamp, unless hydrogen peroxide waspresent in the liquid. Hydrogen peroxide affects the grid when heated and therefore these grids weredried without a lamp.
3.8.1.3 SEMTo visualize the substrates with scanning electron microscopy, a Philips XLFEG30 was used with amaximum acceleration speed of 10 kV. A carbon sticker was placed on a SEM stub and the mica substratewith cubes was placed on top. The stubs were sputter coated with a platinum layer of 6 nm.
3.8.2 Measuring pHThe pH was measured with a Hanna instruments pH210 microprocessor pH meter. The pH meter wascalibrated with two buffers of pH 4 and pH 7.
3.8.3 UV-Vis SpectroscopyFor the reaction, two types of organic molecules were used, methylene blue and rhodamine b. Bothare dyes due to their conjugated π-system, so degradation of the dye molecules can be observed bythe naked eye by decolorization. The organic molecules are also suitable for UV-Vis measurements,due to absorption in the visible range. All spectra were recorded on a Perkin-Elmer Lambda35 UV/VISspectrometer from 700–200 nm. Hellma 110-QS quartz cuvets with a path length of 10 mm were used.To obtain a suitable sample for the UV-Vis measurements reaction mixtures were centrifuged to removethe cubes. The cubes have to be removed from the solution because they absorb and scatter light, whichmakes the measurements unreliable. Other methods to remove the cubes were also tried however allthe other methods had disadvantages. Filtration of the reaction mixture was attempted with filters with100 nm size filter holes, unfortunately the filters absorbed some of the dye. The cubes can also besedimented in the cuvets, however the cleaning of the cuvets is tedious and the reaction does not stopduring the recording of the spectra. To conclude, the only way to remove the cubes and avert them fromthe cuvet is centrifugation of the reaction solution.
3.8.3.1 Overlap of PeaksThe spectra of the used organic molecules and H2O2 overlap in the UV part. However, this is not aproblem, because H2O2 does not absorb in the visible range, see figure 3.8.Hydrogen peroxide could be removed from solution by making use of manganese oxide (MnO2). MnO2acts as a catalyst for the dissociation of hydrogen peroxide into water and oxygen: 2 H2O2 −−→ O2+2 H2O.However, the solution containing dye decolors and evaporates during the reaction. Therefore, MnO2
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can not be used to remove the H2O2 and it remains in the samples which are measured with UV-Visspectroscopy.
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Figure 3.8: The spectra of hydrogen peroxide and the organic dyes only overlap in de UV region of the spectrum.However, in the visible region the absorbance of hydrogen peroxide is zero and the peaks of methylene blue andrhodamine b in the visible region can be used.
3.8.3.2 Methylene blue

(a) Methylene blue dissolved in water.
S+

N

N N

Cl-

(b) Structural formula
Figure 3.9: Methylene blue

Methylene blue (color in water and structure in figure 3.9) has two absorption peaks in the visiblepart of the UV-Vis range, at 609 nm and 668 nm, see figure 3.10. The maximum of the peak at 668 nmis concentration dependent and shifts towards lower wavelength with decreasing absorbance and thusconcentration. Therefore, the peak at 609 nm was used to monitor the concentration methylene blueover time. The concentration dependence of the peak at 668 nm can be seen in figure 3.13. The molarextinction coefficient for the peak at 609 nm was determined to be 34 419 M−1cm−1.
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Figure 3.10: UV-Vis spectrum of methylene blue.
3.8.3.3 Rhodamine B

(a) Rhodamine B dissolved in water.

N+ O N

O

OH
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(b) Structural formula
Figure 3.11: Rhodamine B

Rhodamine B (figure 3.11) also has two absorption peaks in the visible range, one at ∼520 nm and theother at 554 nm, see figure 3.12. The peak at 554 nm is used to monitor the concentration change overtime. The molar extinction coefficient was determined to be 101 426 M−1cm−1.
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Figure 3.12: UV-Vis spectrum of Rhodamine B.
3.8.3.4 Data ProcessingIn the figure 3.13 the UV-Vis spectra shown are taken from the reaction mixtures as described in table4.5, as an example of the acquired data for each set of experiments. As can be seen, this looks rathercomplicated, due to the amount of spectra the analysis gives. Therefore in chapter 4. Results onlythe absorbance at 609 nm and 554 nm are reported versus time for methylende blue and rhodamine brespectively. The absorbances are normalized to the absorbance at the beginning of the reaction (t = 0).
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Figure 3.13: Part of the spectra from the catalytic evaluation of bare hematite cubes. The absorbance for 1 (black)and 2 (blue) decreases much more than for the blanco (red spectra). In section 4.2.1.2 the results are discussed.The lines through the maxima of the absorption peaks are drawn for clarity of the concentration dependency of theabsorption at 668 nm.
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Chapter 3. Experimental 3.8. Analytical Techniques
3.8.4 Infrared SpectroscopyInfrared spectroscopy is a useful technique for the determination of the relative amounts of hematite andsilica in the reaction mixtures. During the reaction, Fe3+ is converted to Fe2+ as described in section2.1, which probably results in hematite dissolution. This subsequently leads to a decrease of hematiteinside the cubes. IR-spectroscopy was used to determine the occurrence of this possible reaction.Infrared spectroscopy was also used to determine the extent of silica and hematite etching in section4.1.6.4 and 4.1.6.6. When silica is etched hematite was used as an internal standard and when hematitewas etched silica was used as internal standard.Potassium bromide (KBr) was used as medium to measure the spectra of the colloidal particles.KBr has the advantage that lower energies can be measured and lower concentrations are needed thanwhen using an ATR crystal. Plastic vials were filled with 250 mg of KBr and dispersion or supernatantfrom the reaction mixture was added. The vials were places overnight in a oven at 100 ℃ to let thesolvent eveporate. KBr pellets from the dried powder were prepared and the spectra were recorded on aPerkin-Elmer Frontier FT-IR/FIR spectrometer.The peak of hematite is around 550 cm−1 [15] and the peak of silica is known to be around 1100 cm−1[51, 52]. In figure 3.14 a spectrum of silica coated hematite cubes is given the silica and hematite peaksare indicated. On the left of the spectrum the large OH band can be seen from not completely evaporatedwater and probably also from hydroxyl groups present on the surfaces of both silica [44] and hematite[15].
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Figure 3.14: Infrared spectrum of silica coated hematite particles. The peak of hematite can be found around550 cm−1 and the peak of silica around 1100 cm−1. Around 2500–3500 cm−1 a large band of OH can be seen. Thepeaks are indicated in the spectrum.
3.8.5 Nitrogen PhysisorptionIron is used as a catalyst in the research, so a high surface area is advantageous due to an increasedaccessibility of iron. Nitrogen physisorption measurements were performed on a Micromeritics TriStar3000 V6.08 A, in the group of Inorganic Chemistry & Catalysis at Utrecht University to determine thesurface area and the pore sizes.The synthesized particles were dried in a sample concentrator under nitrogen gas around 70 ℃ forone or two days. Before measuring the isotherms the samples were dried again overnight at 180 ℃ witha Micromeritics Smartprep. The results were analyzed by theories discussed in section 2.2.
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Chapter 4

Results

4.1 Used and Synthesized Particles
The following cubes were synthesized and/or used in this thesis. Descriptions of the particles whichhave been silica coated, hematite etched or silica etched come directly after the corresponding hematitesynthesis. Also the characterizations of the particles are described in this section. The given sizes of theparticles are the edge lengths. The amount of added NaOH solution was determined by the differencein weight of the volumetric flask before and after addition and the density of the solution [37]. In table4.1 the sizes of the hematite particles are summarized, together with the calculated excess of Fe3+ withthe formula described in equation 2.15.As expected the size of the hematite cubes is larger for a higher excess of Fe3+ ions during the pre-cipitation reaction. Generally the polydispersity of the obtained particles is higher for smaller particles.The shape of the smaller particles is also less cubic like than for the larger particles.
Table 4.1: Properties of hematite cubes syntheses. The cubes HC4_s1 were very irregularly shaped and containedneedles, the given polydispersity is only for the cubic particles. The cubes HC5_s1 were too small to use and werevery polydisperse in size and in shape. HC2_s2 still contained needles and needles were present on the surfacesof the cubes.

Cubes FeCl3 · 6 H2O (g) NaOH (g) Fe3+x (mol) Size (nm) Polydispersity (%)HC1_s1 50.01 20.16 0.018 584 10HC2_s1 50.07 20.30 0.017 328 11HC3_s1 50.01 20.15 0.018 465 11HC4_s1 50.05 20.14 0.019 812 10HC5_s1 50.02 20.38 0.016 252 18HC1_s2 50.39 20.14 0.020 920 7HC2_s2 51.26 20.15 0.022 1587 5HC3_s2 50.55 20.15 0.020 1028 7HC4_s2 50.96 20.23 0.022 1181 4HC5_s2 50.53 20.18 0.019 932 5
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Chapter 4. Results 4.1. Used and Synthesized Particles
Table 4.2: Properties of performed silica coatings. The size of the hematite seed particles, the final size, thepolydispersity and the thickness of the silica shell are give. For SiO213_HC1_s2 three silica coating procedureswere performed to obtain the final particles of 1070 nm.

Cubes Size seed Final size (nm) Polydispersity (%) Thickness silicaparticles (nm) shell (nm)SiO2_HC1_s1 584 743 6 80SiO2_HC1_s2 920 1093 6 85SiO213_HC1_s2 920 1070 8 75SiO2_HC2_s2 1587 1784 6 100St.HC02_03bII 374 431 12 30

4.1.1 HC1_s1
4.1.1.1 Hematite

Figure 4.1: HC1_s1

The size of the particles was 584 nm with a polydispersity of10 %. For the synthesis 50.01 g FeCl3 · 6 H2O was used and20.16 g NaOH. The sodium hydroxide was dissolved in 100 mLMillipore water and 99.5 mL of this solution was added.

4.1.1.2 Silica Coating

Figure 4.2: SiO2_HC1_s1

1 g of hematite particles was coated with silica. The final par-ticles had a size of 743 nm, with a polydispersity of 6 %. Thethickness of the silica shell was 79 nm. These particles wereused in section 4.2.3 and 4.3.2 for catalytic activity tests, to-gether with the hematite etched particles described in the nextsection.

4.1.1.3 Hematite EtchingA part of the silica coated particles was etched with HCl in two batches. Two times 25 mL of silica coatedcubes from the previous section, with a concentration of 1.3 wt% in ethanol were transferred to 10 mLMillipore water. 8 mL of 12 M hydrochloric acid was added in portions over one and a half hour. Aftera total of three hours stirring, the solutions were diluted with water and transferred to ethanol. Beforethe particles were used in the experiments they were again transferred to Millipore water. The obtainedparticles were used in section 4.2.3 and 4.3.2.The contrast of the hematite in the TEM images is still high, however some of the hematite is etchedaway, because the color of the particles changed. Infrared spectroscopy was performed on these particles
34



4.1. Used and Synthesized Particles Chapter 4. Results
to determine the amount of remaining hematite. For the particles in figure 4.3a 52 % of the hematite coreremained and for the particles in figure 4.3b 53 % hematite remained.

(a) SiO2_HC1_s1_1, 52 % hematite isleft. (b) SiO2_HC1_s1_2, 53 % hematite isleft.
Figure 4.3: The particles in both pictures are hematite etched. The difference between the hematite etchedparticles and the non-etched particles may not be well visible. However, the color of the particles changed duringthe etching process, which indicates that a part of the hematite was removed.
4.1.2 HC2_s1
4.1.2.1 Hematite

Figure 4.4: HC2_s1

The size of the particles was 328 nm with a polydispersity of11 %. For the synthesis 50.07 g FeCl3 · 6 H2O was used and20.30 g NaOH. The sodium hydroxide was dissolved in 100 mLMillipore water and 99.3 mL of this solution was added.

4.1.3 HC3_s1
4.1.3.1 Hematite

Figure 4.5: HC3_s1

The size of the particles was 465 nm with a polydispersity of11 %. For the synthesis 50.01 g FeCl3 · 6 H2O was used and20.15 g NaOH. The sodium hydroxide was dissolved in 100 mLMillipore water and 99.4 mL of this solution was added.
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Chapter 4. Results 4.1. Used and Synthesized Particles
4.1.4 HC4_s1
4.1.4.1 Hematite

Figure 4.6: HC4_s1

This synthesis was unsuccessful, because many large needleswere formed. The size of the particles was 812 nm with a poly-dispersity of 10 %. However only 35 normal cubes were mea-sured. The needles were not taken into account for this sizeand polydispersity. For the synthesis 50.05 g FeCl3 · 6 H2Owas used and 20.14 g NaOH. The sodium hydroxide was dis-solved in 100 mL Millipore water and 99.1 mL of this solutionwas added. A reason that very polydisperse particles wereformed is that the NaOH solution was turbid and probably notwell dissolved before it was added to the FeCl solution.
4.1.5 HC5_s1
4.1.5.1 Hematite

Figure 4.7: HC5_s1

The size of the particles was 252 nm with a polydispersity of18 %. For the synthesis 50.02 g FeCl3 · 6 H2O was used and20.38 g NaOH. The sodium hydroxide was dissolved in 100 mLMillipore water and 99.5 mL of this solution was added. Theseparticles are very small and very polydisperse, due to the smallexcess of Fe3+ ions.

4.1.6 HC1_s2
4.1.6.1 Hematite

Figure 4.8: HC1_s2

The size of the particles was 920 nm with a polydispersity of7 %. For the synthesis 50.39 g FeCl3 · 6 H2O was used and20.14 g NaOH. The sodium hydroxide was dissolved in 100 mLMillipore water and 99.0 mL of this solution was added.

4.1.6.2 Hematite Etching of Bare CubesFor nitrogen physisorption measurements bare hematite particles were also examined, because Stöbersilica has a high surface area and the change of surface area of solely the hematite core after etchingwith HCl is liked to be known. The surface area of Stöber silica is approximately 515 m2/g [42] andof cubic hematite particles is expected to be only 2.8 m2/g [53]. The nitrogen-physisorption results areshown in section 4.5.15 mL of 8.4 wt% dispersion was brought into a centrifuge tube for both set of particles obtained infigure 4.9. For the particles in figure 4.9a, 50 mL of 12 M hydrochloric acid was added portion wise over
36



4.1. Used and Synthesized Particles Chapter 4. Results
two hours and was stirred for four hours; for the particles in figure 4.9c 80 mL of hydrochloric acid wasadded in portions over four and was stirred for almost six hours. Both were magnetically stirred duringthe etching process and were diluted before washing by centrifugation and redispersion with Milliporewater. The extent of etching was followed during the reaction with optical microscopy, figures 4.9b and4.9d are magnifications of a single particle from pictures taken with the optical microscope. The inset infigure 4.9b shows a optical microscope image of a single bare non-etched hematite cube.The remaining hematite was weighed after drying. For the etched particles in figure 4.9a 25 % of theinitial hematite was left and for the particles in figure 4.9c only 1.5 % was left. Some of the hematite wasundoubtedly lost during the washing process.

(a) TEM image of hematite etched par-ticles (HC1_s2_e1). (b) Optical microscope image of asingle hetmatite etched particle(HC1_s2_e1). The inset showsa non-etched bare hematite cube(HC1_s2).

(c) TEM image of hematite etched par-ticles (HC1_s2_e2). (d) Optical microscope image ofa single hematite etched parti-cle (HC1_s2_e2). The particle ismore orange, and is smaller thanin (b).
Figure 4.9: Bare hematite cubes etched with HCl for nitrogen physisorption measurements. The etching of theparticles can also be followed with optical microscopy, which is much faster and easier than transmission electronmicroscopy. The particles is figures (a) and (b) are etched for four hours, the particles in figures (c) and (d) wereetched for six hours. The inset in figure (b) is a non-ethed bare hematite cube. This cube is also darker and morered of color than the particles etched by hydrochloric acid.
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Chapter 4. Results 4.1. Used and Synthesized Particles
4.1.6.3 Silica Coating 1

Figure 4.10: SiO2_HC1_s2

Hematite particles (HC1_s2) were silica coated following thesynthesis procedure described in section 3.3. The obtainedparticles had a size of 1093 nm, with a polydispersity of 6 %.The thickness of the silica shell was 86 nm. These particleswere used in catalytic activity measurements in sections 4.3.3,4.3.4 and 4.3.5.

4.1.6.4 Silica EtchingSilica coated hematite particles from section 4.1.6.3 were silica etched by surface protected water etchingas described in section 3.5. In table 4.3 the extracted volumes are given and the temperature of the solutionat every extraction. All samples were washed and the samples with the large volumes (after 5, 30 and120 minutes of etching) were used in catalytic activity measurements in section 4.2.4.
Table 4.3: Temperature of the reaction mixture and extracted volumes during the silica etching of the cubes atgiven times.

Time (min.) T (℃) Volume extracted (mL)0 69.0 -1 74.0 15 79.8 915 84.2 130 85.0 960 81.9 1120 84.6 remainder (almost 9 mL)

TEM TEM pictures of the silica etched particles were taken (figure 4.11) and shows the decreasingcontrast of the silica shell with increasing etching time. However, the silica shell of some cubes werecompletely etched as indicated in figure 4.11e. The shape and the surface of the particles has not changedduring the etching procedure.
IR spectroscopy Since TEM analysis only gives a qualitative result of the degree of the silica etching,infrared spectroscopy was performed to determine the amount of silica removed. All samples and non-silica etched cubes were analyzed in duplo. In the graph in figure 4.12 it can be seen that about 40 % ofthe silica was removed by the surface protected water etching after two hours. The points after 5 and 30minutes etching in figure 4.12 are probably measurement errors, because the amount of remaining silicacan not increase during the etching process.
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4.1. Used and Synthesized Particles Chapter 4. Results

(a) after 1 minute (b) after 5 minutes (c) after 15 minutes

(d) after 30 minutes (e) after 60 minutes (f ) after 120 minutes
Figure 4.11: TEM pictures of silica etched cubes. The contrast of the silica shell decreases with the etching time,while the shape and the smoothness of the shell is maintained. In (e) there is one bare cube visible, this cube losthis shell completely during the etching process (particle indicated with an arrow).
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Figure 4.12: Etching of silica analyzed with IR spectroscopy. About 40 % of the silica is etched away after 120minutes etching time.
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Chapter 4. Results 4.1. Used and Synthesized Particles
4.1.6.5 Silica Coating 2For nitrogen physisorption measurements a minimum of 20 m2 of surface is needed. It was calculated thatfor each measurement approximately 0.5 g of silica coated hematite cubes was needed. Therefore 1.8 gof hematite cubes was coated with silica in a three-step coating procedure. 21.4 g dispersion of barehematite particles (HC1_s2) with a concentration of 8.4 wt% in water were coated with 10 g of 40 kg/molPVP overnight. The 1.8 g of particles were then transferred to ethanol by centrifugation and redispersionin ethanol two times.In a total volume of 1 L in a 2 L two-neck round-bottom flask the first silica coating was performed.66 mL of Millipore water, 10 mL of 1 wt% TMAH and 10 mL TEOS in 10 mL ethanol were used for thefirst silica layer. The particles were washed with ethanol and were not coated with PVP for the secondcoating.The second coating was performed like the first one, but then with 40 mL Millipore water, 7 mL 1 wt%TMAH and 5 mL of TEOS in 15 mL ethanol. The obtained particles did not grow during the secondcoating, probably due to a insufficient amounts of reactants (TEOS and water) and/or catalyst (TMAH).Therefore a third coating was performed.Prior to the third coating the particles were brought to Millipore water to coat the particles overnightwith 10 g of 40 kg/mol PVP. After stabilizing the cubes with PVP they were washed twice with ethanol.The third coating was also performed in 1 L total volume in a 2 L flask and the same amounts of reactantswere used as in the first coating; 66 mL water, 1 mL 1 wt% TMAH and 10 mL TEOS in 10 mL ethanol.The final particles were washed again with ethanol. One third of the particles was dried directly, theremainder was used for hematite etching, see section 4.1.6.6.

(a) Bare hematite particles (HC1_s2).
d = 920 nm, pd = 7 % (b) Particles after the first coating.

d = 1013 nm, pd = 6 %

(c) Particles after the second coating.
d = 1003 nm, pd = 4 % (d) Particles after the third coating,used for the hematite etching in thenext section (4.1.6.6). d = 1070 nm,pd = 8 %

Figure 4.13: TEM pictures of the particles before, and after each silica coating. The size and polydispersity ofeach particle set is given below the pictures. The particles in (d) were used for nitrogen physisorption.
The size of the particles after the first coating was 1013 nm with a polydispersity of 6 % (229 particleswere measured). After the second coating it turned out that the particles were 1003 nm with a polydisper-sity of 4 % (215 particles were measured), which is of course impossible. A cause of the smaller particlesize can be the focus of the TEM or an inaccurate measurement of the particle size. After the third
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4.1. Used and Synthesized Particles Chapter 4. Results
coating the size was 1070 nm with a polydispersity of 8 % (22 particles were measured). The thicknessof the silica shell was 75 nm. Pictures of the particles are shown in figure 4.13.The polydispersity of the particles increased after the coating, which is remarkable, because after asilica coating the size distribution should sharpen and the polydispersity should decrease [54].
4.1.6.6 Hematite EtchingTwo third of the particles obtained by the silica coating described in section 4.1.6.5 was hematite etchedin two batches. Both batches were dispersed in 10 mL Millipore water. The final particles can be seenin figure 4.14. For the particles in figure 4.14b, 15 mL 6 M and 10 mL 12 M hydochloric acid was addedportion wise over two and a half hour and the dispersion was stirred for four hours in total. To the particlesin figure 4.14c 15 mL 6 M and 15 mL hydrochloric acid was added over four hours and the solution wasstirred for five hours in total. Both were diluted to stop the reaction and washed with Millipore water.On the particles in figure 4.14 nitrogen physisorption measurements were done. The results arepresented in section 4.5. Infrared spectroscopy was performed to determine the amount of remaininghematite quantitatively.

(a) Non-etched particles. (b) Hematite etched particles I, 19 %hematite is left. (c) Hematite etched particles II, 4 %hematite is left.
Figure 4.14: The bare hematite particles used were 920 nm, after the silica coating the particles were 1070 nm.The thickness of the silica shell is 75 nm. From left to right the particles are increasingly etched. The silica shellsof the particles at the right are broken, which might be due to the overnight stirring with HCl. The numbers ofremaining hematite were determined with infrared spectroscopy, see below.
IR IR spectra were taken, with KBr as medium. All spectra were baselinecorrected, the baselines wereset to zero and the spectra were normalized to the silica peak of the non-etched particles (ne 1) at1070.6 cm−1. The normalized absorbances of the hematite were taken at 578.6 cm−1, divided by the silicapeak and compared [55].Figure 4.15 shows the baselinecorrected, zeroed and normalized infrared spectra of the particlesshown in figure 4.14. All the measurements were performed in duplo for each set of particles. From theinfrared spectra in figure 4.15 can be concluded that for the particles in figure 4.14b approximately 19 %of the hematite core is left and in the case of the particles in 4.14c only 4 % of the hematite remained.Another effect observed in the spectra is a change in the shape of the silica peaks for the etched particles.Where the shape of the spectra for the non-etched particles is plateau-like (solid lines), the dotted linesfor the etched particles show a shoulder in the peak. This might be due to a change of the silica shell.The silica shell becomes more porous when etched with hydrochloric acid. This is concluded form thenitrogen physisorption measurements described in section 4.5.
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Figure 4.15: Baslinecorrected, zeroed and normalized infrared spectra of the particles in figures 4.14a (ne 1 andne 2), 4.14b (I 1 and I 2) and 4.14c (II 1 and II 2) (in duplo). The hematite peak decreases with increasing hematiteetching. It is also clear that the shape of the silica peak (from 1250 to 1050 cm−1) changes when the particles areetched by hydrochloric acid. The silica peak for the non-etched particles (solid lines) is a kind of plateau, wherethe silica peak of the etched particles has one distinct peak and a shoulder.
4.1.7 HC2_s2
4.1.7.1 Hematite

Figure 4.16: HC2_s2

The size of the particles was 1587 nm with a polydispersityof 5 %. For the synthesis 51.26 g FeCl3 · 6 H2O was used and20.15 g NaOH. The sodium hydroxide was dissolved in 100 mLMillipore water and 99.1 mL of this solution was added. On thesurface of the particles needles are visible. The assembly of theneedles into the cubes was probably not yet completed, andtherefore some needles are left. During the washing processof these particles also a lot of needles were present in thesupernatant after the centrifugation.
4.1.7.2 Silica Coating

Figure 4.17: SiO2_HC2_s2

The size of the obtained particles after the silica coating was1784 nm with a polydispersity of 6 %. However only 25 particleswere measured. The thickness of the silica layer was 98 nm.During the silica coating procedure the needles present on thesurfaces of the hematite particles were also coated with silica.Therefore the surfaces of the major part of the particles were notsmooth. These particles were used is section 4.2.3 and 4.3.2for catalytic activity tests, together with the hematite etchedparticles described in the next section.
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4.1. Used and Synthesized Particles Chapter 4. Results
4.1.7.3 Hematite EtchingThese particles were used in section 4.2.3 and 4.3.2 for catalytic activity measurements. These particleswere also etched with hydrochloric acid in two batches of 25 mL 0.75 wt% dispersion of the particles asdescribed in the previous section. 8 mL of 12 M HCl was added in portions over one and a half hour andthe solutions were stirred for a total of three hours. After the etching, the solutions were diluted andtransferred to ethanol. Before the particles were used in experiments the particles were transferred toMillipore water.From the TEM pictures in figure 4.18 it is not clearly visible that the hematite inside has been etched,however a color change of the particles was observed. This indicates that the etching was successful.Infrared spectroscopy was performed on these particles to determine the amount of remaining hematite.For the particles in figure 4.18a 38 % of the hematite core was left and for the particles in figure 4.18b39 % hematite remained.

(a) SiO2_HC2_s2_1, 38 % hematite isleft. (b) SiO2_HC2_s2_2, 39 % hematite isleft.
Figure 4.18: TEM pictures of partially hematite etched particles. The contrast of the hematite is still high and theetching may not be very well visible, however the color of the dispersion changed during the etching with HCl. Thespikes on the surfaces are formed by silica coating the hematite particles and the needles present on the surface.
4.1.8 HC3_s2
4.1.8.1 Hematite

Figure 4.19: HC3_s2

The size of the particles was 1028 nm with a polydispersityof 7 %. For the synthesis 50.55 g FeCl3 · 6 H2O was used and20.15 g NaOH. The sodium hydroxide was dissolved in 100 mLMillipore water and 99.6 mL of this solution was added.

43



Chapter 4. Results 4.1. Used and Synthesized Particles
4.1.9 HC4_s2
4.1.9.1 Hematite

Figure 4.20: HC4_s2

The size of the particles was 1181 nm with a polydispersityof 4 %. For the synthesis 50.96 g FeCl3 · 6 H2O was used and20.23 g NaOH. The sodium hydroxide was dissolved in 100 mLMillipore water and 99.2 mL of this solution was added.

4.1.10 HC5_s2
4.1.10.1 Hematite

Figure 4.21: HC5_s2

The size of the particles was 932 nm with a polydispersity of5 %. For the synthesis 50.53 g FeCl3 · 6 H2O was used and20.18 g NaOH. The sodium hydroxide was dissolved in 100 mLMillipore water and 99.2 mL of this solution was added.

4.1.11 HC02_03bII
4.1.11.1 Hematite

Figure 4.22: HC02_03bII

These particles were synthesized by Sonja Castillo. The size ofthe particles was 374 nm with a polydispersity of 14 %. Theseparticles were used in section 4.2.1.
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4.1.11.2 Silica Coating

Figure 4.23: St.HC02_03bII

Approximately 1 g of bare hematite particles were coated withsilica, the particles obtained were 431 nm with a polydispersityof 12 %. The thickness of the silica layer was 29 nm. Thesesilica coated cubes were used in the experiments in section4.2.2.

4.1.12 HC02_01c
4.1.12.1 Hematite

Figure 4.24: HC02_01c

These particles were synthesized by Sonja Castillo. The sizeof the particles was 663 nm and the polydisperdity was 7 %.

4.1.12.2 Silica Coating

Figure 4.25: St03b2.2

These particles were silica coated by Sonja Castilo and hasa size of 813 nm. The polydispersity was 4 %, the thickness ofthe silica shell was 75 nm. These particles were used in theexperiments in section 4.2.2.
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4.2 Catalytic Activity of Dispersed Cubes

4.2.1 Bare Hematite CubesThe degradation of methylene blue by bare hematite cubes was investigated by observing samples byeye and with UV-Vis spectroscopy.
4.2.1.1 Observations by the EyeTo investigate whether the degradation of methylene blue is faster in the presence of iron oxide cubesand hydrogen peroxide than in the presence of only hydrogen peroxide, samples were made as describedin table 4.4. Two samples were covered with aluminium foil to investigate the influence of light on thedecolorization of the methylene blue.The suspension of hematite cubes contained around 1.6 wt% of the bare hematite cubes of 374 nmdescribed in section 4.1.11.1, the concentration of the methylene blue in water was approximately 4.3×10−4 M and a 35 wt% hydrogen peroxide solution was used.
Table 4.4: Concentration of samples 1 to 6 (from left to right in picture 4.26). The concentration of cubes was1.6 wt%, the concentration methylene blue was 4.3× 10−4 M and the concentration hydrogen peroxide was 35 wt%.

Bottle Cubes (mL) Methylene blue (mL) H2O2 (mL) Remarks1 0.1 0.3 52 0.1 0.5 53 0 0.5 54 0 0.5 105 0 0.5 5 aluminium foil6 0 0.5 10 aluminium foil

Figure 4.26 shows photos of the samples with methylene blue. From these pictures it can be concludedthat the degradation of methylene blue in the presence of hydrogen peroxide and hematite cubes is fasterthan the degradation by only hydrogen peroxide. Moreover, the degradation of the methylene blue wasnot observably influenced by light, because samples with aluminium foil show the same decolorizationas the corresponding samples without aluminium foil (compare 3 and 5, and 4 and 6). From the picturescan also be concluded that the concentration hydrogen peroxide influences the degradation speed; ahigher concentration of hydrogen peroxide gives rise to a higher degradation rate of methylene blue. Theinfluence of light on the reaction in the presence of cubes was not investigated. However, the formationof radicals from hydrogen peroxide is accelerated under the influence of UV-light [56]. The influence oflight on this reaction could therefore be determined.Bottle 7 in figure 4.26e only contains 0.5 mL methylene blue solution in 19.5 mL water. This bottledoes not decolor. From figure 4.26e and 4.26f can be seen that the bottles with hematite are completelydecolored, while the bottle with the same amount of hydrogen peroxide (number 3) is still blue. Therefore,it can be concluded from this experiment followed by the naked eye that bare hematite cubes speed upthe degradation reaction of methylene blue.
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(a) day 0 (b) day 12

(c) day 15 (d) day 18

(e) day 22 - The most right bottle in the picture (bottle7) is a bottle with 0.5mL of methylene blue in water. Thisbottle does not decolor.
(f ) day 43

Figure 4.26: Photos of samples as described in table 4.4. The degradation of methylene blue in the presence ofcubes and hydrogen peroxide is faster than in only the presence of hydrogen peroxide. From the difference in colorof bottle 2 and 3 this can be clearly seen. These bottles contained the same amount of hydrogen peroxide andmethylene blue. In figure (d) and (e) bottle 2 is obviously less blue than bottle 3. No difference in color betweenbottle 3 and 5 and 4 and 6 was observed which indicates that light has no influence on the degradation of methyleneblue in the presence of only hydrogen peroxide. Bottles 4 and 6 are less blue due to a higher concentration ofhydrogen peroxide.
4.2.1.2 Degradation Reaction Followed by UV-VisFor these experiments also the bare hematite cubes described in section 4.1.11.1 were used. The disper-sion of cubes had a concentration of 1.6 wt% in water. For each sample 5 mL of methylene blue solution(4.39 × 10−4 M) and 5 mL of 35 wt% hydrogen peroxide was used, each sample was brought to a totalvolume of 20 mL with Millipore water. The amounts of cubes in sample 1 and 2 are listed in table 4.5.
Table 4.5: Amounts of cubes (weight of dispersion added), methylene blue and hydrogen peroxide used for eachsample.

Sample Cubes (g) Methylene blue (mL) H2O2 (mL)blanco - 5 51 0.26 5 52 1.01 5 5
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Chapter 4. Results 4.2. Catalytic Activity of Dispersed Cubes
The degradation of methylene blue in the presence of hematite cubes can conviently be followed byUV-Vis spectroscopy. Moreover, the catalytic influence of the cubes on the degradation can be quantifiedusing UV-Vis spectroscopy. In the next figure it can be seen that the degradation of methylene blueproceeds much faster in the case where besides hydrogen peroxide also hematite cubes are present. Theblack squares in figure 4.27 represent the experiment without hematite cubes and almost do not descendover time, where the red triangles and the blue diamonds do.

0

0.2

0.4

0.6

0.8

1

0 2 4 6 8 10 12 14

time (days)

A
/A

0
 (
λ

 =
 6

0
9

 n
m

)

blanco

1 - 0.26 g, 1.6 wt%

2 - 1.01 g, 1.6 wt%

Figure 4.27: Normalized absorbance versus time. The black points indicate the blank experiment without cubes.The absorbance for the reactions with cubes decreases much faster than the absorbance for the reaction withoutcubes. Therefore, it can be concluded that the colloidal hematite particles accelerate the degradation reaction ofmethylene blue.
Although for sample 2 nearly four times more cubes were used than for sample 1, the reaction speedfor the former is not much higher than for the latter. In table 4.6 the absolute reaction speeds of thedegradation reaction are given, calculated by the difference in absorbance between the last (after twelvedays) and first measurement point assuming a linear decay. In the second last column the theoreticaldegradation time is given, which indicates the time in which all color would be disappeared. However,fragments without any aborbance at 609 nm could still be present by then. The turn-over-number is givenin the last column, which indicate the number of molecules converted per cube per second. Hydrogenperoxide decomposes during the reaction and therefore its concentration decreases. If this influences thereaction speed in this case and the following cases is not known and should be investigated.

Table 4.6: Reaction speeds for bare hematite cubes (described in section 4.1.11.1). The reaction speeds betweensample 1 and 2 are small, although sample 2 contained nearly four times more cubes.
Sample Speed Speed Speed Theoretical degradation TON(∆A∆t ) (molecules/day) (molecules/s) time (days) (molecules

s·cube )blanco 0.02 7.5× 1015 8.7× 1010 2171 0.22 8.4× 1016 9.7× 1011 19 632 0.28 1.1× 1017 1.2× 1012 15 80
4.2.2 Silica Coated Hematite CubesFor the next two sets of experiments, the two types of silica coated cubes described in section 4.1.11.2(430 nm) and 4.1.12.2 (810 nm) were used. They are referred to small and large cubes respectively. Thedispersion of the small cubes contained 1.04 wt% and the dispersion of large cubes 0.81 wt% of cubes.

48



4.2. Catalytic Activity of Dispersed Cubes Chapter 4. Results
4.2.2.1 Methylene blueThese reactions were performed with methylene blue as organic molecule. 4 mL of methylene blue solution(4.39× 10−4 M) was added and 5 mL of 35 wt% hydrogen peroxide. The amount of added cubes are givenin table 4.7.

Table 4.7: Amount of cubes, methylene blue solution and hydrogen peroxide added to the reaction mixtures.
Sample Small cubes (mL) Large cubes (mL) Methylene blue (mL) H2O2 (mL)blanco - - 4 51 1 - 4 52 2 - 4 53 - 1 4 54 - 2 4 5

UV-Vis In figure 4.28 the absorbance relative to the initial absorbance measured over time for thesamples as described in table 4.7 is depicted. Again the reaction rate for the mixtures with cubes ishigher than for the mixture without cubes. From this it can be concluded that also silica coated cubesare able to catalyze the degradation reaction. Sample 1 from these experiments can be compared withsample 2 from the previous section. Both contain approximately the same amount of the same type ofcubes, where the cubes from the previous section were bare these cubes are silica coated.The silica coated cubes converted 50 molecules per cube per second and the bare cubes 80 moleculesper cube per second. However, the initial amount of methylene blue was not the same in both cases,which might influence the reaction speed. The reaction rates were also calculated over a different periodof time, which makes the results also hard to compare, because the reaction rate probably drops withincreasing reaction time due to the decreasing concentration of hydrogen peroxide.
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Figure 4.28: Decrease of absorbance by methylene blue over time by both different sizes and amounts of silicacoated hematite cubes. All silica coated cubes catalyze the degradation reaction, which can be concluded from thedifference in slope for the samples with cubes and the blanco. However, there is no large difference between thedifferent sizes and different amounts of cubes.
In table 4.8 the calculated speeds for each reaction are given between the start of the reaction andafter seven days. All samples have similar rates. The rates are difficult to compare, because the samples
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contain different numbers of cubes and the cubes have different sizes whereby the total accessible surfacearea for the reaction is different. The speeds for 2 mL samples are slightly higher in both cases, althoughmore experiments should be performed to clarify this effect.
Table 4.8: Reaction speeds for the degradation of methylene blue by the silica coated hematite cubes listed intable 4.7. The reaction speeds for samples 2 and 4 are slightly higher than for the samples with the same, but lesscubes.

Sample Speed Speed Speed Theoretical degradation TON(∆A∆t ) (molecules/day) (molecules/s) time (days) (molecules
s·cube )blanco 0.05 2.0× 1016 2.3× 1011 651 0.36 1.4× 1017 1.6× 1012 10 502 0.38 1.5× 1017 1.7× 1012 9 273 0.34 1.3× 1017 1.5× 1012 10 3744 0.37 1.4× 1017 1.6× 1012 9 201

4.2.2.2 Rhodamine BThese reactions were performed with rhodamine B as organic molecule. 5 mL of rhodamine B stocksolution (1.82× 10−4 M) was added and 5 mL 35 wt% H2O2. The amount of added cubes for each sampleis given in table 4.9. The dispersion of the small cubes contained 1.04 wt% and the dispersion of largecubes 0.81 wt% of cubes.
Table 4.9: Amount of cubes, rhodamine B solution and hydrogen peroxide added to the reaction mixtures.

Sample Small cubes (mL) Large cubes (mL) Rhodamine B (mL) H2O2 (mL)blanco - - 5 51 1 - 5 52 2 - 5 53 - 1 5 54 - 2 5 5

UV-Vis Figure 4.29 illustrates that the absorbance by rhodamine B decreases faster when the reactionmixtures contains cubes. In table 4.10 the calculated reactions rates between the start of the reactionand day six assuming a linear decrease. The reaction rates for the samples containing methylene blueare slightly higher than for the samples containing rhodamine B. The theoretical degradation times arehowever approximately the same. The start concentrations of the dye molecules were not the same inboth cases, the used concentration methylene blue was higher than the used concentration of rhodamineB.

50



4.2. Catalytic Activity of Dispersed Cubes Chapter 4. Results

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5 6 7

time (days)

A
/A

0
 (
λ

 =
 5

5
4

 n
m

)

blanco

1 (small cubes) - 1 mL, 1.04wt%

2 (small cubes) - 2 mL, 1.04wt%

3 (large cubes) - 1 mL, 0.81wt%

4 (large cubes) - 2 mL, 0.81wt%

Figure 4.29: Decrease of absorbance due to the degradation of rhodamine B by silica coated hematite cubes. Thesamples correspond to the samples described in table 4.9.
Table 4.10: Reaction speeds of the degradation of rhodamine B by silica coated hematite cubes.
Sample Speed Speed Speed Theoretical degradation TON(∆A∆t ) (molecules/day) (molecules/s) time (days) (molecules

s·cube )blanco 0.08 1.1× 1016 1.2× 1011 561 0.43 5.6× 1016 6.5× 1011 11 202 0.51 6.7× 1016 7.7× 1011 9 123 0.45 5.8× 1016 6.8× 1011 10 1674 0.51 6.6× 1016 7.7× 1011 9 95
In the last two experiments the same silica coated cubes were used with two different organicmolecules. Both experiments show that also the silica coated cubes are able to speed up the degra-dation reaction of organic molecules (both methylene blue and rhodamine B), despite their shell. Asstated before the reaction speeds between these silica coated particles and the bare particles are hardto compare, because of a different amount methylene blue used for the degradation reaction. Later inthis thesis, in section 4.2.4 the bare hematite particles will be compared with silica coated particles forwhich the same amount of dye was used.

4.2.3 Silica Coated and Hematite Etched CubesIn the next table the cubes are given which were applied in the following experiments. Samples 1, 2and 3 contained silica coated cubes of ∼750 nm, samples 4, 5, and 6 contained silica coated cubes of
∼1800 nm. Samples 2, 3, 5, and 6 contained partially hematite etched particles, the cubes in samples1 and 4 were not hematite etched. The numbers of the TEM pictures of the particles are given in thefollowing table and can be found in section 4.1.1 and section 4.1.7.For the reaction mixtures 5 mL of dispersion was used with the concentrations as given in table 4.11.5 mL of methylene blue stock solution (4.39× 10−4 M) was used and 5 mL of 35 wt% H2O2.
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Table 4.11: Specifications of the samples and cubes used for the catalytic activity measurements of the hematiteetched cubes. The cubes in sample 1 and 4 are not etched by hydrochloric acid, the rest of the particles are etched.

Sample Figure Cubes Size (nm) Concentration dispersion (wt%)1 4.2 SiO2_HC1_s1 743 0.742 4.3a SiO2_HC1_s1_1 743 0.643 4.3b SiO2_HC1_s1_2 743 0.644 4.17 SiO2_HC2_s2 1784 0.755 4.18a SiO2_HC2_s2_1 1784 0.306 4.18b SiO2_HC2_s2_2 1784 0.35

4.2.3.1 UV-Vis dataIn figure 4.30 it can be seen that also these cubes can be used as a catalyst in the conversion of organicdyes. For sample 1 the third measurement is left out, because the liquid in the cuvet contained somecubes and so the spectrum is unreliable due to scattering and absorption of the cubes present.
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Figure 4.30: Decrease in absorbance of methylene blue. The samples correspond to the samples described intable 4.11.
Reaction speeds are calculated between the point at day zero and day eight, because the absorbanceat the later measurements is too low. For the blanco the difference between day zero and day three wascalculated. Although samples 1 and 4 have a relatively high amount of cubes in the reaction (table 4.11),the reaction speeds are comparable or even lower than the reaction speeds for the etched cubes 2, 3,5 and 6, see table 4.12. However, the difference in reaction speed is less clear for the large cubes insamples 4, 5 and 6.The higher reaction speeds could be caused by the fact that the cubes in 2, 3, 5 and 6 are hematiteetched and have an increased surface area of iron oxide available. However, to determine the preciseamount of cubes present in the mixtures the amount of remaining hematite has to be determined. Infraredspectroscopy was performed on the reaction mixtures at the beginning of the reaction from which theamount of remaining hematite can be determined from. The results are described in section 4.2.3.3.
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Table 4.12: Reaction speeds of the mixtures with hematite etched and not hematite etched particles. The reactionspeed for samples 2 and 3 are slightly higher than for sample 1, which contained non-etched particles. Thedifferences between samples 4, 5 and 6 are very small.

Sample Speed Speed Speed Theoretical degradation TON(∆A∆t ) (molecules/day) (molecules/s) time (days) (molecules
s·cube )blanco 0.02 6.9× 1015 8.0× 1010 2371 0.36 1.4× 1017 1.6× 1012 12 632 0.47 1.8× 1017 2.1× 1012 9 633 0.47 1.8× 1017 2.1× 1012 9 644 0.42 1.6× 1017 1.8× 1012 10 11905 0.42 1.6× 1017 1.9× 1012 10 13906 0.44 1.7× 1017 1.9× 1012 10 1269

4.2.3.2 TEMTEM images were made of the particles in each reaction mixture to see the condition of the particlesduring the reaction. From figure 4.31 it can be seen that almost all the silica shells around the hematitecubes are broken or damaged. In the following sections TEM pictures of the cubes in the reaction mixtureswill also be shown. The cause and the effect of the breaking will be discussed in section 4.4.

(a) Sample 1 (b) Sample 2 (c) Sample 3

(d) Sample 4 (e) Sample 5 (f ) Sample 6
Figure 4.31: TEM pictures of cubes from the supernatants of the reactions mixtures as described in table 4.11,after 16 days of reaction. In all cases the silica shells were broken.

Because the silica shells of these cubes were damaged, the breakage of the same cubes was monitoredover time in new reaction mixtures. The concentration of cubes in the experiment above was higher (5 mL
∼1 wt%) than normal (1 mL ∼1 wt%) and therefore reaction mixtures with 1 mL and 5 mL dispersion wereprepared. Only the non-hematite etched particles were used, because there was no significant differencebetween the etched and the non-etched particles. The concentration of the dispersion containing theSiO2_HC1_s1 cubes was 0.81 wt% and the concentration of the dispersion containing the SiO2_HC2_s2cubes was 0.75 wt%. The TEM pictures can be found in appendix A. No significant difference in breakingof the silica shell was observed between the different amounts of cubes. The silica shells do not break
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instantaneously after the reaction has started. After a few days of reaction broken silica shells wereobserved and after a longer period more silica shells are broken.
4.2.3.3 IR spectroscopyInfrared spectroscopy was used in this case to determine the dissolution of iron during the degradationreaction. During the Fenton reaction the oxidation states of the iron ions at the surface of the particleschanges. It could be the case that the iron ions go into solution during the degradation reaction,also because of the acidic environment. Dissolved oxides will not show up in the infrared spectra andtherefore this technique was used to determine the amount of the non-dissolved and so remaining amountof hematite. Figure 4.32 shows the IR spectra of 1 mL reaction mixture in about 250 mg KBr. All themeasurements were performed in duplo. The first aspect to notice is the change in shape of the silicapeak around 1100 cm−1 after fourteen days of reaction. The peaks are more stretched than at the start ofthe reaction. The peak ratios between the highest silica peak (around 1100 cm−1) and the hematite peak(around 550 cm−1) were calculated for the measurements at the start of the reaction and after fourteendays (table 4.13). From the spectra taken at the beginning of the reaction also the amount of remaininghematite after etching with hydrochloric acid was determined in the same way as described in section4.1.6.6.
Table 4.13: In this table the ratios between the silica and the hematite peaks on the first day of the reaction andafter two weeks are given. The ratios are larger after fourteen days which could indicate that the hematite partiallydissolved.

Sample Day 0 Day 15A (silica)/A (hematite) A (silica)/A (hematite)1 1.04 1.102 1.95 1.963 1.92 1.934 0.58 0.725 1.50 2.056 1.46 1.98
It can be concluded from the peak ratios of hematite and silica is that the ratios between silica andhematite are slightly increased. This could indicate the dissolution of hematite during the degradationreaction. However, more experiments should be performed to investigate the dissolution of hematite. WithAtomic Absorption Spectroscopy (AAS) the supernatant of the reaction mixtures could be investigated onthe presence of iron ions.Also the peak ratio increased more for the large cubes, albeit a small difference. The hematite coreswere not etched, so far can be seen with TEM, see figure 4.31. The silica shell of the big cubes (4, 5and 6) is about 100 nm and the shell of the smaller cubes (1, 2 and 3) is about 80 nm. So the thickersilica shell of the large cubes does not prevent the solvation of iron better than the thin layer. Becausethe smaller cubes have a relatively larger surface area compared to the bigger cubes more solvation ofiron ions would be expected, but this is certainly not the case.
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Figure 4.32: IR spectra (in duplo) on day zero (figure (a) and (b)) and after fourteen days (figure (c) and (d)). The numbers in the graphs correspond to the samples asdescribed in table 4.11 and the numbers between brackets correspond to the duplo number. The difference of the peak ratio are not well visible from the graphs. Thecalculated numbers are shown in table 4.13.
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4.2.3.4 pH measurementsAnother method to investigate if the iron oxide has dissolved is by measuring the pH. Dissolved iron ionsmake the solution acidic by repulsion of hydrogen atoms of the water, forming complexes with iron, asdescribed on page 18 [41].pH measurements were done with diluted reaction mixture, because less sample was needed. 1 mL ofthe reaction mixture, without cubes, was taken and diluted to a total volume of 10 mL.
Table 4.14: pH of diluted reaction mixture after zero and seventeen days of reaction, after 2 and 5 minutesequilibrating.

Sample Day 0 Day 172 min. 5 min. 2 min. 5 min.blanco 6.27 6.061 5.98 6.00 5.66 5.502 6.37 6.22 5.18 5.033 6.11 5.88 4.88 4.714 6.18 6.06 5.68 5.665 6.30 6.11 5.38 5.316 6.35 6.15 5.39 5.15blanco (not diluted) 3.33 3.30

Also the pH of a 5 mL methylene blue and 5 mL 35 wt% H2O2 in 10 mL of Millipore water was measured.This solution was more acidic and had a pH of 3.33 after 2 minutes and 3.30 after 5 minutes. At the endof the reaction the pH of the diluted liquids (without cubes) was slightly lower than in the beginning.This could also indicate that some of the iron dissolved during the reaction. This low pH is beneficial forthe Fenton reaction which has the highest reaction rate a low pH [11, 16].The real pH could also be calculated, however due to the high dilution factor this would not be veryaccurate. However, the pH of the reaction mixtures containing the cubes will be probably below 3.3,because of the presence of the aqua acid. Because the measured supernatants of the reaction mixtureswere diluted the difference between the non-diluted mixtures was even larger.
4.2.4 Silica Etched Hematite CubesThis section discusses the results of the catalytic activity tests of the silica etched cubes (∼1100 nm)from section 4.1.6.4. The amount of remaining silica and the number of cubes in the reaction mixturesare given in table 4.15. The reaction mixtures were again prepared with 5 mL of 4.39× 10−4 M and 5 mL35 wt% H2O2 in a total reaction volume of 20 mL.
Table 4.15: The amount of remaining silica after etching and number of cubes in each reaction mixture. The firstnumber from the sample names in the first colums is the etching time of the silica cubes.

Sample Fraction remaining Concentration (wt%) Added dispersion (mL) Number of cubessilica5 min. (1) 1.00 0.33 2 1.3× 1095 min. (2) 1.00 0.33 4 2.5× 10930 min. (1) 0.84 0.40 2 1.6× 10930 min. (2) 0.84 0.40 4 3.3× 109120 min. (1) 0.63 0.27 2 1.1× 109120 min. (2) 0.63 0.27 4 2.3× 109

56



4.2. Catalytic Activity of Dispersed Cubes Chapter 4. Results
4.2.4.1 UV-VisThe next graph (figure 4.33) shows the degradation of methylene blue over time by cubes whereof thesilica shell is etched by surface protected water etching. The silica etched particles also catalyze thedegradation reaction, however the rate of degradation is not higher for the longer etched particles. Fromthe figure and table 4.16 it can be seen that the sample with the highest number of cubes degrades themethylene blue fastest. Therefore the speed depends on the number of cubes rather than on the extentof etching of the silica shell.
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Figure 4.33: Decreased absorption over time of the reactions with silica etched cubes. The blanco decreasesslowly, whilst the relative absorption decreases faster when the cubes are present. Due to the normalization of theUV-Vis data it can not be seen from this graph, however 30 min. (2) is the fastest while 5 min. (1) is the slowest.
In table 4.16 the calculated reaction rates are give. The reaction rates were calculated between thebeginning of the reaction and at day ten of the reaction, assuming a linear decrease.

Table 4.16: Reaction speeds for the silica etched cubes.
Sample Speed Speed Speed Theoretical degradation TON(∆A∆t ) (molecules/day) (molecules/s) time (days) (molecules

s·cube )blanco 0.05 2.1× 1016 2.4× 1011 785 min. (1) 0.14 5.4× 1016 6.3× 1011 30 4945 min. (2) 0.23 8.9× 1016 1.0× 1012 18 40230 min. (1) 0.18 6.9× 1016 8.0× 1011 24 48730 min. (2) 0.24 9.1× 1016 1.1× 1012 18 323120 min. (1) 0.14 5.5× 1016 6.3× 1011 30 557120 min. (2) 0.21 8.0× 1016 9.3× 1011 20 409
30 min. (2) has the highest reaction rate while 5 min. (1) has the lowest. This corresponds to thelarger amount of cubes present in the former sample. Although 120 min. (1) had less cubes (1.1× 10−9cubes) than 5 min. (1) (1.3×10−9 cubes) their reaction rates are equal. There might be a little advantagedue to the silica etching of sample 120 min. (1), since the reaction rate should be lower than for 5 min.(1). However, more experiments have to be performed and further no clear conclusion can be drawnregarding the etching time of the particles. The etching time could also be increased to make the silicashell more porous and increase the reaction rate.
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These reaction mixtures contained slightly less cubes than the reaction mixtures with the bare cubesfrom section 4.2.1.2. However, the reaction rates are in the same order of around 1012 molecules persecond. This indicates that the silica shell does not inhibit catalysis although most of the silica shellsbreak during the reaction.In figure 4.34 the turn-over-frequency per cube is plotted against the total amount of cubes presentin the reaction mixture. Strikingly the more cubes present, the less molecules they convert per second.This could denote a struggle for methylene blue between the cubes. Therefore more experiments withdifferent and higher concentrations of methylene blue should be performed to investigate this effect.
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Figure 4.34: The reaction speed per cube versus the number of cubes. The reaction speed per cube decreaseswith increasing number of cubes present in the reaction mixture.
4.2.4.2 TEMThe aim of silica etching is to make the silica layer more porous. Rendering it more accessible to largemolecules one could expect that the pressure inside the silica etched cubes would not become as highas is the non-etched cubes. However, the silica etching did not prevent the shells from breaking, as canbe seen in figure 4.35. For the particles which have been etched for two hours no less shells are brokenduring the degradation reaction than for the five minutes etched particles. The arrows in the picturesindicate some of the bare hematite particles.From nitrogen physisorption measurement can be concluded that the silica shells become more porousduring surface protected water etching. In appendix B.8, B.9 and B.10 the isotherms and pore sizedistributions for silica etched particles are shown. For more severely etched particles the pores arelarger and also the total pore volume per gram of particles becomes larger. Although these particles aredifferent particles than the particles used in these catalytic activity measurements, it can be concludedfrom the measurements that the surface protected water etching increases the porosity and the pore size.
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(a) 5 min. (1) (b) 5 min. (1) (c) 5 min. (2) (d) 5 min. (2)

(e) 30 min. (1) (f ) 30 min. (1) (g) 30 min. (2) (h) 30 min. (2)

(i) 120 min. (1) (j) 120 min. (1) (k) 120 min. (2) (l) 120 min. (2)
Figure 4.35: Of each reaction mixture two TEM pictures of the supernatant are shown. It is clear from every picture that large amounts of silica shells and bare hematitecubes are present. Some of the bare hematite particles are indicated in the pictures with arrows. Silica etching did not prevent the breaking of the silica shell during thedecomposition reaction.
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4.3 Substrates
In this section, the results of the activity measurements and some general results of the substrates withcubes are described. On all substrates a layer of cubes was deposited twice and were heat treated at450 ℃ as described in Chapter 3. Experimental, unless stated otherwise.
4.3.1 General ResultsThe reaction mixture of the non-heat treated substrates contain a lot more cubes than the liquid of theheat treated substrates. Therefore, the heat treatment ensures the cubes to stick better on the substrateduring the reaction. TEM pictures were taken, from the liquid of the bottom on the reaction bottle, afterone or two and 30 days. In figure 4.36e it seems that the silica shell is affected by the reaction, becausethe contrast of the silica decreased and does not look as thick and firm as before.

(a) Heat treated, after 1 day of reac-tion. (b) No heat treatment, after 2 days ofreaction. (c) No heat treatment, after 2 days ofreaction.

(d) Heat treated, after 30 days of re-action. (e) Zoom in of (d), the contrast of thesilica shell decreased. (f ) No heat treatment, after 30 days ofreaction.
Figure 4.36: TEM images of the supernatant of the reaction mixtures with heated and non-heated substrates.

Usually the cubes formed ordered structures on the mica substrates. In figure 4.37 SEM images areshown of substrates after they had been in the oven. The first picture shows a substrate that has one drieddeposition of silica coated hematite cubes in water and underwent heat treatment once. The layer outof focus lies directly on the mica surface and the part in focus shows a multi-layer packing. The secondpicture shows another piece of the same substrate after another deposition and heat treatment cycle,these substrates were not used in activity measurements. The cubes are self-assembled into denselypacked multi-layer structures on the mica platelets showing local, but no long range order. The formedstructures are promising to form a closed-packed membrane from these particles in future work. Thecubes deposited on the mica are silica coated cubes of 743 nm, described in section 4.1.1.2. The cubeswere not hematite nor silica etched.

60



4.3. Substrates Chapter 4. Results

(a) Substrate after one coating and one heat treatment. (b) Substrate after two coatings and two heat treat-ments.
Figure 4.37: (a) one deposition once in the oven and (b) two deposition two times in the oven. Densely packedstructures with local order are formed by self-assembly of silica coated hematite cubes upon drying. The structureswere formed after depositions of silica coated hematite cubes dispersed in water on mica.
4.3.2 Activity of Heat Treated SubstratesIn these experiments, the same cubes were used as in section 4.2.3, and are recalled in table 4.17. Inthis table also the total weight of dried particles present on each substrate is given. The blanco was thereaction mixture of methylene blue and hydrogen peroxide with merely an empty mica substrate. Thissubstrate was placed in the reaction mixture in the same way as the coated substrates. The substrateswere placed in mixture of 5 mL 4.39 × 10−4 M methylene blue, 5 mL 35 wt% H2O2 and 10 mL Milliporewater as shown in figure 3.5, by hanging them in the mixture.
Table 4.17: Used cubes on substrates for the degradation of methylene blue. The cubes in samples 2, 3, 5 and 6are hematite etched. The sizes of the cubes are given and the total weight of dried particles on the substrate.

Sample Figure Cubes Size (nm) Weight dried cubes (mg)1 4.2 SiO2_HC1_s1 743 112 4.3a SiO2_HC1_s1_1 743 103 4.3b SiO2_HC1_s1_2 743 114 4.17 SiO2_HC2_s2 1784 135 4.18a SiO2_HC2_s2_1 1784 56 4.18b SiO2_HC2_s2_2 1784 7

4.3.2.1 UV-VisIn the following graph in figure 4.38 the decrease in absorbance of methylene blue by the degradation ofsilica coated hematite cubes on substrates is depicted. In the presence of the substrates with cubes thedegradation is faster, but not as fast as for the dispersed cubes shown in the previous sections. This mightbe due to the fact that not all the cubes are in the reaction mixture during the whole reaction, becausethe liquid level drops when samples to measure with UV-Vis spectroscopy are taken. Also the substratescan not be placed on the bottom because the vials are magnetically stirred. Interestingly, the absorbancefor the blanco increased over time, because the sample concentrated by evaporation. The samples couldevaporate more easily because they were covered by parafilm with a hole in stead of a lid. In table4.18 the corresponding reaction rates are given and as mentioned the reaction speed for the blanco isnegative. Furthermore, all the reaction speeds are quite low, probably due to the immobilization of theparticles. Moreover, like in the blanco sample the samples containing cubes could evaporate, increasing
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the apparent concentration. The reaction rates were calculated between the start of the reaction and dayten of the reaction, assuming a linear decrease.
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Figure 4.38: Decrease in absorbance by silica coated hematite cubes on substrates. For the blank experiment anon-coated mica plate was added to the normally used blanco.
Table 4.18: Reaction speeds of silica coated and hematite etched cubes on substrates. The samples correspondto the samples in table 4.17.

Sample Speed Speed Speed Theoretical degradation TON(∆A∆t ) (molecules/day) (molecules/s) time (days) (molecules
s·cube )blanco + mica -0.05 −1.9× 1016 −2.2× 1011 -851 0.09 3.4× 1016 3.9× 1011 48 512 0.01 3.5× 1015 4.1× 1010 459 43 0.05 2.1× 1016 2.4× 1011 78 224 0.03 1.1× 1016 1.2× 1011 153 2225 0.05 1.9× 1016 2.1× 1011 88 4546 0.08 3.2× 1016 3.7× 1011 51 629

4.3.2.2 TEMSome of the particles were released from the substrate during the reaction and dispersed into the su-pernatant. These particles were imaged with transmission electron microscopy. As can be seen in figure4.39, the silica shells are less broken than in the case of the dispersed cubes in figures 4.31 and 4.35. Inthe TEM pictures also some mica flakes are visible, which broke off the mica plates by the stirring bartouching the mica plates. In figure 4.39b the mica flakes are indicated.
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(a) Sample 1 (b) Sample 2, containing mica flakes (c) Sample 3

(d) Sample 4 (e) Sample 5 (f ) Sample 6
Figure 4.39: TEM images of the particles present in the supernatant after ten days of reaction with hydrogenperoxide and methylene blue. These particles detached from the substrate during the reaction.
4.3.2.3 SEMThe substrates were imaged with scanning electron microscopy after ten days of reaction. The substrateswere dried and a small piece was cut off and placed on a SEM stub. In the SEM images in figure 4.40only a few broken cubes, as indicated in figure 4.40f at the substrates were observed.

(a) Substrate 1 (b) Substrate 2 (c) Substrate 3

(d) Substrate 4 (e) Substrate 5 (f ) Substrate 6
Figure 4.40: SEM images of the substrates. The reaction was stopped after ten days, whereafter the parts of thesubstrate were imaged. In (f) one broken silica shell is indicated.
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In appendix C the TEM pictures of the dispersed cubes (see also figure 4.31 in section 4.2.3.2), theTEM pictures of the cubes in the supernatant of the substrates and the SEM pictures of the substrates(see above) are placed next to each other. It can be seen that the dispersed cubes are more damagedthan the cubes that are dispersed into the liquid from the substrate after they have been in the oven at450 ℃.

4.3.3 Activity of Substrates Heated to Different TemperaturesOnto all substrates used in this section silica coated hematite cubes of approximately 1100 nm describedin section 4.1.6.3 were deposited. The cubes were not silica nor hematite etched. The substrates wereall heated to a different temperatures, ranging from 200 ℃ to 450 ℃ as listed below and were placed inmixture of 5 mL 4.39× 10−4 M methylene blue, 5 mL 35 wt% H2O2 and 10 mL Millipore water.
Table 4.19: Heat treatment temperatures of the substrates and the weight of cubes on each substrate.

Substrate Temperature (℃) Weight dried cubes (mg)1 200 292 250 283 300 314 350 175 400 246 450 24
4.3.3.1 UV-VisIn the next figure the decrease of absorbance by methylene blue in the presence of silica coated cubeson substrates elevated to different temperatures is shown. The reaction rates are shown in table 4.20and were calculated between the start of the reaction and day eight for the blanco, the blanco+mica andmixture 1, and between the start and day six for the other reaction mixtures. Roughly, it can be said thatthe reaction rate decreases with increasing heating temperature of the substrate. The increase of reactionspeed for lower temperature can be caused by the fact that more cubes are released from the substrateand might deliver most of the activity. By coincidence less cubes were initially present on the substratesfor the substrates treated at higher temperatures. In figure 4.42 the percentage of remaining particlesis plotted against the heating temperature of the substrates. When the substrates are heated to highertemperatures less cubes are released into the reaction mixture. Again due to evaporation the absorbanceof the blanco+mica increased over time. The degradation rates for these substrates are higher than forthe substrates in section 4.3.2 because more cubes were initially present on the substrates. Overall thespeed for these substrate was relatively high, probably caused by the dispersion of most of the cubesinto the reaction mixture.
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Figure 4.41: Decrease of absorbance of methylene blue. The degradation of methylene blue is slightly slower bysubstrates elevated to higher temperatures.
Table 4.20: Reaction speeds for the substrates heated to different temperatures.

Sample Speed Speed Speed Theoretical degradation TON(∆A∆t ) (molecules/day) (molecules/s) time (days) (molecules
s·cube )blanco 0.05 2.0× 1016 2.3× 1011 82blanco+mica 0.02 5.8× 1015 6.7× 1010 2821 (200 ℃) 0.38 1.4× 1017 1.7× 1012 11 2962 (250 ℃) 0.50 1.9× 1017 2.2× 1012 9 4093 (300 ℃) 0.49 1.9× 1017 2.2× 1012 9 3674 (350 ℃) 0.28 1.1× 1017 1.2× 1012 15 3675 (400 ℃) 0.35 1.4× 1017 1.6× 1012 12 3366 (450 ℃) 0.09 3.5× 1016 4.0× 1011 47 87
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Figure 4.42: Percentage of the cubes that remained on the substrate versus the temperature of the heat treatmentbefore the reaction. The higher the temperature was during the heat treatment, the more cubes stayed on thesubstrate. The graph levels to a more or less constant number of around 45 %.
4.3.3.2 TEMIn figure 4.43 TEM images are shown of the cubes in the supernatant of the reaction mixtures which werereleased from the substrates. The cubes seem all less damaged than the cubes in the reactions withoutsubstrates. However, it is difficult to quantify whether the cubes elevated to 200 ℃ are more broken thanthe cubes heated to for instance 450 ℃. In these pictures also mica flakes are visible as indicated infigure 4.43d.

(a) 1 - 200 ℃ (b) 2 - 250 ℃ (c) 3 - 300 ℃

(d) 4 - 350 ℃ (e) 5 - 400 ℃ (f ) 6 - 450 ℃
Figure 4.43: TEM pictures of cubes in the supernatant. Some of the silica shells are broken and also mica flakesare present in the supernatant as indicated in figure (d).
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4.3.4 Activity of Reused SubstratesFor these substrates also the cubes described in section 4.1.6.3 were used. Two substrates with adeposition of cubes were used: substrate 1 was heated to 400 ℃ and substrate 2 was heated to 450 ℃.The substrates were placed in mixture of 5 mL 4.39 × 10−4 M methylene blue, 5 mL 35 wt% H2O2 and10 mL Millipore water.
4.3.4.1 UV-VisThe substrates were tested twice in a fresh reaction mixture, to examine how many cubes were releasedfrom the substrate during the first and the second reaction and to determine the activity during the secondreaction. The results are shown in figure 4.44 for the first and the second test. During the first reaction21 % of the cubes was released from substrate 1 and 16 % of substrate 2. During the second reaction thesepercentages were 51 and 59 % respectively of the remaining cubes. Overall, during the two reactions 61 %of the cubes disappeared from substrate 1 and 66 % from substrate 2. These numbers were determinedby weighing the substrates before and after each reaction.
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Figure 4.44: Decrease in absorbance by methylene blue by the first and second use of two substrates. Thetriangles indicate the first use and the diamonds the second use.
Approximately the amount of cubes disappeared in reaction 1 was used in dispersed form to determineif the dispersed cubes deliver most of the activity. These results are shown in figure 4.45. 350µL 1.16 wt%of the same silica coated cubes was used is a total reaction volume of 20 mL. The reaction mixturecontained 5 mL 4.3× 10−4 M methylene blue and 5 mL 35 wt% H2O2.
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Figure 4.45: Decrease in absorbance by a small amount of dispersed cubes dispersed cubes. The degradationrate is lower than for the substrates used above. This indicates that not only the dispersed cubes in the reactionswith substrates contribute to the reaction.
In table 4.21 the reaction speeds for the substrates and the dispersed cubes from the two previousgraphs are calculated. The reaction rate for reaction 1 of the substrates was calculated between thestart of the reaction and day ten of the reaction. For substrate 2 the speed was calculated between thestart and day eleven, for the dispersed cubes the rate was calculated between day zero and day seven,assuming a linear decrease.

Table 4.21: Reaction speeds of the reused substrates and small amount of dispersed cubes. The rate of the secondblanco in this table in probably negative due to evaporation of the solvent.
Sample Speed Speed Speed Theoretical degradation TON(∆A∆t ) (molecules/day) (molecules/s) time (days) (molecules

s·cube )blanco 0.016 6.2× 1015 7.2× 1010 261substrate 1 (1) 0.250 9.6× 1016 1.1× 1012 17 314substrate 2 (1) 0.205 7.8× 1016 9.1× 1011 21 199substrate 1 (2) 0.195 7.5× 1016 8.6× 1011 22 308substrate 2 (2) 0.191 7.3× 1016 8.5× 1011 22 220blanco -0.038 −1.5× 1016 −1.7× 1011 -981 - dispersed 0.094 3.6× 1016 4.2× 1011 39 528
From these rates can it be concluded that the substrates catalyzed the degradation better in the firstreaction than in the second and that the degradation is not mainly performed by the dispersed cubes. Thereaction rate for the small amount of dispersed cubes is namely very low with respect to the substrates.The conversion of molecules per second for the reused substrates is comparable with the reaction rateof the silica etched cubes used in dispersed form in section 4.2.4. However, less cubes were present inthe reaction with the dispersed cubes than present on these substrates. These experiment show thereforealso that the reaction is faster in the presence of dispersed cubes.

4.3.5 Activity of Substrates in a Set-up with an Overhead StirrerFor the coating of these substrates again the cubes described in section 4.1.6.3 were applied. Substrate1 was heated at 400 ℃ and substrate 2 at 450 ℃. These substrates were placed on the bottom of two
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100 mL vials and the reaction mixtures were stirred with an overhead stirrer, the side of the substratewith the deposited cubes was up. In this case all the cubes were in the reaction mixture during the wholereaction, but the reaction volumes were five times as large as in the other cases. 25 mL 4.39 × 10−4 Mmethylene blue solutions and 25 mL 35 wt% hydrogen peroxide was used for each reaction mixture.In figure 4.46 the degradation of methylene blue by these substrates is shown over 40 days. Thedegradation is quite slow but still faster than the blank experiment. During this reaction 38 % of thecubes was released from substrate 1 and 19 % was released from substrate 2 during the reaction. Thesenumbers were also determined by weighing the substrates before and after the reaction.
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Figure 4.46: Decrease in absorbance by substrates used in the set-up using an overhead stirrer. For thesesubstrates it takes much longer to decolor the reaction mixture, because of the large total amount of methyleneblue molecules present in the reaction mixtures.
The calculated reaction rates are given in table 4.22 and were calculated between day zero of thereaction and day sixteen. The reaction rates are very low and equal for both substrates, due to thelittle amount of cubes present on the substrates compared to the large total amount of methylene bluein the reaction mixture. Nevertheless, the reaction rate for the substrates were higher than for the blankexperiment. However, one should note that the blanco was covered with parafilm and the reaction withthe substrates with a lid with a small hole in it. Probably more evaporation could take place from theblanco. This causes also the high theoretical degradation time for the blanco and the incidental increasein absorbance.
Table 4.22: Reaction speeds of the activity test using substrates in the set-up using an overhead stirrer.

Sample Speed Speed Speed Theoretical degradation TON(∆A∆t ) (molecules/day) (molecules/s) time (days) (molecules
s·cube )blanco 0.01 2.2× 1016 2.6× 1011 14641 0.07 1.3× 1017 1.5× 1012 251 2332 0.07 1.3× 1017 1.5× 1012 244 267

4.4 Breaking of Silica Shells
In many cases where the particles were dispersed during the reaction the silica shells broke. To investigatewhether the hydrogen peroxide alone caused the breaking of the silica shell, 1 mL 1.2 wt% silica coatedhematite particles were magnetically stirred with 5 mL 35 wt% H2O2 and 14 mL Millipore H2O in a 20 mL
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vial. TEM grids were made after two hours and one, five, seven and fourteen days. The pictures areshown in figure 4.47. Broken silica shells are present, however clearly less than in the reaction withorganic molecules present.

(a) After two hours (b) After one day (c) After five days

(d) After one week (e) After two weeks
Figure 4.47: Breaking of the silica shell in the presence of only water and hydrogen peroxide. The shells are lessbroken than in the case of dispersed cubes reacting with methylene blue and hydrogen peroxide.

Silica coated particles were also stored in water for longer periods of time, and were viewed withTEM. The silica shells were not affected by the storage in water. The breaking of the silica shells istherefore caused by the degradation reaction in the presence of organic molecules. A explanation forthe breaking is that the osmotic pressure inside the silica box rises due to the products formed out ofhydrogen peroxide in the Fenton reaction. With an increasing osmotic pressure the more solvent is goinginto the silica cube, which could cause the breaking. The reaction between the hematite surface andhydrogen peroxide, generating hydroxyl radicals, is probably not the only cause of the broken silica shellssince more silica shells break in the presence or methylene blue. In the degradation reaction between theorganic molecules and the radicals probably more gas is produced in the reaction mixture (not necessarilyinside the silica box). This gas formation could also be a cause of the broken silica shells.
4.5 Nitrogen Physisorption
Nitrogen physisorptopn measurements were performed on the bare hematite and silica coated particlesetched by hydrochloric acid. These particles are described in section 4.1.6.2 (bare particles) and 4.1.6.6(silica coated particles).All the measured isotherms and determined pore size distributions are also given in appendix B. Theresults of the hematite etched (bare and silica coated) particles will be discussed in this section. Thedata can be found in appendices B.1, B.2, B.3 B.4, B.5, B.6 and B.7. In this appendix the results for thesilica etched particles can also be found.
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4.5.1 Isotherms
4.5.1.1 Bare Hematite Etched ParticlesThe bare hematite etched particles, etched with hydrochloric acid, from section 4.1.6.2, were measuredwith nitrogen physisorption to determine the effect of etching. In figure 4.48 the measured isotherms areshown and TEM images of the particles are shown as inset.The first conclusion drawn from these isotherms is the kind of isotherm obtained following the IUPACclassifications in section 2.2.3.1. The isotherms have the shape of type II, showing no hysteresis andsome have the shape of type IV, showing little hysteresis. However, the isotherms do not start at zero ata very low pressure and therefore it can be concluded that micropores are present.In contrast to the isotherms in figures 4.48b and 4.48c the isotherm in figure 4.48a does not showhysteresis. The non-etched bare hematite cubes therefore contain no mesopores. These mesopores arisethereby upon etching by hydrochloric acid.
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Figure 4.48: Nitrogen Physisorption isotherms of the hematite etched particles.

4.5.1.2 Silica Coated and Hematite Etched ParticlesAlso silica coated hematite cubes etched by hydrochloric acid were measured with nitrogen physisorption.The used particles are described in section 4.1.6.6, apart from the hollow silica shell which were alsomeasured. These silica shells had the same shell thickness as the filled particles.For the silica coated cubes the same behavior in the isotherms is observed. However, the isothermsstart at a higher value of adsorbed amount therefore, more micropores are present. The isotherms areshown in figure 4.49 and the insets show TEM images of the measured particles.
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The behavior of the desorption isotherm in figure 4.49a is strange, because of the fast desorption.This could be caused by blocking of the pores, probably by remaining PVP. Because these particles werealso not etched with HCl PVP still could be present from the silica coating procedure. The isotherm fromfigure 4.49b shows a little hysteresis which indicate the presence of mesopores. This is in agreement withthe etched bare hematite particles from figure 4.48b, which contain approximately the same amount ofhematite and also show hysteresis. The isotherms for the particles with a little or no hematite remainingin figures 4.49c and 4.49d show no hysteresis.
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Figure 4.49: Nitrogen physisorption isotherms of the silica coated and hematite etched particles.

4.5.2 Surface Areas and Pore VolumesFrom the isotherms in figures 4.48 and 4.49 the BET-surface and the micropore volume and the total porevolume are derived. The specific surface area is derived by fitting the BET-isotherm for the first part ofthe adsorption isotherm. The micropore volume is determined by the t-plot method and the total porevolume can be determined from the pore size distribution.In table 4.23 the determined numbers for the surface area, the t-plot micropore volume and the totalpore volume are given per gram and per particle. The number of particles per gram were determined frominfrared spectroscopy (silica coated particles) or by weighing the before and after etching with HCl (bareparticles).In figures 4.50, 4.51 and 4.52 these values per particle are plotted.
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Table 4.23: BET-surface area (per gram and per particle), the t-plot micropore volume (per gram and per particle)and the total pore volume (per gram and per particle) for the hematite etched cubes.
Sample Remaining BET t-plot micropre vol. Total pore vol.hematite (m2/g) (m2/cube) (cm3/g) (cm3/cube) (cm3/g) (cm3/cube)HC1_s2_ne 1 35 1.4× 10−10 0.007 2.7× 10−14 0.024 1.0× 10−13HC1_s2_e1 0.25 68 7.0× 10−11 0.002 2.5× 10−15 0.222 2.3× 10−13HC1_s2_e2 0.01 50 3.1× 10−12 0.003 1.9× 10−16 0.146 9.0× 10−15Si13_HC1_s2_ne 1 51 2.5× 10−10 0.019 9.3× 10−14 0.031 1.5× 10−13Si13_HC1_s2_I 0.19 175 2.9× 10−10 0.056 9.3× 10−14 0.201 3.3× 10−13Si13_HC1_s2_II 0.05 308 3.3× 10−10 0.116 1.3× 10−13 0.210 2.3× 10−13Si13_HC1_s2_hollow 0 294 2.9× 10−10 0.105 1.0× 10−13 0.188 1.8× 10−13

From the table above and figure 4.50 it can be seen that the surface area per particle for the silicacoated particles is higher than for the bare particles. This is straightforward, because the Stöber silica isvery porous. The surface area per particle for the bare particles decreases upon increased etching wherethe surface area for the silica coated particles stays relatively constant. Note that the silica shells ofthe hollow and almost hollow particles are partially broken which could cause an increased surface area.Although the surface area for the bare etched particles decreases after etching the area for the particleswith 25 % remaining hematite is only twice as small as for the non-etched particle. Probably a maximumin the surface area per particle can be found between 100 % and 25 % remaining hematite.
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Figure 4.50: BET-surface area per particle for the bare and silica coated particles. The surface area for the silicacoated particles is higher than for the bare particles, because of the high surface area and porous silica shell. Atthe right side of the graph (remaining hematite = 1), the hematite core is not etched.
From figure 4.51 it can be seen that the micropore volume for the hollow and almost completely etchedsilica coated particles is increased compared to the filled particles. This could indicate that the porosityof the silica increases upon etching with hydrochloric acid.Most pores in the three-step silica layer are micropores. According to Ayral et al. [42] Stöber silicashould contain pores between 1 and 20 nm. From these physisorption measurement larger pores upto20 nm were not found. To investigate whether one-step silica coating have larger pores physisoprtionmeasurement have to be performed on such particles.
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Figure 4.51: t-plot micropore volume per particle for the bare and silica coated particles. The pore volume for thesilica coated particles is higher, due to the porous silica shell. At the right side of the graph (remaining hematite= 1), the hematite core is not etched.
The total pore volume of the particles with around 20 % of remaining hematite of both the bare andsilica coated particles is increased in comparison with the non-etched particles. This is due to thepresence of mesopores, which can also be seen from the isotherms showing hysteresis.
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Figure 4.52: Total pore volume per particle for the bare and silica coated hematite particles. At the right side ofthe graph (remaining hematite = 1), the hematite core is not etched.
Non complete etching of the hematite core increases the porosity of the hematite and probably amaximum in surface area can be found. However, more physisorption measurements would have to beperformed to determine this maximum.
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Chapter 5

Discussion

It is clear that the hematite particles, either bare, coated with silica or immobilized on a substrates areable to catalyze the degradation reaction of organic molecules in a Fenton-like way. However, to makea fair comparison between all the different reactions the absorbance should be determined at the samepoint for each reaction. Furthermore, the number of cubes and the concentration of organic moleculeshould be equal in every experiment. Moreover, the reaction rates were not all calculated according tothe same period of time. In the case of the experiments with the substrates the number of cubes pervolume increased when liquid was removed for the UV-Vis measurements. In the case of the dispersedcubes it did not, because the cubes were removed with the liquid. These make it difficult to compare thereactions rates found from the experiments.The evaporation of most samples was also not controlled and therefore there is an error in themeasured aborbance. The amount of remaining dye was determined by UV-Vis spectroscopy at oneparticular wavelength. Therefore, the degradation of organic molecules was not completely finished atzero absorbance and it is unknown when the degradation process is finished.The colloidal particles are able to accelerate the catalytic degradation reaction of organic molecules.However, the rate is much lower than reported in literature by Lee et al. for the Fenton-like reaction inthe presence of hematite [13]. The difference could arise from the organic molecules used, the used formand amount of hematite or the used concentrations of organic molecule and hydrogen peroxide. Lee et
al. used phenol as model organic molecule which probably has a different degradation pathway.In the nitrogen physisorption isotherms of the silica coated particles almost no hystheresis is presentwhich means that there are no mesopores present in the silica layer. From the pore size distributions italso can be concluded that no mesopores are present in the Stöber silica. According to literature, one-step-base-catalyzed silica should have pores between 1 and 20 nm [42]. Mesopores are larger than 2 nmand silica should have many mesopores, which were not observed in these physisorption measurements.The pores could be blocked by PVP-molecules used during the Stöber synthesis. However, the PVPshould partially disappear during the etching procedure with HCl. The PVP is probably only partiallydissolved because the measurement of the non-etched particles has a defect at the desorption curve. Thenitrogen molecules diffuse slowly out of the pores when they are blocked by the PVP. The lack of porescan be caused by the multiple step synthesis. The pores formed can be filled with silica in the second andthird synthesis. To determine the pore size in single step coated particles physisorption measurementsshould be performed on such particles.The silica shells are less broken when only hydrogen peroxide is added to the cubes than in thepresence of organic dye and hydrogen peroxide. When the hydrogen peroxide enters the particles it canbe converted into hydroxyl radicals at the hematite surface. The osmotic pressure inside the silica shellis then probably raised thereby, possibly causing the observed breaking. The hematite surface is betteraccessible when the silica breaks, which also makes the comparison difficult between the dispersed andimmobilized particles. The silica coated particles are namely not entirely coated anymore after a fewdays of reaction.
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Figure 5.1: Actual sizes of a methylene blue molecule.
However, the question remains whether the organic molecules enter the non damaged silica shells.In the article by Ayral et al. [42] is stated that the pores are between 1 and 20 nm, but the nitrogenphysisorption measurements performed on the particles described in this thesis do not confirm this. Fromthese measurements the presence of mesopores could not be proven. The largest dimension of methyleneblue is slightly larger than 1 nm and therefore it can be stated that the molecules do not fit inside thepores of the triple silica coated particles. The actual sizes of the molecule are given in figure 5.1. Thepore size of the used particles in the catalytic activity measurements is not determined with physisorptionmeasurements.
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Chapter 6

Conclusion

Silica coated hematite cubes were successfully synthesized and were used in catalytic activity tests forthe degradation of organic dyes in combination with hydrogen peroxide. We have demonstrated that thehematite cubes accelerate the degradation of methylene blue, even when they are coated with Stöbersilica. The reaction rate for all the reactions is around 1012 molecules per second converted in the reactionmixture, which is much lower than reported in literature for this reaction in the presence of hematite [13].The activity of the colloidal cube-like particles was tested for dispersed particles and for immobilizedparticles on mica substrates. The degradation rate was higher in the case of dispersed particles. In thecase of the immobilized particles probably not all the particles took place in the reaction, because ofmulti-layer stacking. To immobilize silica coated hematite particles a drop of particles dispersed in waterwere deposited on mica substrates. Upon drying and after a heat treatment at 450 ℃ these particlesformed densely packed multi-layer structures with local order.UV-Vis spectroscopy proved to be a useful technique to follow and quantify the amount of methyleneblue and rhodamine B during the reaction. The pH of the reaction mixture of hydrogen peroxide andmethylene blue without cubes was determined to be in the proper range for the Fenton reaction. Surfaceprotected water etching of the silica shells of the particles was performed and the amount of left silicawas determined with infrared spectroscopy. Although the etching was successful, the more porous shellswere not beneficial to the reaction rate.From the nitrogen physisorption measurements it can be concluded that the porosity of the hematiteincreases upon etching with hydrochloric acid. For the bare hematite particles the surface area perparticle was decreased after etching 75 % of the hematite core. However, a maximum in the surface areaprobably can be found between 25 % and 100 % of remaining hematite. The increased surface area perparticle for the silica coated and hematite etched particles is therefore probably caused by an increasein surface area of the Stöber silica layer during etching with hydrochloric acid. The shape of the silicapeak in the infrared spectrum changes upon etching with hydrochloric acid and infrared spectroscopy isa useful technique to determine the amount of remaining hematite and the extent of silica etching.During the catalytic degradation reaction the cubes which have had a heat treatment in the ovenat 450 ℃ and were immobilized on mica substrates did not break as much as the non-treated dispersedcubes. The breaking is mostly caused by the reaction with an organic molecule present. The cubesin the presence of only hydrogen peroxide did not break as much as the cubes in the reaction withorganic molecules did and the silica coated cubes stored in water were stable. The heat treatment of thesubstrates ensured also that the cubes remained better on the substrate.
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Chapter 7

Outlook

The reaction speed in these experiments depends on the amount of cubes and therefore there can be alack of methylene blue for the cubes. A possible experiment is to use much more methylene blue anddilute the reaction mixture before taking a UV-Vis spectrum. Another option is to search for an organicmolecule with a lower molar extinction coefficient, because the concentration of organic molecule can behigher to get a proper absorbance with UV-Vis spectroscopy.Smaller molecules can be used as reactant, to see whether the size of the molecules limits the reactionspeed. The smaller molecules may enter the pores of the silica shell an might be degraded faster. Thefour next molecules in figure 7.1 are some options, because they absorb light in the visible range, whichis necessary for UV-Vis spectroscopy and are probably all water soluble due to the chargeable groups.

O
O

(a) 2,3-naphthalenedicarboxaldehyde O

O

(b) 1,2-diacetylbenzene
NH2

NO2

(c) p-nitroaniline

NH2

NO2

(d) 2-nitroaniline
Figure 7.1: Options for organic molecules to use in the catalytic activity measurements.

The porosity of the silica shell is increased by surface protected water etching. However, the silicaetched particles used in the catalytic activity test did not have a increased reaction rate in contrast tothe non-etched particles, also the silica shells broke during the reaction. Therefore, catalytic tests couldbe performed with more porous silica.With nitrogen physisorption particles with more than 25 % hematite can be measured, because thesurface area probably has a maximum between 25 and 100 % of remaining hematite. Single step silicacoated particles can be measured to see the effect of the multi-step synthesis on the surface area andthe pore size distribution.The hydrogen peroxide used was stabilized with an organic phosphorous compound of which is notsure how it influenced the reaction. Although it was stabilized, the hydrogen peroxide did probablydegrade over time. Unstabilized hydrogen peroxide could be used to be certain of the absence of anystabilizing agent. The concentration of both stabilized and not stabilized hydrogen peroxide can bedetermined by titration to know the exact amount of hydrogen peroxide in the reaction mixture.
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Chapter 7. Outlook
Another substrate material for the cubes can be used. Mica was used, because it is flat and is heatresistant. However, a different material as substrate could have another effect on the assembly of thecubes.The dissolution of iron oxide during the reaction was only investigated with infrared spectroscopy.However the liquid of the reaction mixture could also be investigated with Atomic Absorption Spectroscopy(AAS) to determine the concentration of iron ions in the liquid.A way to prevent the breaking of the cubes should be found to the determine the exact effect of thesilica coating on the reaction. Since the heat treatment before the reaction resulted in less broken cubes,silica coated particles could be heated on forehand and can be attempted to redisperse them.The catalytic degradation reaction of organic molecules in the presence of hematite cubes and hy-drogen peroxide is relatively slow. One of the reasons for this can be the fact that the iron ions in thehematite have a charge of 3+. Therefore the start up of the reaction is quite slow since the radicals areproduced in the presence of iron(II). To increase the reaction rate one could try to modify the hematitesurface. Treatment of the cubes at elevated temperatures in a reducing atmosphere (N2 and a smallamount of H2) could produce iron(II) ions at the surface. The cubes could also be treated with a solutionof chrome(II) to convert the iron(III) ions into iron(II) ions. A too large amount of chrome(II) can howeverdissolve the particles. Another way to increase the reaction speed is the use of another peroxide; per-oxodisulphate (S2O2–8 ). The produced radicals are much stronger than the hydroxyl radicals produced inthe classical Fenton reaction. However, peroxodisulphate might be able to degrade the organic moleculesdirectly.Since the formed hydroxyl radicals formed during the Fenton reaction have a very high reductionpotential they are able to degrade almost all organic molecules. Therefore, the cubes in combinationwith hydrogen peroxide could also be effective in killing bacteria.Hematite is also a promising material in the field of photocatalysis. Where currently titania is used,hematite in combination with solar cells could be able to produce hydrogen gas from water under theinfluence of light [57].Only the influence of light on the degradation reaction of methylene blue in the absence of cubeswas investigated. However, the formation of radicals out of hydrogen peroxide on the surface of hematiteis accelerated by UV-light [56]. Therefore, the degradation reaction of methylene blue by the hematitecubes in the absence of light could be investigated.
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Appendix A

Breaking of Silica Shells

Below the TEM pictures are shown as described in section 4.2.3.2. The pictures show the breaking ofsilica shells during the degradation reaction of methylene blue. For each sample TEM pictures weretaken of the particles after a few hours and three, seven and fourteen days. As it can be seen, the silicashells do not break instantaneously and the amount of broken silica shells increases with increasingreaction time.

(a) After a few hours (b) After three days

(c) After seven days (d) After fourteen days
Figure A.1: 1 mL, 0.81 wt% SiO2_HC1_s1 (section 4.1.1.2)
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Appendix A. Breaking of Silica Shells

(a) After a few hours (b) After three days

(c) After seven days (d) After fourteen days
Figure A.2: 5 mL, 0.81 wt% SiO2_HC1_s1 (section 4.1.1.2)

(a) After a few hours (b) After three days

(c) After seven days (d) After fourteen days
Figure A.3: 1 mL, 0.74 wt% SiO2_HC2_s2 (section 4.1.7.2)
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Appendix A. Breaking of Silica Shells

(a) After a few hours (b) After three days

(c) After seven days (d) After fourteen days
Figure A.4: 5 mL, 0.74 wt% SiO2_HC2_s2 (section 4.1.7.2)
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Appendix B

Nitrogen Physisorption Results

In this appendix the measured isotherms and the determined pore size distributions are given for eachmeasured sample. Also the BET-surface area (per gram and per particle), the t-plot micropore area, thet-plot external surface area and the t-plot micropore volume (per gram and per particle) are given forthe hematite and silica etched particles. In table B.1 the results are summarized for the hematite etchedparticles.
Table B.1: BET-surface area (per gram and per particle), the t-plot micropore volume (per gram and per particle)and the total pore volume (per gram and per particle) for the hematite etched cubes.
Sample remaining BET t-plot micropre vol. Total pore vol.hematite (m2/g) (m2/cube) (cm3/g) (cm3/cube) (cm3/g) (cm3/cube)HC1_s2_ne 1 35 1.4× 10−10 0.007 2.7× 10−14 0.024 1.0× 10−13HC1_s2_e1 0.25 68 7.0× 10−11 0.002 2.5× 10−15 0.222 2.3× 10−13HC1_s2_e2 0.01 50 3.1× 10−12 0.003 1.9× 10−16 0.146 9.0× 10−15Si13_HC1_s2_ne 1 51 2.5× 10−10 0.019 9.3× 10−14 0.031 1.5× 10−13Si13_HC1_s2_I 0.19 175 2.9× 10−10 0.056 9.3× 10−14 0.201 3.3× 10−13Si13_HC1_s2_II 0.05 308 3.3× 10−10 0.116 1.3× 10−13 0.210 2.3× 10−13Si13_HC1_s2_hollow 0 294 2.9× 10−10 0.105 1.0× 10−13 0.188 1.8× 10−13
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Appendix B. Nitrogen Physisorption Results
B.1 HC1_s2 (non-etched)

Figure B.1: HC1_s2 (non-etched)

BET surface area: 34.8 m2/gt-plot micropore area: 13.9 m2/gt-plot external surface area: 20.9 m2/gt-plot micropore volume: 0.007 cm3/gTotal pore volume: 0.024 cm3/g
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Figure B.2: Measured isotherm

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0 20 40 60 80 100 120 140 160

Pore diameter (nm)

P
o

re
 v

o
lu

m
e
 (

c
m

3
/g

•n
m

)

Figure B.3: Determined pore size distribution, according to the adsorption isotherm.
92



Appendix B. Nitrogen Physisorption Results
B.2 HC1_s2_e1

Figure B.4

BET surface area: 67.9 m2/gt-plot micropore area: 6.3 m2/gt-plot external surface area: 61.7 m2/gt-plot micropore volume: 0.002 cm3/gTotal pore volume: 0.222 cm3/g
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Figure B.5: Measured isotherm
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Figure B.6: Determined pore size distribution, according to the adsorption isotherm. This distribution gave astraight line, probably due to a calculation error of the computer program calculating the distribution. Therefore,below the distribution according to the desorption isotherm is given.
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Figure B.7: Determined pore size distribution, according to the desorption isotherm.
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Appendix B. Nitrogen Physisorption Results
B.3 HC1_s2_e2

Figure B.8

BET surface area: 49.6 m2/gt-plot micropore area: 7.2 m2/gt-plot external surface area: 42.4 m2/gt-plot micropore volume: 0.003 cm3/gTotal pore volume: 0.146 cm3/g
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Figure B.9: Measured isotherm
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Figure B.10: Determined pore size distribution, according to the desorption isotherm.
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Appendix B. Nitrogen Physisorption Results
B.4 Si13_HC1_s2 (non-ethced)

Figure B.11

BET surface area: 51.2 m2/gt-plot micropore area: 38.3 m2/gt-plot external surface area: 12.9 m2/gt-plot micropore volume: 0.019 cm3/gTotal pore volume: 0.031 cm3/g
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Figure B.12: Measured isotherm
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Figure B.13: Determined pore size distribution, according to the desorption isotherm.
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Appendix B. Nitrogen Physisorption Results
B.5 Si13_HC1_s2_I

Figure B.14

BET surface area: 175.4 m2/gt-plot micropore area: 115.1 m2/gt-plot external surface area: 60.4 m2/gt-plot micropore volume: 0.056 cm3/gTotal pore volume: 0.201 cm3/g
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Figure B.15: Measured isotherm
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Figure B.16: Determined pore size distribution, according to the desorption isotherm.
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Appendix B. Nitrogen Physisorption Results
B.6 Si13_HC1_s2_II

Figure B.17

BET surface area: 307.5 m2/gt-plot micropore area: 237.2 m2/gt-plot external surface area: 70.3 m2/gt-plot micropore volume: 0.116 cm3/gTotal pore volume: 0.210 cm3/g
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Figure B.18: Measured isotherm
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Figure B.19: Determined pore size distribution, according to the desorption isotherm.
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Appendix B. Nitrogen Physisorption Results
B.7 Si13_HC1_s2_hollow

Figure B.20

BET surface area: 293.7 m2/gt-plot micropore area: 214.9 m2/gt-plot external surface area: 78.8 m2/gt-plot micropore volume: 0.105 cm3/gTotal pore volume: 0.188 cm3/g
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Figure B.21: Measured isotherm
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Figure B.22: Determined pore size distribution, according to the desorption isotherm.
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Appendix B. Nitrogen Physisorption Results
B.8 SE_N2_A

Figure B.23

BET surface area: 57.5 m2/gt-plot micropore area: 39.6 m2/gt-plot external surface area: 17.9 m2/gt-plot micropore volume: 0.019 cm3/gTotal pore volume: 0.035 cm3/g
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Figure B.24: Measured isotherm
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Figure B.25: Determined pore size distribution, according to the desorption isotherm.
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Appendix B. Nitrogen Physisorption Results
B.9 SE_N2_C

Figure B.26

BET surface area: 103.8 m2/gt-plot external surface area: 110.2 m2/gTotal pore volume: 0.066 cm3/g
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Figure B.27: Measured isotherm
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Figure B.28: Determined pore size distribution, according to the desorption isotherm.
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Appendix B. Nitrogen Physisorption Results
B.10 SE_N2_G

Figure B.29

BET surface area: 34.5 m2/gt-plot external surface area: 34.7 m2/gTotal pore volume: 0.076 cm3/g
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Figure B.30: Measured isotherm
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Figure B.31: Determined pore size distribution, according to the desorption isotherm.
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Appendix C

Substrates versus Dispersed

In this overview SEM and TEM pictures are shown of dispersed and immoblized cubes, to compare thedamaging of the silica shells. In the first column SEM pictures are shown of the substrates from section4.3.2, the second column shows TEM pictures of cubes which were released from these substrates intothe supernatant during the reaction. The third column shows TEM pictures of the same type of cubeshowever, these were used in dispersed form for the catalytic activity tests (section 4.2.3). As it can beseen, the silica shells of the particles in the third column, which did not have a heat treatment, aremore severely damaged in comparison with the particles form the first and second column. The numberscorrespond to the used cubes:
Sample Figure Cubes Size (nm)1 4.2 SiO2_HC1_s1 7432 4.3a SiO2_HC1_s1_1 7433 4.3b SiO2_HC1_s1_2 7434 4.17 SiO2_HC2_s2 17845 4.18a SiO2_HC2_s2_1 17846 4.18b SiO2_HC2_s2_2 1784

SEM substrate TEM supernatant substrate TEM supernatant dispersed

1

2
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3

4

5

6
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