
UPTEC Q 16 012

Examensarbete 30 hp
Juni 2016

Functionalization of Upsalite® 
with TiO2 for UV-blocking applications 

Celina Notfors



 



 

 
 
Teknisk- naturvetenskaplig fakultet 
UTH-enheten 
 
Besöksadress: 
Ångströmlaboratoriet 
Lägerhyddsvägen 1 
Hus 4, Plan 0 
 
Postadress: 
Box 536 
751 21 Uppsala 
 
Telefon: 
018 – 471 30 03 
 
Telefax: 
018 – 471 30 00 
 
Hemsida: 
http://www.teknat.uu.se/student 

Abstract

Functionalization of Upsalite® with TiO2 for
UV-blocking applications

Celina Notfors

Inorganic UV-filters in use today often occur as nanoparticles and 
have a photocatalytic effect, which can be a problem since they 
can cause negative health effects. This is why Upsalite®, a 
mesoporous magnesium carbonate recently has been investigated as a 
UV-filter. Upsalite® itself is however not suitable as a UV-filter 
since it mainly protects in the UVC range and hence it needs to be 
complemented by other substances. The substance studied to 
functionalize Upsalite® in this thesis is titanium dioxide which 
is an inorganic UV-filter commonly used in sunscreens.

In this work two different sol-gel synthesis routes of titanium 
dioxide have been investigated as well as a co-synthesis of 
Upsalite® and titanium dioxide. In the first synthesis route 
already synthesized Upsalite® was mixed with titanium tetra-
isopropoxide and 1-propanol. The second synthesis route was a 
modified version of synthesis routes described in literature where 
methanol solvent was used and the pressure was altered by CO2. 
This route was explored due to its resemblance with the Upsalite® 
synthesis. Pressure, temperature and amount of water were varied 
to optimize incorporation of Upsalite® and investigate 
possibilities for a co-synthesis. Subsequently a co-synthesis of 
Upsalite® and titanium dioxide was performed that resulted in two 
amorphous composite materials depending on if water was added in 
the drying procedure or not.

When mixing Upsalite® in the synthesis liquid of titanium dioxide, 
titanium dioxide seems to be deposited on Upsalite®. It is however 
difficult to determine whether the pores of Upsalite® have been 
completely filled or if they have collapsed. The acid catalyst HCl 
promotes formation to crystalline titanium dioxide but Upsalite® 
instead prevents it. The limited crystallization of titanium 
dioxide when synthesized with Upsalite® may be due to confinement 
in the Upsalite® pores. The UV-blocking properties of the TiO2-
Upsalite® without HCl are good with an sun protection factor (SPF) 
of 27 for a 10 wt% blend in a lotion and an SPF of 7 for the 
sample with HCl. The modified synthesis route of TiO2 showed that 
it is possible to perform a sol-gel synthesis with a considerably 
lower amount of water than found in literature and that alteration 
of temperature and pressure during the synthesis does not affect 
the crystallization temperature noteworthy. The materials obtained 
from the co-synthesis are slightly porous, probably consisting of 
one or several magnesium titanium oxides and a carbonate phase and 
showed a transmission cutoff in between Upsalite® and titanium 
dioxide corresponding to an SPF of 5.
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Funktionalisering av Upsalite® med TiO2 för  

UV-skyddande applikationer 

 

Celina Notfors 
 

Nanoteknik förutspås bli nästa stora teknikrevolution inom allt från energiförsörjning till medicin. 

Redan nu har tekniken visat sig användbar då miljövänliga algbatterier har tillverkats och 

cancertumörer botats. Möjligheterna till fortsatt utveckling är stora då nanotekniken ger oss 

möjlighet att specialanpassa egenskaper hos material efter våra behov.   

För att räknas som ett nanomaterial måste minst en ledd av materialet vara mellan 1 och 100 

nanometer. Det kan jämföras med bredden på ett hårstrå som är ungefär 1000 gånger så brett. Inte 

bara partiklar eller fibrer utan även det omvända, ett material med porer i nanometerskala räknas 

som ett nanomaterial.   

Upsalite® är ett nanoporöst material med porer runt 6 nm och en ytarea på upp till 800 m2/g. 10 g 

Upsalite® har alltså lika stor area som en fotbollsplan! Försök att framställa materialet har gjorts i 

över hundra år utan framgång innan forskargruppen på avdelningen för nanoteknik och funktionella 

material vid Uppsala universitet lyckades 2013.  

Det finns många olika tillämpningar för Upsalite® där fuktupptagning, separering av gaser och 

laddning av läkemedel är några exempel. Fördelen med att ladda in läkemedel i porerna är att det då 

inte kan bilda kristaller utan istället behåller sin oordnade amorfa form vilket är lättare för kroppen 

att ta upp. 

En annan lovande tillämpning för Upsalite® är som UV-filter i solkrämer. De första testerna har dock 

visat att Upsalite® främst skyddar mot UVC-ljus som filtreras bort av ozon-lagret och därför inte finns 

på jorden. Genom kombination med redan befintliga UV-filter skulle en positiv kombinationseffekt 

kunna uppnås. 

De UV-filter som finns på marknaden idag kan antingen klassas som kemiska eller fysiska skydd. De 

kemiska skydden absorberar UV-ljus och omvandlar det till värme medan de fysiska kan reflektera 

eller absorbera UV-ljuset. För att öka transparensen och optimera effektiviteten så är de fysiska 

skydden ofta i form av nanopartiklar. Nanopartiklar är inte farliga att ha på huden men har visat sig 

kunna ge skador om man andas in dem. Nackdelarna med de kemiska UV-filtren är att de kan vara 

hormonstörande eller ge upphov till allergiska reaktioner i huden. De sönderfaller också efter en tid i 

solljus och förlorar då sina UV-skyddande egenskaper. De fysiska skydden brukar anses bättre 

eftersom de har ett varaktigt skydd och inga hormonstörande eller allergiframkallande egenskaper. 

De kan dock genom så kallad fotokatalytisk effekt, ge upphov till fria radikaler som kan skada hudens 

celler.  
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Titandioxid är ett fysiskt UV-filter som ofta används i solkrämer och har i detta projekt använts för att 

funktionalisera Upsalite® till att bli ett bättre UV-skydd. Genom att belägga Upsalite® med titandioxid 

undviks farliga nanopartiklar och dessutom kan den fotokatalytiska effekten av titandioxid 

förhoppningsvis också undvikas.  

I detta projekt har Upsalite® belagts med titandioxid genom att blanda ner färdigt Upsalite®-pulver i 

syntesvätska för framställning av titandioxid. En alternativ syntesväg av titandioxid har också testats 

för att möjliggöra en samsyntes då Upsalite® och titandioxid samtidigt tillverkas i samma kärl.  

Resultaten tyder på att porerna i Upsalite® antingen blir helt fyllda eller kollapsar då de blandas ner i 

titandioxidsyntesen. Trots att porerna blir fyllda eller kollapsar verkar det ändå bli en beläggning av 

oordnad, amorf titandioxid på Upsalite®-partiklarna. Eftersom titandioxid har bättre UV-skyddande 

egenskaper när den är i kristallin form än när den är amorf så har olika värmebehandlingar testats för 

att på så sätt få den att kristallisera. 

Upsalite® sönderfaller vid temperaturer mellan 350-390 ˚C medan titandioxid vanligtvis kristalliserar 

runt 400 ˚C. För att kunna få en kristallin titandioxidbeläggning på Upsalite® utan att den sönderfaller 

måste alltså kristallisationstemperaturen av titandioxiden bli lägre. Genom att variera olika 

parametrar så som temperatur, tryck och mängd tillsatt vatten men också tillsättning av en syra 

under titandioxid-syntesen så blev resultatet att det enda som sänker kristallisationstemperaturen är 

tillsättning av syra. Detta gör att kristallisationstemperaturen går ner till 360 ˚C. Under försöken 

upptäcktes också att det var möjligt att göra titandioxid med en väldigt låg mängd tillsatt vatten, 

lägre mängd än vad som konstaterats i litteraturen.  

En samsyntes då Upsalite® och titandioxid tillverkades samtidigt i samma kärl testades också. Efter 

att syntesen pågått i 5 dagar under tryck och omrörning delades syntesvätskan i två där vatten 

tillsattes i den ena delen innan vätskan torkades till ett pulver. Resultatet blev två kompositmaterial 

som enligt analysresultaten består av olika former av magnesium- och titanoxid men också en 

karbonatfas. 

För att testa de UV-skyddande egenskaperna hos de erhållna materialen blandades de med 10 

viktprocent i en hudlotion och så mättes transmittansen hos krämen i en spektrometer. Med hjälp av 

mätresultaten kunde sedan en solskyddsfaktor räknas ut. För Upsalite® som blandats ner i 

syntesvätska av titandioxid blev solskyddsfaktorn ungefär 27. Då det också var saltsyra i 

syntesvätskan blev solskyddsfaktorn istället runt 7. För materialen från samsyntesen så blev 

solskyddsfaktorn 5.  
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1 Introduction 

With potential to cure cancer [1], create sustainable energy storage systems and clean water, 

nanotechnology is predicted to revolutionize the future. The width of applications together with their 

unique properties has made nanomaterials a hot topic in the world of science.  

The common definition of a nanomaterial is that it is of a length scale  between 1 and 100 nm in at 

least one dimension [2]. This can be compared to human hair fibers that are between 50-100 µm 

thick [3], which is a factor 1000 times thicker than a nanofiber. The small size of nanomaterials often 

provides them with unique and novel properties [2] which is why there is a big research interest in 

this area [4, p. 1].  

Porous materials with a pore width of less than 100 nm are usually defined as nanoporous materials 

[4, p. 4]. According to IUPAC, the international union for pure and applied chemistry, porous 

materials can be subdivided further according to their pore size into microporous materials having 

pores with a diameter of less than 2 nm, mesoporous materials having pores with a diameter in the 

range of 2-50 nm and macroporous materials having pores with a diameter of more than 50 nm [5].  

Upsalite®  is a micro-mesoporous, amorphous form of magnesium carbonate that was first reported 

from Uppsala university in 2013 [6]. The material is reported to have the highest surface area of all 

alkali metal carbonates with up to 800 m2/g [6]. The material also shows a very narrow pore size 

distribution around 6 nm [6].  

There are many possible applications of Upsalite® where adsorption of water and other substances is 

one of them. The pores can also be used for loading molecules such as drugs. The benefit of this is 

that the molecules do not crystallize but instead remain in their amorphous state which can provide 

enhanced dissolution rates for poorly soluble drugs, and thus result in improved uptake by the body 

when administered orally [7]. A lot of research is currently being performed at Uppsala University 

and the company Disruptive Materials to improve the properties of Upsalite® and find new 

applications for the material.  

Another promising application of Upsalite® is for UV-blocking purposes. Upsalite® has, in not yet 

published work, been shown to have a bandgap of 4.4 eV with a cutoff wavelength at 285 nm. When 

using Upsalite® in a sunblock cream this corresponds to a sun protection factor (SPF) around 2. To 

make Upsalite® a more suitable candidate for sunblocking purposes it needs to be complemented by 

other substances. 

There are many different substances currently in use as UV filters. In sunblock creams their purpose 

is to prevent UV radiation from getting through to the skin [8]. The filters can be chemical or physical, 

also referred to as organic or inorganic filters respectively. The organic substances absorb the UV 

light and convert it to heat [8] while inorganic substances can reflect, scatter and absorb the UV 

radiation. When the particles are sufficiently small the absorption is most efficient and the skin 

whitening effect is avoided [8]. This is the reason for why the inorganic filters usually occur as 

nanoparticles.  
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There are however a number of drawbacks with the UV filters in use today. Many of the organic 

filters are hormone disruptive and can penetrate the skin or can give rise to skin allergies [9], [10]. 

The inorganic filters are in general considered better since they do not penetrate the skin and there 

are no evidence of hormone disruption or skin allergy reported [11], [12]. The inorganic filters 

currently in use are zinc oxide and titanium dioxide. Zinc oxide was however not approved as a UV-

filter in the European union before 22 April 2016 [13]. 

Since titanium dioxide is considered safe and is a common ingredient in sunblock creams it was 

chosen to functionalize Upsalite® as a UV-filter. The drawbacks with titanium dioxide are that it 

usually occurs as nanoparticles which could be negative if inhaled and it could also give rise to free 

radicals due to its photocatalytic activity.  The combination with Upsalite® has potential to avoid the 

drawbacks of titanium dioxide since the molecules will be adsorbed to the surface of Upsalite® which 

will have the effect that there will not be any nanoparticles. Also, the photocatalytic effect may be 

altered in a, for UV-blocking purposes positive way, by the confinement and change of surface 

electronic states.  

1.1 Aims of the thesis 

This thesis had the following aims: 

1. Successfully deposit titanium dioxide on Upsalite®. 

2. Analyze and compare the optical properties of titanium dioxide-covered Upsalite® with 

titanium dioxide nanoparticles. 

3. Prepare a sunscreen-formulation containing Upsalite® coated with titanium dioxide. 

The methods used to achieve the goals were: 

1. Using a known synthesis route of titanium dioxide and mixing down already synthesized 

Upsalite® in the synthesis liquid.  

The advantages of this method are: 

- The method is simple. 

- Nanoparticles are avoided.  

2. Making a co-synthesis of Upsalite® and titanium dioxide from solution.  

The advantages of this method are: 

- Nanoparticles are avoided. 

- The method is time efficient since both syntheses take place simultaneously. 

3. Characterize the materials by: 

- Fourier transform infrared spectroscopy (FTIR) 

- Thermogravimetric analysis (TGA) 

- X-ray diffraction (XRD) 

- Scanning electron microscopy (SEM) 

- Energy dispersive X-ray diffraction (EDS) 

- Nitrogen gas sorption  

- Electron spectroscopy for chemical analysis (ESCA) 

4. Mixing the obtained materials with a commercially available lotion and investigate the UV-

blocking properties by UV-Visible spectroscopy. 
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2 Background 

2.1 UV Radiation 

UV radiation is just below visible light in the electromagnetic spectrum, between 10 to 400 nm, see 

Figure 2-1. The UV radiation can be further divided into UVA, UVB and UVC based on different 

biological activities [14, p. 1]. UVA is usually defined as having a wavelength of 400-320 nm, UVB 320-

280 nm and UVC 280-10 nm [14, p. 1]. The wavelength corresponds to the energy of the radiation 

with shorter wavelengths having higher energy contents. Around 10 % of the solar radiation that 

reaches Earth is UV radiation and of that around 95 % is UVA [2, p. 181], [15] . The UVC radiation is 

absorbed by the stratospheric ozone in the Earth's atmosphere and hence it does not reach the 

surface of Earth [16]. 

 

Figure 2-1: The electromagnetic spectrum, illustration from [17]. 

UVA is the UV-radiation with the longest wavelength and least energy content. UVA penetrates 

deeply into the skin where connective tissue and blood vessels are affected. This leads to the skin 

losing its elasticity and starts to wrinkle, thus causing premature ageing [18] [19].  UVB has a shorter 

wavelength and higher energy content than UVA. It stimulates production of new melanin and the 

production of a thicker outer skin layer, reactions intended to protect the skin from further UV 

damage [18]. UVB radiation leads to a tan that may last for a relatively long time compared to the tan 

that comes from UVA radiation but can also cause sunburn or erythema if the skin is exposed for a 

long time. Both UVA and UVB may also enhance the development of certain skin cancers [16], [18] 

which is why there are good reasons to shield the skin against UV-radiation. 

2.2 Sun protection factor 

Sunscreens can be lotions, sprays, gels or other products that are placed on the skin in order to 

protect it from sunburn and are normally categorized by their sun protection factor (SPF). SPF is a 

measure for how much UV radiation that is required to produce sunburn while using the sunscreen 

product relative to the amount of UV radiation required without using any protection [20]. 
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To determine the SPF of a sunscreen the transmission (T) of the sunscreen has to be measured. This 

is made with an UV-Vis spectrometer that measures the transmittance for every wavelength of 

interest. The method is further described in Section 3.8.  The reason why transmittance is used is 

because the radiation the skin gets exposed to is what is transmitted, it doesn’t matter if the rest is 

absorbed or reflected by the UV-filter. The formula for calculating the SPF is shown in Equation 1 

[16],[20].  

 

    
            

     

                
     

      (1) 

 

The equation contains the erythema action spectrum (A) which is a determined spectrum for how 

much the skin reddens at different wavelengths. It also contains the AM 1.5 solar intensity spectrum 

(E) [21] which shows how much of every wavelength of the solar radiation that reaches the surface of 

Earth contains. The two different spectra are multiplied to get an effective spectrum. This is 

illustrated in Figure 2-2 below. The effective spectrum shows which wavelengths that affect the 

human skin most and as can be seen in the figure has its maximum around 310 nm.  

 

Figure 2-2: The spectra included in the SPF equation, the action spectrum that shows the grade of erythema at different 
wavelengths and the sun spectrum that shows solar radiation at different wavelengths. The two spectra multiplied give 
the effective spectrum where it can be seen that the skin is most affected at wavelengths of 310 nm.  

In the equation the effective spectrum for each wavelength in the UV-spectrum is divided with the 

effective spectrum multiplied by the transmittance of the sample at each wavelength in the UV-

spectrum. A simple example to illustrate this is if 50 % of the UV-light at a certain wavelength, for 

example 300 nm, is transmitted the effective spectra in the numerator and denominator cancel out 

why you get 1/0.5 and hence the SPF 2 as illustrated below.  
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However, in the equation there is a sum in both the numerator and denominator why the effective 

spectra do not cancel out but instead gives the transmittance at each wavelength a weighted 

contribution to the total SPF.  

2.3 Upsalite® 

Upsalite® has recently been investigated to work as a UV-filter. The results that are not yet 

published, show that the UV-blocking by Upsalite® starts at wavelengths shorter than 285 nm. This is 

in the UVC region and therefore Upsalite® itself is not suitable as a UV-filter.  

When synthesizing Upsalite® magnesium oxide (MgO) is mixed with methanol and pressurized with 4 

bar CO2 for 4 days while stirring the mixture with a magnetic stirrer. After 4 days the unreacted MgO 

particles are removed by centrifuging the mixture and then the remaining clear liquid is dried in 

order to remove excess methanol. During the drying procedure gelation occurs and after some time 

the gel collapses into a white powder. Depending on temperature applied during the drying 

procedure the powder has different pore size distribution. The resulting dry powder is finally calcined 

by slow heating up to 250 ˚C in order to remove organic groups on the surface and to stabilize the 

material [22].  

When combining Upsalite® with titanium dioxide there are some limitations with Upsalite® that are 

important to consider. Upsalite® thermally decomposes to MgO and CO2 at temperatures of  

350-390 ◦C [23],[6], [7]. This limits the heat treatment of TiO2 to below these temperatures. Upsalite® 

is stable towards most alcohols but dissolves in water solutions with low pH. This is relevant since 

many TiO2 sol-gel synthesis routes are catalyzed by the addition of an acid.  

2.4 Titanium dioxide 

Titanium dioxide (TiO2) is a common ingredient in sunscreens where it works as a physical filter. It 

has several advantages such as nontoxicity, chemical stability at high temperatures and permanent 

stability under UV-exposure [16]. It is mainly a UVB filter with best efficiency below 360 nm [15] and 

hence it protects against the main part of the effective spectrum as seen in Figure 2-2. 

When synthesizing TiO2 at low temperatures usually the amorphous form is obtained [24, p. 858]. It 

has a larger band gap than crystalline TiO2, corresponding to wavelengths of 310 nm[25] or 375 nm 

[26] compared to around 400 nm for the crystalline form. This is why the amorphous form is not 

considered suitable as a UV protective filter [25], [26]. In order to get a crystalline form some kind of 

heat treatment is required.  

TiO2 exhibit two main polymorphs, the stable rutile and metastable anatase [24]. These polymorphs 

exhibit different properties when it comes to band gap, refractive index and photocatalytic 

performance, properties that are interesting for a UV-filter. Rutile has a lower band gap, higher 

refractive index and lower photocatalytic effect than anatase which make it more suitable as a UV 

filter, but both polymorphs are used in commercial sunscreens [27]. When synthesizing TiO2 the 

phase formed is generally anatase [24, p. 857] but it is also possible to form rutile in near-room 
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temperature conditions using hydrothermal methods. Except from this method, rutile is obtained 

only through high temperature treatment [24, p. 858].  

Titanium dioxide nanoparticles can be synthesized in many ways. One way, and according to Sayilkan 

et al. [28], the most successful way for preparing nanosized metal oxide semiconductors is the sol-gel 

process. A number of different precursors containing titanium such as the organic alkoxides titanium 

tetra-isopropoxide [29] and titanium n-butoxide [14],[30]  or the inorganic titanium tetrachloride [31] 

can be used together with a solvent and water. Common solvents are different alcohols such as 

methanol, ethanol or propanol [29], [32]. Type of solvent affects the obtained particle size and 

tendency of the formed nanoparticles to crystallize into either anatase or rutile [29].  

The sol-gel synthesis of TiO2 can be divided into two main steps, hydrolysis and condensation [33, p. 

3]. Hydrolysis is a reaction where chemical bonds in a molecule are broken by the addition of water 

and condensation is a reaction between two molecules that liberates a small molecule such as water 

or alcohol [33, p. 4].  

The titanium precursor used in this work is the alkoxide titanium tetra-isopropoxide (TTIP). In the 

first hydrolysis step the TTIP molecule gets reduced to form an intermediate hydroxide molecule 

whereas one of its sidegroups liberates and forms the alcohol isopropanol. This is illustrated in Figure 

2-3 below.  

 

Figure 2-3: Hydrolysis of TTIP forming isopropanol and an intermediate hydroxide molecule. 

After hydrolysis the condensation step occurs. Here two hydrolyzed intermediate species or one 

hydrolyzed and one initial TTIP molecule condense to form a Ti-O-Ti bond. In the former reaction H2O 

is formed, in the second the alcohol isopropanol is formed. The two reactions are schematically 

drawn in Figure 2-4 and Figure 2-5 below.  

  

 

Figure 2-4: Condensation reaction between two hydrolyzed intermediate species forming a water molecule. 
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Figure 2-5: Condensation reaction between one hydrolyzed and one initial TTIP molecule forming isopropanol. 

The hydrolysis-condensation process continues until a network of Ti-O bonds is formed and is limited 

by the initial amount of water present. The resulting Ti-O particles precipitate and then form a white 

powder as the water and alcohol evaporate. 

In the sol-gel synthesis an acid such as hydrochloric acid, HCl can also be added [28]. The reason for 

this is that when using an acid medium the protons limit the condensation and allow gelation [33, p. 

52]. Also, when using HCl, the chlorine ion accelerates the formation of anatase [34].  

There are different opinions of exactly how TiO2 blocks the UV-radiation, either by absorption or 

reflection and if the particle size matters [16]. Yang et al. [16] have investigated this and their 

conclusion is that regardless of particle size, the main UV-blocking property comes from absorption. 

Since TiO2 is a semiconductor material and the energy from UV radiation is in the range of the TiO2 

bandgap, this energy can be used to excite an electron from the valence band to the conduction 

band. The hole- and electron pair can either recombine and emit longer wavelength radiation or the 

excited electron can react with other molecules forming free radicals [16] [24]. Free radicals can 

cause damage on skin cells or degrade other UV-filters [2, p. 183]. Different dopants, such as 

manganese and vanadium have been shown to reduce the induction of free radicals [35].  

Except from the photocatalytic effect another drawback is that TiO2 in sunblock creams usually is in 

the form of nanoparticles which has been shown to have negative impact on human health if inhaled, 

possibly causing lung tumors [36, p. 73]. This is a problem when using spray formulations of sunblock 

lotions containing TiO2 since it may cause damage due to inhalation.  It should be noted though that 

no negative effects have been found when using titanium dioxide nanoparticles on the skin since the 

particles cannot penetrate [2, p. 69].  

By combining titanium dioxide with Upsalite® it might be possible to avoid the drawbacks with 

nanoparticles and the photocatalytic effect. 
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3 Analysis techniques 

In order to characterize the properties of the materials synthesized a number of analysis techniques 

have been used. Short descriptions of the different methods together with the purpose of the 

respective analyses are presented below. 

 

3.1 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a simple method to see the structure of a sample 

and get a first overview of its composition. The infrared region of the electromagnetic spectrum, see 

Figure 2-1 can be used to excite molecular vibrations and rotations. The interaction occurs when the 

molecule absorbs the energy of the infrared radiation which takes it to a higher vibrational level [14, 

p. 33]. The vibrational levels are discrete and characteristic for the structure of the molecule. This 

means that the structure can be identified by the absorption spectrum. The position of the 

absorption bands are usually expressed by wavenumber, which is the reciprocal wavelength [37, p. 

284]. The wavenumber thus expresses how many waves there are in a certain distance, usually a cm 

and is proportional to the frequency and energy of the absorbed radiation. To be infrared active, a 

vibration mode must cause a change in dipole moment in the molecule [33, p. 3]. 

A table of wavenumbers interesting in this thesis can be seen below in Table 3-1.  

Table 3-1: Wavenumbers of species interesting in this thesis.  

Wavenumber [cm-1] Species Type Comment Reference 

3100-3600 O-H Fundamental stretching Broad band, 
different OH-groups 
(free or bounded) 

 [38] 

2982 CH3 Assymetric stretch  [39] 

2868, 2886, 2915, 
2939 

CH2 Stretching  [40] 

2970, 2935, 2860 CH2 and CH3 Symmetric and 
assymmetric vibration 
modes from the alkoxide 

   [38] 

2862-2893, 2916 CH3 Symmetric stretch   [41] [39] 

1659 H-O-H Bending  [42] 

1455 C-H, CH2 Assymmetric  and CH2 

scissors vibration 
  [38] 

 

1448, 1472 CH2 Bending  [29] 

1444 CH3 Assymmetric 
deformation 

 [39] 



9 
 

1420-1480, 1505 CO3
2- Asymmetric stretch  [42], [43] 

1375 CH3 Symmetric deformation  [39] 

1160, 1125 C-C Skeletal vibration of 
isopropoxy groups 

 [38] 

1097 CO3
2- Symmetric stretching  [42] 

857 CO3
2- Out of plane bending  [42] 

670 CO3
2- In plane bending  [42] 

450-800 Ti-O-Ti, Ti-O-O  Bonds [44] 

 

3.2 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) is an analysis technique that measures mass change of a sample 

with increasing temperature. The heating rate is usually held constant and is recommended to be 5-

10 K/min [37, p. 359], but there can also be certain steps in the heating rate to provide sufficient 

time for thermal equilibrium and diffusion [37, p. 359]. The heating is performed under a constant 

pressure in either a reactive or nonreactive atmosphere. Reactive atmospheres could be corrosive or 

oxidizing gases, for example air whereas nonreactive atmospheres are inert gases such as nitrogen or 

argon [37, p. 356].   

When the sample is heated some bonds may become so weak that certain constituents will degas 

from the sample that then forms a new type of solid [37, p. 334]. This is detected as a mass change of 

the sample and illustrates the decomposition behavior of the material.  

During the analysis the heat flow is also measured. The heat flow indicates how much heat the 

sample absorbs or desorbs and thus gives information about events in the sample that requires or 

produces energy, for example crystallization in a material.  

 

3.3 X-ray diffraction 

X-rays are in the range of the electromagnetic spectrum having short wavelengths and high energy, 

see Figure 2-1. X-ray diffraction (XRD) is based on the phenomenon of wave interferences where 

waves can either reinforce or cancel each other depending on their phase difference [37, p. 52]. 

Incoming X-ray radiation on a crystalline solid will be diffracted by the crystal planes in the solid, see 

Figure 3-1. 

The waves will not be in phase except when Bragg’s law is satisfied. Bragg’s law (Eq 2) relates the 

wavelength λ with the incident angle θ to the spacing of the crystal planes d. To get constructive 

interference there must be an integer number n between the incoming waves.  

                   (2) 
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Ideally, a Bragg diffraction peak is a line without width but in reality there will be a certain width on 

the peak [37, p. 68]. From the peak width information about the size of the crystals present in the 

sample can be obtained. Smaller crystals will result in a wider peak due to that they cannot provide 

sufficient destructive interference [37, p. 68].  

 

 

Figure 3-1: An illustration of Bragg diffraction, figure from [37, p. 52]. 

By varying the angle θ of the incoming X-rays on a sample an XRD spectrum can be obtained. If the 

sample is in crystalline form clear peaks will be apparent whereas if the sample is in amorphous form 

only a noisy background will be visible. By comparing the obtained spectrum with references it can 

be determined what the structure of the sample is.  

To further determine which phases that are present and the amount of them the Rietveld refinement 

method can be used. The method utilizes the least square method to fit a theoretical line to the 

height, width and position of the peaks in the measured XRD spectrum [45]. 

 

3.4 Scanning electron microscopy  

To examine the surface of the samples a scanning electron microscope (SEM) has been utilized. SEM 

is a powerful tool for imaging surfaces at high magnification, from 20 times up to more than 100 000 

times [37, p. 129]. The images also get a three-dimensional appearance due to the large depth of 

field of the SEM [37, p. 127]. The SEM examines the surface of a sample by scanning it with a beam of 

electrons, also called probe [37, p. 136]. When the electrons in the probe strike the sample they can 

scatter, in either an elastic or inelastic way. Elastic scattering gives rise to backscattered electrons 

(BSEs) where the incoming electrons elastically scatter against specimen atom nuclei [37, p. 130]. The 

BSEs are typically deflected from the specimen surface at large angles with little energy loss [37, p. 

130]. Images generated from BSEs contain atomic contrast due to that heavier atoms in the 

specimen will scatter a larger amount of electrons compared to lighter which will create a brighter 

area in the resulting image.   
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The secondary electrons (SEs) are produced by inelastic scattering. This happens when an incident 

electron transfers kinetic energy to an electron in a specimen atom that then gets enough energy to 

leave its orbital. Images generated from SEs give a topographic contrast [37, p. 130] due to the 

relatively low kinetic energy of the SEs . 

The incoming electrons interact with a certain volume under the specimen surface, see Figure 3-2. 

The size of the pear-shaped volume increases with the energy of the incident electrons from the 

probe. Since the BSEs have more energy than the SEs they can escape from further down in the 

specimen, from depths of about 50-300 nm compared to 5-50 nm for SEs [37, p. 137]. The volume 

from where the electrons escape affects the lateral spatial resolution of the resulting image which is 

why SE images have a better spatial resolution than BSE images [37, p. 137]. 

 

Figure 3-2: Interaction volume of electrons in a SEM specimen, figure from [37, p. 136].  

 

3.5 Energy dispersive X-ray spectroscopy 

If the SEM has an X-ray detector, energy dispersive X-ray spectroscopy (EDS) can be performed. EDS 

gives chemical information about the specimen by using the characteristic X-rays that are produced 

in the specimen when irradiated with the electron probe.  

The incident electrons have high enough energy to knock out a specimen electron from its original 

position in an atom. The atom then becomes ionized, which is an excited state, and quickly returns to 

its normal state by refilling the inner electron vacancy by an electron from an outer shell. The energy 

difference between the electron shells will generate either an X-ray photon or another characteristic 

free electron called an Auger electron [37, p. 192]. The EDS detector measures the energy of the 

emitted X-ray photons.  
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Since the characteristic X-rays are well defined they can be used for chemical analysis. For example 

the energy of the X-ray Kα line is the energy difference between a K shell electron and L shell 

electron and has a certain energy depending on the atomic number [37, p. 192].  The characteristic 

X-rays can come from all of the pear-shaped interaction volume, see Figure 3-2 and thus give 

information about the elements within a certain depth of the specimen.  

3.6 Nitrogen gas sorption 

To analyze porous materials nitrogen gas sorption is often used. The method utilizes nitrogen gas 

that is pumped into the sample tube and thus increasing the pressure. The nitrogen molecules will 

adsorb on the sample which will decrease the relative pressure in the sample tube, from this the 

total pore volume can be obtained. The Brunauer-Emmett-Teller (BET) surface area, also known as 

the specific surface area (SSA), is calculated from the amount of gas molecules needed to form a 

monolayer on the material [42]. The pore diameter is calculated with the density function theory 

(DFT) model which is a complex mathematical model based on thermodynamic properties [42].  

3.7 Electron spectroscopy for chemical analysis  

Electron spectroscopy for chemical analysis (ESCA) also known as X-ray photoelectron spectroscopy 

(XPS) is a surface sensitive analysis technique that is used for studying the elemental composition 

and chemical state of a sample. It is both a qualitative and quantitative characterization technique 

that utilizes the photoelectric effect. The energy of the incoming X-rays (hv) is absorbed by electrons 

in the sample that then get enough kinetic energy to escape from their orbitals. The kinetic energy 

(Ekinetic) of the emitted electrons, called photoelectrons, are measured and via equation 3 below the 

initial binding energy (Ebinding) of the electrons can be calculated. The binding energy is different 

depending on element and hence the material can be characterized.  The work function Φ is a 

constant of the instrument [42]. 

 

                                  (3) 

 

3.8 UV-Visible spectroscopy 

By using the UV-Visible spectrometer the UV-blocking properties of a sample can be investigated. 

The UV-Vis spectrometer utilizes electromagnetic radiation from the UV and visible range of the 

electromagnetic spectrum, see Figure 2-1. Interaction with radiation in this energy range can cause 

molecules to undergo electronic transitions. This means that if the energy of the incoming photon 

matches the energy difference between a filled and an empty orbital it can be absorbed by the 

molecule.  The absorbed energy excites one electron that then goes from a lower to a higher energy 

molecular orbital [14, p. 2]. When visible light corresponding to a certain color is absorbed by the 

sample the sample will be perceived as having the complementary color. For example if the 

wavelengths corresponding to blue are absorbed the sample will look yellow [14, p. 1]. 
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The spectrometer sends out one wavelength at a time with a deuterium lamp for wavelengths 

shorter than 320 nm and a tungsten lamp for the longer wavelengths. The measure cell is 

constructed with an integrated sphere and can measure both transmission and reflectance of the 

sample depending on which port the sample is placed in, see Figure 3-3. In the obtained spectra the 

cutoff wavelength of the sample can be identified as a change in transmittance or reflectance 

behavior. From the cutoff wavelength the bandgap of the sample can be calculated. 

 

 

 

 

Figure 3-3: A schematic sketch of an integrating sphere. 
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4 Experimental 

As mentioned in Section 1.1 the methods used to functionalize Upsalite® as a UV-filter are by either 

depositing TiO2 by mixing Upsalite® in the synthesis liquid of TiO2 or enabling a co-synthesis where 

Upsalite® and TiO2 are synthesized in the same reaction vessel. TiO2 has been synthesized by using a 

known synthesis route described in literature with propanol as a solvent. A modified synthesis route 

has also been carried out with methanol as a solvent to resemble the Upsalite® synthesis and thus 

investigate the possibilities for a co-synthesis. An illustration of the methods used to functionalize 

Upsalite® as a UV-filter can be seen in Figure 4-1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1: An illustration of the methods used to functionalize Upsalite® as a UV-filter. 

4.1 Propanol syntheses  

These syntheses routes are based on known syntheses routes described by Sayilkan et al. [28] where 

the sol gel syntheses have been carried out with and without an acid catalyst. The syntheses have 

been made with and without mixing Upsalite® in the syntheses liquid in order to get a TiO2 

deposition on Upsalite® but also be able to characterize the pure titanium dioxide. The Upsalite® 

used had a BET surface area of 443 m2/g, a total pore volume of 0.99 cm2/g and an average pore size 

of 6.9 nm. 

4.1.1 Without acid catalyst 

9.6 g titanium tetra-isopropoxid (TTIP) was mixed with 19.2 g 1-propanol and then stirred for 5 

minutes on a magnetic stirrer. 2.43 g water was then mixed with 12.19 g 1-propanol and added to 

the alkoxide-solution at a rate of approximately 1 ml/min. During this time the solution goes from 

colorless to white. In the batches where Upsalite® was added it was done after approximately one 

hour of stirring in order for most of the pure water to have reacted and hence not degrade the added 

Upsalite®. The resulting mixture was then stirred for 24 h with a magnetic stirrer and a plastic cover 

Upsalite® 

Inorganic filter - 
TiO2 

Known TiO2 
synthesis + 
Upsalite® 

Modified TiO2 

synthesis 

 
Co-synthesis 

TiO2 + Upsalite® 
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on the beaker. After 24 hours the beaker was removed from the magnetic stirrer and the plastic 

cover was taken off. After 1-2 days all the solvent had evaporated and a white precipitate was left in 

the bottom of the beaker. 

4.1.2 With acid catalyst 

9.6 g titanium tetra-isopropoxid (TTIP) was mixed with 19.2 g 1-propanol and then stirred for 5 

minutes on a magnetic stirrer. A mixture of 0.67 g HCl and 1.92 g propanol was then added to the 

alkoxide solution at a rate of approximately 1 ml/min. The resulting mixture was stirred for 30 min. 

After this time a mixture of 2.43 g water and 12.19 g propanol was added to the alkoxide-solution by 

approximately 1 ml/min. In the batches with Upsalite® the Upsalite® was added at this point, right 

after the water/propanol-solution was added. The resulting mixture was then stirred until gelation 

which took about 1 hour without Upsalite® present and 20 minutes in the presence of Upsalite®. 

After gelation, the beaker was covered with plastic and left for about 24 hours. After this time the 

plastic cover was removed and the gel was allowed to dry. This resulted in a collapse to a white-

transparent powder. 

4.1.3 Heat treatment 

In order to induce crystallization of TiO2 and hence decrease the bandgap to get better UV-blocking 

properties a number of heat treatments were tested. The maximum temperature for the samples 

with Upsalite® was however limited by the decomposition temperature of Upsalite®. 

The first heat treatment tested were at 250 ˚C for 1 hour since that is the temperature used for 

calcining pure Upsalite®. The other heat treatments were carried out in an oven with ramping and 

degassing steps at 100 ˚C and 220 ˚C before reaching the final temperatures of either 300 ˚C or 400 

˚C. The degassing steps were chosen to be close to the boiling points of 1-propanol (97 ˚C), water 

(100 ˚C) and TTIP (232 ˚C). 

4.2 Methanol syntheses  

These synthesis routes are based on a combination of Campbell et. al [32] and Behnajady et al. [29] 

and was explored due to the resemblance with the synthesis of Upsalite®, possibly enabling a co-

synthesis. In the article by Campbell et al. a CO2-pressure and a reflux temperature of 70 ˚C was used, 

whereas Behanajady et al. used reflux temperatures but no pressure. Campbell et al [32] used a 

molar ratio of 4:1 water to titanium n-butoxide whereas Behnajady et al. [29] concluded that optimal 

molar ratio was 65:1 water to TTIP under reflux for 3 h at 80 ˚C. The modified syntheses were carried 

out with a lower amount of water than stated in the articles in order to not get an excess of water 

and thus optimize the synthesis for a successful incorporation of Upsalite®. 

The mixtures consisting of 10 ml TTIP, 25 ml methanol and 0,152/0,455 ml water corresponding to 

1:4 or 3:4 molar ratio H2O:TTIP were stirred for 1 hour with a magnetic stirrer, either at room 

temperature (RT) or 80 ˚C at either normal pressure (np) or 4 bar CO2-pressure. After stirring, the 

samples were allowed to dry in the fume hood in order for the excess methanol to evaporate. The 

result was a white powder. 

A test matrix of temperatures, pressure and molar content of water can be seen in Table 4-1.  
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Table 4-1: Test matrix of different conditions for the methanol syntheses. 

Sample 1 2 3 4 5 6 7 8 

Temperature 
[˚C] 

RT RT RT RT 80 80 80 80 

Pressure 
[bar] 

1 1 4 4 1 1 4 4 

Molar ratio  
H2O :TTIP 

1:4 3:4 1:4 3:4 1:4 3:4 1:4 3:4 

 

4.3 Co-synthesis of Upsalite® and TiO2  

A co-synthesis of Upsalite® and titanium dioxide would be very time- and cost efficient which is why 

this synthesis route was explored. It is based on the Upsalite® synthesis with the addition of a 

titanium precursor.  

Methanol was mixed with titanium tetra-isopropoxid (TTIP) and magnesium oxide (MgO) in a 

pressure safe vessel. The vessel was pressurized with 4 bar of CO2 in room temperature and stirred 

with a magnet for 5 days. The solution was centrifuged in order to separate the unreacted MgO 

particles and the synthesis liquid. The synthesis liquid was split into two samples where one was 

dried without the addition of water and the other diluted with water to obtain a molar ratio TTIP:H2O 

1:1.  

The samples were dried in a rotary evaporator in a water bath at 80 ˚C with a flow of nitrogen until a 

white powder was formed.  To prevent pore degradation some of the powder was calcined according 

to the calcination route for large pore Upsalite® by a slow heating to 180 ˚C. 

4.4 Materials characterization 

In this section settings of the instruments used are presented together with how the samples were 

prepared and other complimentary information. 

4.4.1 Fourier transform infrared spectroscopy 

The FTIR analyses were carried out on a Bruker Tensor 27 spectrometer. The measurements were 

performed between 400 and 4000 cm-1 with a resolution of 4 cm-1. 32 scans were recorded for each 

spectrum. Prior to the measurements a background scan was performed that was later subtracted 

from the spectrum of the sample. The software used was OPUS 7.0.129.  

The liquid samples were analyzed by a Bruker Platinum ATR accessory inserted in the spectrometer. 

The solid samples were prepared by mixing 200 mg of KBr salt, which is IR-transparent, with 3 mg of 

the sample and grinding it in a mortar. A pellet was then made of the mixture by pressing it under 8 

tons pressure for 30 seconds. The transparent pellet was subsequently mounted into a special holder 

in the spectrometer prior to the analysis.  
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4.4.2 Thermogravimetric analysis 

TGA was performed on a Mettler Toledo TGA/DSC 3+. The samples were put in an inert aluminum 

oxide pan with sample weights around 10-20 mg. During the analysis the sample was heated from  

25 ˚C to 700 ˚C at a heating rate of 10 ˚ C/min under a flow of air.  

4.4.3 X-ray diffraction 

The XRD analyses were performed on a Bruker D8 Advance Twin-Twin using Cu Kα radiation. The 

scan was made with the θ/2θ method between 10˚ and 80˚ using a voltage of 40 kV and a current of 

40 mA. The samples were grinded in ethanol and dried on a silicon-aluminium sample holder under a 

heat lamp prior to measurements.  

4.4.4 Scanning electron spectroscopy with Energy dispersive X-ray spectroscopy 

The SEM-EDS analyses were carried out on a Leo 1550 instrument from Zeiss. The sample powders 

were either pressed down in a piece of indium or put directly on carbon tape. The SEM-images were 

taken with the in-lens detector with 10 kV acceleration voltage. Prior to EDS analysis the EDS was 

calibrated at 10 kV with titanium as a reference. 

4.4.5 Nitrogen gas sorption 

Gas sorption measurements were performed with N2 at 77 K using an ASAP 2020 from Micromeritics. 

The samples with a weight of approximately 150 mg were degassed at 100 ˚C under vacuum for 10 h 

prior to analysis. The specific surface area (SSA) was determined by applying the BET equation to the 

relative pressure range of 0.05–0.30 for the adsorption branch of the isotherm. The pore size 

distribution was determined using DFT analysis carried out with the DFT Plus software from 

Micrometrics. 

4.4.6 Electron spectroscopy for chemical analysis 

The ESCA/XPS experiments were conducted on a Phi Quantum 200 Scanning ESCA microprobe 

instrument using monochromatic Al Kα radiation, a photoelectron takeoff angle of 45˚ and a spot size 

of 150 μm. The instrument was continuously calibrated towards Au, Ag and Cu and an additional 

calibration towards In 3d5 was performed at each measurement occasion. The In foil was 

presputtered at 4keV for 2 min prior to analysis. All samples were presputtered at 200 V for 10 min 

prior to analysis to remove surface contaminations. During the acquisition, an electron beam of 20 

mA was used together with argon ions to neutralize the non-conducting sample. The peak fittings 

were made with CasaXPS software, the curves were fitted using Gaussian-Lorentzian functions and 

the background was subtracted using a Shirley function. 

Charge compensation corrections were performed by referencing the C 1s peak of adventitious 

carbon for all measured spectra against adventitious carbon by Barr and Seal (284.7 eV) [46].  
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4.4.7 UV-Visible spectroscopy 

In the UV-Vis analyses a spectrometer from Perkin Elmer, Lamba 900 UV/VIS/NIR was used. The 

measurement range was between 250 to 800 nm with 1 nm interval and 0.40 seconds integration 

time. The measurements were performed at room temperature.  

The samples were prepared by mixing 10 wt % of the sample with Propyless, a commercially 

available lotion for dry skin with propylene glycol, Vaseline and water as its main ingredients. The 

mixture was prepared in a plastic tray that then was covered with plastic and aluminum foil and 

allowed to stabilize for 4 days. During the measurements the sample was spread out between two 

microscope slides made of quartz. A thin aluminum foil with thickness 9.4 μm was used as a spacer 

between the slides to ensure the same thickness of the samples. The spacer with and without sample 

inserted can be seen below in Figure 4-2. 

 

Figure 4-2: Quartz microscope slides with Al-spacer used in UV-Vis measurements with and without sample inserted. 

To get a statistically good result all measurements were done three times. The average of these three 

measurements is shown in the graphs presented in the result section and in the SPF calculations. For 

the SPF calculations the measured values were corrected with a correction file before the 

calculations were performed. The correction file corrects for the difference between perfect 

reflection in the integrating sphere and the actual reflection due to contaminations on the reflective 

surfaces. The difference is negligible in the visible region but has to be taken into account in the UV 

region. The respective values of the correction file can be found in Appendix A.  The transmission 

cutoff, corresponding to the estimated band gap of each material was determined from the observed 

maximum change in transmittance. Other, more accurate methods to determine the cutoff are 

available in the literature, such as the Tauc plot and Kubelka-Munk function [47], [48]. Due to time 

limitations these methods were not applied.  
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5 Results and discussion 

5.1 Propanol syntheses 

The propanol syntheses are based on known synthesis routes and include syntheses with and 

without addition of hydrochloric acid (HCl) and with and without addition of Upsalite®. The analyses 

of the respective syntheses are shown in the sections below together with a discussion of the 

influence of the acid catalyst HCl and the incorporation of Upsalite® in the synthesis.  

The heat treated samples got black or brown, which is in accordance to Campbell et. al [32] that 

stated that their samples were cinnamon brown after pretreatment and turned white after 

calcination at 500˚C or above. Due to the decomposition temperature of Upsalite® such high 

temperatures were not tested as heat treatments and hence the heat treated samples were 

discolored. The samples analyzed were, if not stated otherwise, the non-heat treated samples. 

5.1.1 Fourier transform infrared spectroscopy 

FTIR was used as a first step of analyzing the TiO2 syntheses performed with propanol as a solvent. In 

Figure 5-1 the absorption spectrum of the Upsalite® batch used for the TiO2 deposition is displayed. 

 

Figure 5-1: FTIR spectrum of the Upsalite® used with vibration bands of interest marked. 

The broad peak at 3100-3600 cm-1 corresponds to stretching vibration of OH-groups/H2O in the 

structure and the peak at 1659 cm-1 to bending of H2O. The peaks at 2916 cm-1 and 2982 cm-1 

correspond to symmetric and asymmetric stretching of remaining CH3-groups from methanol in the 

synthesis. The peaks at 1505, 1420 and 1097 cm-1 correspond to stretching of the carbonate groups 

and the peaks at 857 and 670 cm-1 to bending of the carbonate.  
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Figure 5-2: FTIR analysis of the propanol syntheses without and with HCl, without and with Upsalite®. The FTIR spectra of 
TTIP and 1-propanol are inserted as references. 

In the figure it can be seen that the hydrolysis has been more efficient with the addition of an acid 

medium whereas the condensation reaction seems to be limited. This can be seen since the peaks 

corresponding to the symmetric and asymmetric stretch of the CH2- and  CH3-groups  in the alkoxide 

TTIP (2800-3000 cm-1) are less visible in the syntheses with HCl than without which indicates a more 

efficient hydrolysis of the titanium precursor TTIP. The peaks corresponding to Ti-O bonds between 

450 cm-1 and 800 cm-1 are however more present in the synthesis without HCl which indicates a more 

efficient condensation due to a more efficient formation of Ti-O bonds.  

The Ti-O peak is for all syntheses divided into two with the peak at lower wavenumbers, around 600 

cm-1, being the main one for the syntheses without HCl and the peak around 800 cm-1 being the main 

one for the syntheses with HCl. The lower peak at 600 cm-1 coincides with the peak for TTIP. This 

further indicates that there are more TTIP left in the synthesis without HCl due to a less efficient 

hydrolysis. 

One possible reason to the limitation of condensation by a more efficient hydrolysis step is that the 

hydrolyzed intermediate species react with TTIP to form a Ti-O-Ti bond and isopropanol in the 

condensation according to Figure 2-5. Isopropanol formed in the hydrolysis step therefore decreases 

the thermodynamic driving force for condensation according to Figure 2-5. However, H2O is one of 

the products as two hydrolyzed intermediate species combine as in Figure 2-4 and this reaction 

should be driven by the consumption of H2O in the hydrolysis.  A more plausible reason to the 

retardation of condensation by hydrolysis is that TTIP is consumed in both the hydrolysis reaction in 

Figure 2-3 as well as in the condensation reaction in Figure 2-5 when an intermediate species and 

TTIP react to form Ti-O-Ti bonds and isopropanol. Thus, if a great amount of hydrolysis takes place 

hence consuming a lot of TTIP, the condensation reaction in Figure 2-5 is hindered.  

Due to overlap with TTIP and 1-propanol peaks it is hard to distinguish if the carbonate groups of 

Upsalite® seen in Figure 5-1 still remain after being incorporated in the TiO2 synthesis.  
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5.1.2 Thermogravimetric analysis 

To analyze the degradation and crystallization behavior of the propanol syntheses TGA 

measurements were performed. The weight loss curves are shown in Figure 5-3 and the 

corresponding heat flow curves are shown in Figure 5-4.  

 

Figure 5-3: TGA curves of the propanol syntheses. 

In Figure 5-3 it can be seen that the samples start losing weight almost immediately when heating. 

The boiling points of 1-propanol, water, hydrochloric acid (HCl) and TTIP are 97 ˚C, 100 ˚C, 108 ˚C and 

232 ˚C respectively and hence the first weight loss around 100 ˚C can be derived to evaporation of 

propanol, water and HCl. The second weight loss step that occurs just above 200 ˚C for the syntheses 

with HCl present can be derived to evaporation of TTIP. In the syntheses made without HCl the 

second degassing step is displaced to higher temperatures, 250 ˚C and 350 ˚C for the synthesis 

without and with the addition of Upsalite® respectively. In the synthesis without HCl and Upsalite® 

this step could correspond to TTIP that is more strongly bound in the structure which explains why a 

higher temperature is required for it to evaporate. Both the syntheses with Upsalite® exhibit a 

weight loss  at 350 ˚C which can be derived to the degradation of Upsalite® that earlier has been 

shown to degrade at 330 ˚C [23], 370 ˚C [7] or 390 ˚C [6]. The weight loss at 350 ˚C for the synthesis 

with HCl is larger than that without HCl. Rietveld refinement of X-ray data (see Appendix B) of the 

synthesis without HCl suggests that different crystalline magnesium hydroxides are formed after 

heating it to 700 ˚C. In the synthesis with HCl however, no/little carbonate is left after heat 

treatment. This suggests that magnesium hydroxide forms when mixing Upsalite® in the synthesis 

without HCl but not when mixing it in the synthesis with HCl. If that is the case a degradation of 

Upsalite® takes place already when it is mixed down in the synthesis liquid without HCl and hence 

there will not be as much Upsalite® left that can degrade in the TGA analysis.  
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Figure 5-4: Heat flow curve from TGA measurements of the propanol syntheses. 

 

In Figure 5-4 the corresponding heat flow curves to the TGA measurements in Figure 5-3 is displayed. 

A peak most probably corresponding to crystallization to anatase can be seen at 390 ˚C and 360 ˚C 

for the syntheses without and with HCl respectively. This is in agreement with Yanagisawa and 

Ovenstone [34] that stated that presence of chlorine accelerates the formation of anatase. In the 

synthesis without HCl with Upsalite® there is a small peak at 520 ˚C possibly corresponding to rutile 

phase transition. According to Azizi et al. [49] a considerable amount of anatase phase is transformed 

to rutile phase for heat treatment at 500 ˚C and the phase transition is complete for samples heat 

treated to 700 ˚C. There is however no peak that indicates anatase phase transition at lower 

temperatures, which is why the peak at 520 ˚C instead could correspond to delayed anatase 

crystallization. In the synthesis with HCl and Upsalite® the heat flow curve looks very even, although 

there is a notable increase in heat flow just above 400 ˚C which might be a phase transition to 

anatase.  
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5.1.3 X-ray diffraction 

The TiO2 syntheses made with propanol were analyzed in XRD in order to further investigate 

crystallization behavior after heat treatment to 300 ˚C and also after TGA analysis to 700 ˚C. 

In Figure 5-5 and Figure 5-6 the XRD spectra of the TiO2 syntheses without Upsalite® heated to 300 ˚C 

are shown and in Figure 5-7 and Figure 5-8 the corresponding XRD spectra to the syntheses with 

Upsalite® added can be seen. 

 

Figure 5-5: TiO2 synthesis made without HCl after heat treatment to 300 ˚C. 

 

Figure 5-6: TiO2 synthesis made with HCl after heat treatment to 300 ˚C. 

In Figure 5-5 and Figure 5-6 it can be seen that after heat treatment to 300 ˚C the synthesis with HCl 

present has started to form anatase whereas the synthesis without HCl present is still amorphous. 

This further confirms Yanagisawa and Ovenstone [34] that stated that presence of chlorine would 

accelerate the formation of anatase.  
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Figure 5-7: TiO2 synthesis made without HCl with the addition of Upsalite® after heat treatment to 300 ˚C. 

 

Figure 5-8: TiO2 synthesis made with HCl with addition of Upsalite® after heat treatment to 300 ˚C. 

In Figure 5-7 and Figure 5-8 the presence of Upsalite® can be seen as an amorphous hump at 30 ˚[6] 

and seems to delay the crystallization. There is however peaks present at 43˚ and 62 ˚ in both figures, 

but more visible in Figure 5-8, that indicates MgO [6] and hence a degradation of Upsalite®. There is 

no sign of anatase in either of the samples, the most intense peak at 25 ˚ is not visible in either of the 

samples. However, for sufficiently small grain sizes, anatase TiO2 may appear amorphous and hence 

only the conclusion that the formed TiO2 is X-ray amorphous can be drawn from the XRD-analysis.  
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After being analyzed in TGA and hence heated to 700 C˚ the syntheses were again investigated in 

XRD. Figure 5-9 and Figure 5-10 shows the syntheses without and with HCl without addition of 

Upsalite® and Figure 5-11 and Figure 5-12 the corresponding syntheses with Upsalite®. 

 

Figure 5-9: XRD spectrum for TiO2 synthesis with propanol without acid catalyst after heating to 700 ˚C.  

. 

Figure 5-10: XRD spectrum for TiO2 synthesis with propanol with HCl as acid catalyst after heating to 700 ˚C.  

In the XRD spectra in Figure 5-9 and Figure 5-10 for the TiO2 syntheses it can be seen that both the 

samples have crystallized after being heated to 700 ˚C. The crystal phase corresponds well to anatase 

which is inserted as a reference with blue lines corresponding to peak positions in the figures.  



26 
 

 

Figure 5-11: XRD spectrum of TiO2 made with propanol without HCl with Upsalite® after heating to 700 ˚C. 

 

Figure 5-12: XRD spectrum of TiO2 made with propanol with HCl with Upsalite® after heating to 700 ˚C. 

In Figure 5-11 and Figure 5-12 XRD spectra of the two propanol syntheses with addition of Upsalite® 

after heating to 700 ˚C are shown. In the figures the blue lines are a reference of anatase TiO2 and 

the green lines of MgO. In both cases anatase TiO2 have been formed but except from those peaks 

there are some peaks that differ between the two syntheses. In the synthesis without HCl none of 

the peaks coincide with the green lines of MgO but are instead at different positions indicating 

another crystalline phase. In the synthesis with HCl the peak at 43 ˚ has a good match with the MgO 

peak but indication of other peaks are visible also here. To rule out that the other peaks correspond 

to rutile TiO2 they were checked against a rutile reference but with no conformity. Instead Rietveld 

refinement was performed to find out what phases the unknown peaks correspond to, the results 

from that can be seen in Appendix B. Briefly, the results show that in the synthesis without HCl there 

is a mixture of anatase, brucite (Mg(OH)2) and magnesium oxalate hydrate with a small amount of 

magnesite whereas in the synthesis with HCl there is mainly anatase but also a small amount of 

rutile, brucite and magnesite.  
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5.1.5 SEM-EDS 

The synthesis with HCl was further analyzed in SEM and EDS. SEM pictures can be seen in Figure 5-13 

and mapping of the elements in the sample from the SEM picture to the right in Figure 5-13 can be 

seen in Figure 5-14.  

 

Figure 5-13: SEM pictures of the TiO2 propanol synthesis with HCl. 

 

Figure 5-14: Maps of the propanol synthesis with HCl. 

In the maps in Figure 5-14 an even distribution of the elements titanium (Ti), oxygen (O), chlorine (Cl) 

and carbon (C) can be seen. In Table 5-1 four different spots of the sample have been investigated by 

EDS. There is a big variation of the element distribution between the different spots. In some spots 

the ratio Ti:O is around 1:2 whereas in others TiO2 is understochiometric. There is also a certain 

percentage of chlorine present which likely is a residual from the hydrochloric acid in the synthesis. 



28 
 

In the maps in Figure 5-14 it can be seen that chlorine is evenly spread in the material and therefore 

the material could be considered a chlorine-doped titanium dioxide.  

Table 5-1: EDS analysis of TiO2 synthesis with HCl from the spots marked in Figure 5-13, * not marked in the figure. 

TiO2 with HCl *[at%] Spectrum 8 [at%] Spectrum 9 [at%] Spectrum 10 
[at%] 

O 52.9 55.7 67.9 70.7 

Ti 42.3 32.3 29.6 27.7 

Cl 4.8 5.2 2.5 1.5 

C  6.7   

 

SEM-pictures of the syntheses with Upsalite® mixed in can be seen in Figure 5-15 with the synthesis 

without HCl to the left and with HCl to the right. The appearance is very different with a big, 

agglomerated porous particle in the case without HCl and smaller flakes in the case with HCl. 

 

 

Figure 5-15: SEM-pictures of Upsalite® that has been mixed in the synthesis liquid of TiO2 without HCl to the left and with 
HCl to the right. 

EDS analysis has been carried out on the two syntheses with Upsalite® mixed in and the results from 

two different spots can be seen in Table 5-2 and Table 5-3 for the synthesis without and with HCl 

respectively. For the synthesis with Upsalite® and HCl a mapping has also been done as displayed in 

Figure 5-16. 

Table 5-2: EDS analysis from two different spots of TiO2 synthesis without HCl with Upsalite®. 

TiO2 without HCl with 
Upsalite® 

Spot 1 [at%] Spot 2 [at%] 

O 71.1 72.6 

C 12.4 11.4 

Ti 10.4 7.9 

Mg 6.1 8.2 
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Table 5-3: EDS analysis from two different spots of TiO2 synthesis with HCl with Upsalite®. 

TiO2 with HCl with Upsalite® Spot 1 [at%] Spot 2 [at%] 

O 47.4 44.7 

C 37.0 40.4 

Ti 9.7 9.3 

Mg 4.0 3.3 

Cl 1.9 1.8 

 

When comparing the EDS results of the respective TiO2-Upsalite® syntheses it can be seen that the 

oxygen content is much higher and the carbon content much lower in the synthesis performed 

without HCl. There is slightly more magnesium in the synthesis without HCl but almost the same 

content of titanium. The high amounts of carbon and oxygen could be due to residuals from the 

solvent of the synthesis. In both cases there are more than 1:2 molar ratio Ti:O which could be 

explained by the oxygen of Upsalite®. 

In the EDS maps in Figure 5-16 of the synthesis with Upsalite® and HCl an even spread of the 

elements can be seen. Since magnesium has an even spread in the material this indicates that there 

is an even coating of TiO2 on Upsalite®. Also here the material seems to be chlorine-doped. 

 

 

Figure 5-16: EDS mapping of synthesis with Upsalite® and HCl. 
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5.1.7 Nitrogen gas sorption 

The pore size distribution of Upsalite® has been analyzed before and after it was mixed in the 

synthesis liquids of the propanol syntheses without and with HCl as can be seen in Figure 5-17. The 

samples heat treated to 250 ˚C were also analyzed with nitrogen gas sorption and are included in the 

figure. The heat treated samples are however not from the same batch as the non-heat treated and 

hence they are not direct comparable. The reason for this is there were a larger Upsalite® to 

synthesis liquid ratio in the heat treated batch. The BET surface area and total pore volume of the 

samples can be seen in Table 5-4.  

 

Figure 5-17: Nitrogen gas sorption on Upsalite® before and after deposition of TiO2, before and after heat treatment to 
250 ˚. Note that the samples before and after heat treatment are not direct comparable since the amount of TiO2 
synthesis liquid was different in the two batches. 

In the figure it can be seen that deposition of titanium dioxide has a large impact on the pore size 

distribution since the big peak of Upsalite® is not apparent in the TiO2-Upsalite® samples and the 

smaller peak of Upsalite® has been shifted to lower pore widths. In the synthesis without HCl and the 

two heat treated samples larger pores have appeared. It is difficult to determine which pores are due 

to porous TiO2 and which are due to Upsalite®. 

The BET surface area and total pore volume have decreased a lot after TiO2 deposition as can be seen 

in Table 5-4. In the heat treated samples the BET surface area and total pore volume are larger which 

could be explained by a lower amount of synthesis liquid compared to the amount of Upsalite® 

mixed in but also due to degassing of residual solvent and titanium precursor.  
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Table 5-4: BET surface area and total pore volume of Upsalite® and TiO2 deposited Upsalite®. The samples before and 
after heat treatment are not from the same batch and hence not comparable. 

 Upsalite® TiO2 without 
HCl with 
Upsalite® 

TiO2 without 
HCl after 250 
˚C 

TiO2 with HCl 
with 
Upsalite® 

TiO2 with HCl 
after 250 ˚C 

BET surface 
area [m2/g] 

443 42 265 93 274 

Total pore 
volume 
[cm2/g] 

0.99 0.14 0.31 0.10 0.31 

 

 

It is possible that the main part of the Upsalite® pores have turned completely filled with TiO2 and 

that the pores of around 10 Å are just partially filled due to size limitation. Another possible scenario 

is that the Upsalite pores have collapsed and that the larger pores formed instead stem from TiO2 

particles. Kim et al [50] have reported nanoporous TiO2 spheres with pores of 105 Å and Chen et al. 

[51] have reported mesoporous TiO2 particles with surface areas up to 108 m2/g and tunable 

poresizes varying from 140 to 226 Å. This is in the size range of the larger pores of 60-180 Å found in 

the TiO2-Upsalite® syntheses and hence it is possible that they can be pores of TiO2. 

The results suggest that most of the Upsalite® pores may have collapsed or become completely filled 

in both syntheses and that the pore size distribution measured is that of partially filled small pores of 

Upsalite® and of TiO2 particles formed on top of Upsalite®. This may suggest that a lower 

concentration of TTIP in the solution or another synthesis route is required to maintain the pores of 

Upsalite.  
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5.1.9 UV-Vis spectroscopy 

To investigate the UV-blocking properties of the propanol syntheses the samples were mixed in a 

lotion as described in Section 4.4.7 and measured in the UV-Vis spectrometer as seen in Figure 5-18. 

Since the heat treated samples turned black or brown and thus would have a low transmittance in 

the visible range the non-heat treated samples were instead used in these measurements. A 

measurement with heat treated TiO2 was despite its brown color also measured and is shown in 

Figure 5-19.  In addition to the propanol syntheses also a reference measurement was made with 

commercially available Degussa P25 TiO2 that consists of nanosized TiO2 in both anatase and rutile 

phases. 

 

Figure 5-18: UV-Vis spectroscopy measurements of the propanol syntheses together with the commercially available 
Degussa. 

The UV-Vis measurements show that the TiO2 synthesis without HCl is more suitable than the 

synthesis with HCl as a UV-filter, with a sharp cutoff at 360 nm. The cutoff for the corresponding 

synthesis with Upsalite® is shifted about 10 nm to shorter wavelengths which may indicate a more 

amorphous TiO2 in the Upsalite® matrix. The synthesis with HCl seems to have a number of different 

types of Ti-O bonds which is reflected in an enhanced transmittance in the UVB and lower UVA 

region. This could be due to the faster hydrolysis with HCl present. If the gel is formed quick enough 

Ti-O of different coordination might be frozen in the gel and could cause a variation in bonding 

states. The variation of the ratio Ti:O was seen in the EDS analysis in Table 5-1. 

The presence of chlorine may also induce more states which would explain why there are additional 

states causing a larger bandgap and therefore a second cutoff around 260 nm. Yang et al. [52] have 

however shown that chlorine replaces oxygen in the structure with no tendency to increase the 

bandgap.  

When comparing the two syntheses without Upsalite® with Degussa it can be seen that the cutoff is 

at slightly shorter wavelengths, around 360 nm compared to 400 nm respectively. This could be 

explained due to that the syntheses are not heat treated and hence in amorphous form which is why 
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they have a larger bandgap than crystalline TiO2 [53]. The bandgap is in between the reported 

bandgaps of amorphous TiO2 of 3.3 eV [26] or 4,0 eV [25] which would correspond to cutoff 

wavelengths of 375 or 310 nm respectively. The cutoff is as sharp as the cutoff of Degussa which 

further indicates that TiO2 is obtained in the syntheses.  

The SPF values of the propanol syntheses are calculated using the transmittance in the UV region as 

described in Equation 1 in Section 2.2. Due to the difference in transmittance seen in Figure 5-18 

there is also a difference in SPF-values, see Table 5-5. The syntheses performed without the addition 

of HCl have a much higher SPF value than the syntheses made with HCl. In the case without HCl the 

presence of Upsalite® makes the SPF go down to almost half of the value compared to pure TiO2, 

26.5 compared to 47.9. In the case with HCl the presence of Upsalite® instead imposes a small 

increase of the SPF, 6.6 compared to 6.4 without Upsalite®. The SPF of the commercially available 

Degussa TiO2 is however much higher with a value of 102.  

 

Table 5-5: SPF calculations for the propanol syntheses together with a reference sample of Degussa TiO2. 

Sample SPF 

TiO2 without HCl 47.9 

TiO2 with HCl 6.4 

TiO2 without HCl with Upsalite® 26.5 

TiO2 with HCl with Upsalite® 6.6 

Degussa P25 TiO2 102 

 

The influence of heat treatment on the UV-blocking properties has been investigated with the 

synthesis with HCl heat treated to 400 ˚C despite its brown color, see Figure 5-19 below.  

 

Figure 5-19: Propanol synthesis with HCl before and after heat treatment to 400 ˚C.  
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In the figure it can be seen that the cutoff shifts to longer wavelengths in the heat treated sample 

compared to the non-heat treated and that the cutoff is similar when comparing the heat treated 

TiO2 with Degussa. This result is expected since TGA analysis showed that a crystallization to anatase 

occurred at 360 ˚C for the synthesis with HCl. The cutoff is however not as sharp in the heat treated 

sample and the transmittance in the UV-region is higher which leads to a slightly lower SPF value, 6.3 

compared to 6.4 as displayed in Table 5-6. The transmittance in the visible region is instead lower for 

the heat treated sample which can be explained due to the brown color of the sample after heat 

treatment.  

Table 5-6: SPF of synthesis with HCl before and after heat treatment to 400 ˚C. 

Sample SPF 

TiO2 with HCl before heat treatment to 400 ˚C 6.4 

TiO2 with HCl after heat treatment to 400 ˚C 6.3 

 

5.1.10 Summary propanol syntheses 

The influence of HCl in the syntheses leads to a more efficient hydrolysis and less efficient 

condensation as seen in FTIR and also a lower crystallization temperature as seen in TGA and XRD. 

The HCl however leads to a chlorine-doped TiO2 as seen in SEM-EDS with higher transmittance in the 

UV-region and hence a lower SPF value.  

The presence of Upsalite® increases the crystallization temperature of TiO2 as could be seen in TGA 

and XRD. The results in nitrogen gas sorption indicate either a total filling or a collapse of the 

Upsalite® pores which may suggest that a lower concentration of TTIP in the solution or another 

synthesis route is required to maintain the pores of Upsalite®.  

Upsalite® in the synthesis gives a lower SPF compared to pure TiO2 in the case with no HCl but in the 

case with HCl Upsalite® doesn’t affect the SPF value in a noteworthy way. Heat treatment of the 

synthesis with HCl gave a cutoff at longer wavelengths due to crystallization but no increase in SPF 

due to more transmittance in the UV region. Compared to the commercially available Degussa P25 

TiO2 all the syntheses have a much lower SPF value.  
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5.2 Methanol syntheses 

In the methanol syntheses the influences of temperature, pressure and amount of added water 

during the synthesis have been investigated.  By using methanol as a solvent the synthesis route is 

more similar to that of Upsalite®.  

5.2.1 Fourier transform infrared spectroscopy 

The methanol syntheses were first characterized in FTIR to see how the temperature, pressure and 

amount of added water affect the reaction steps in the synthesis. The two temperatures used are 

either room temperature (RT) or 80 ˚C, the pressure is either normal pressure (np) or 4 bar CO2-

pressure and the amount of water are either 1:4 or 3:4 molar ratio H2O:TTIP. The FTIR graph with all 

the syntheses is displayed in Figure 5-20.  

 

Figure 5-20: FTIR analysis of the methanol syntheses made at room temperature (RT) or 80 ˚C, with normal pressure (np) 
or 4 bar CO2-pressure and either 1:4 or 3:4 molar ratio H2O:TTIP.  

 

In the figure it can be seen that the hydrolysis of TTIP seems to be facilitated by increased 

temperature and pressure. However, increased temperature and pressure don’t seem to facilitate 

condensation but instead the tendency is, as seen for the propanol syntheses, that a more efficient 

hydrolysis leads to a less efficient condensation.  The hydrolysis step can be identified by a decrease 

of the CH2- and CH3-peaks between 2800 cm-1 and 3000 cm-1 since TTIP is consumed in the hydrolysis 

reaction and the condensation step as the formation of Ti-O bonds between 450 and 800 cm-1. The 

peak in the lower Ti-O range (600 cm-1) is as for the propanol syntheses more visible in the syntheses 

with a less efficient hydrolysis. 

The amount of H2O and -OH is as expected larger in the syntheses with more water added (3:4 

compared to 1:4 molar ratio H20:TTIP) seen as the broad peak at 3100-3600 cm-1 and the peak at 

1659 cm-1. However, the synthesis made in room temperature with normal pressure has 
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unexpectedly been more efficient with a lesser amount of water added. This suggests that the 

amount of water is not important, maybe methanol itself can be utilized for hydrolyzing the TTIP 

molecule. 

A possible explanation to why a higher pressure facilitates the reaction could be that since the 

pressure is induced by carbon dioxide (CO2) in a closed vessel the CO2 reacts with the methanol in the 

solution forming carbonic acid as in the Upsalite® synthesis [22] as illustrated below. 

                    

The presence of an acid catalyst could accelerate the hydrolysis reaction and also limit the 

condensation as seen in the synthesis with propanol and HCl.  

 

5.2.2 Thermogravimetric analysis 

TGA has been carried out to analyze degradation and crystallization behavior of the methanol 

syntheses as can be seen in Figure 5-21 with corresponding heat flow curves in Figure 5-22. 

 

Figure 5-21: TGA curves of the methanol syntheses made at room temperature (RT) or 80 ˚C, with normal pressure (np) 
or 4 bar CO2-pressure and either 1:4 or 3:4 molar ratio H2O:TTIP. 

In the synthesis made at room temperature with normal pressure and 3:4 ratio H2O:TTIP  there are 

two degassing steps, one at around 100 ˚C and one just above 200 ˚C whereas in the other syntheses 

there is only one degassing step present at 100 ˚C. Methanol has a boiling point at 64.7 ˚C and water 

at 100 ˚C and hence these substances are probably degassed at around 100 ˚C. TTIP has a boiling 

point at 232 ˚C which can be seen as the degassing step in the synthesis made in room temperature 

with normal pressure and 3:4 ratio H2O:TTIP (RT, np, 3:4) but not in the other syntheses. This is in 

agreement with the results of FTIR where increased temperature and pressure facilitated the 

hydrolysis of TTIP and thus there should not be any TTIP left to degas. It is noteworthy that the 

synthesis made at room temperature with normal pressure but a lower amount of water (RT, np, 1:4) 
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also in TGA analysis seems to have had a more efficient hydrolysis reaction than the corresponding 

synthesis made with more water as seen in FTIR. This further indicates that methanol can replace 

water in the hydrolysis step. 

 

Figure 5-22: Heat flow curves of the TGA analysis of the methanol syntheses made at room temperature (RT) or 80 ˚C, 
with normal pressure (np) or 4 bar CO2-pressure and either 1:4 or 3:4 molar ratio H2O:TTIP. 

In the heat flow curves in Figure 5-22 a more or less sharp peak can be seen around 400 ˚C for all the 

syntheses. This corresponds to crystallization from amorphous titanium dioxide to the crystalline 

form anatase. In the syntheses conducted at room temperature with normal pressure the 

crystallization temperature is around 380 ˚C whereas in the other syntheses it is slightly higher, 

around 400 ˚C. The synthesis “RT, np, 1:4” however have a split heat flow peak at first 380 ˚C and 

then 400 ˚C and also another hump at 650 ˚C possibly corresponding to crystallization to rutile. 

The results in TGA indicate that TiO2 can be synthesized with a very low addition of water compared 

to the amounts that are used in literature. For the synthesis performed in room temperature with 

normal pressure the reaction even seems better with the lower amount of water added. This is 

beneficial for incorporation of Upsalite® since it degrades when in contact with water.  

5.2.3 X-ray diffraction 

To investigate the crystallization after heat treatment to 700 ˚C in TGA the synthesis made at room 

temperature with normal pressure (RT, np) with 1:4 molar ratio H2O:TTIP was analyzed in XRD. The 

obtained spectrum can be seen in Figure 5-23 and corresponds well to anatase which means that the 

second hump seen in the heat flow in TGA was not a transition to rutile. The result however indicates 

a successful formation of titanium dioxide.  
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Figure 5-23: XRD spectrum of methanol synthesis made at room temperature and normal pressure with 1:4 molar ratio 
H2O:TTIP. 

 

5.2.4 SEM-EDS 

A SEM-picture of the methanol synthesis performed at 80 ˚C with 4 bar pressure and molar ratio 3:4 

H2O:TTIP can be seen in Figure 5-24 . As can be seen in the figure it is a porous agglomerate of 

smaller particles.  

 

Figure 5-24: SEM picture of methanol synthesis performed at 80 ˚C with 4 bar pressure and molar ratio 3:4 H2O/TTIP. 
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EDS analysis has been performed on the particle and the results from the two spots denoted 

“Spectrum 11” and “Spectrum 12” in Figure 5-24 can be seen in Table 5-7. There is a variation 

between the two spots but the ratio Ti:O is around 1:2 which further indicates a successful synthesis 

of titanium dioxide. The relatively high amount of carbon present in the sample is most likely a 

residual from the solvent methanol but parts of it could also stem from the carbon tape below the 

particle. 

Table 5-7: EDS analysis of methanol synthesis performed at 80 ˚C with 4 bar pressure and molar ratio 3:4 H2O:TTIP from 
the two spots denoted “Spectrum 11” and “Spectrum 12” in Figure 5-24.  

Methanol 80 ˚C 4 bar  
3:4 H2O:TTIP 

Spectrum 11 [at%] Spectrum 12 [at%] 

O 55,9 63 

Ti 33.5 29.0 

C 10.6 7.9 

 

5.2.5 Summary methanol syntheses 

Increased temperature and pressure seems to facilitate hydrolysis but also lead to a less efficient 

condensation. This could be seen in FTIR and is in agreement with the result for the propanol 

syntheses. The hydrolysis also seems to be facilitated by a smaller amount of water added for the 

syntheses performed at room temperature with nor pressure as seen in FTIR and TGA. This is not 

expected since water is used in the hydrolysis step and gives rise to the question if methanol itself 

can hydrolyze the TTIP molecule. A possible reaction scheme with methanol hydrolyzing the TTIP 

molecule forming butanol and an intermediate TTIP-specie is illustrated in Figure 5-25. Independent 

of synthesis conditions the results of the methanol syntheses seem to be amorphous TiO2 before 

heating and anatase after heating to 700 ˚C in all cases according to the results in FTIR, TGA, XRD and 

SEM-EDS. 

 

Figure 5-25: Possible “hydrolysis” of TTIP with methanol forming butanol and an intermediate TTIP-specie. 
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5.3 Co-synthesis of Upsalite® and TiO2 

Co-synthesis was explored since it would be very time- and cost efficient and maybe also result in a 

new material with Upsalite®-like properties suitable for a UV-filter. The co-synthesis resulted in two 

different materials, one without and one with added water as further described below. The material 

without added water is abbreviated as MMT0 and the one with added water as MMT1. If not stated 

otherwise, the samples analyzed are the non-calcined samples. 

5.3.1 Fourier transform infrared spectroscopy 

During the synthesis procedure before dividing the co-synthesis liquid into MMT0 and MMT1 the 

synthesis liquid was investigated in FTIR and compared to synthesis liquid of regular Upsalite® as can 

be seen in Figure 5-26. 

 

Figure 5-26: Synthesis liquid of the co-synthesis compared to synthesis liquid of Upsalite®. 

When comparing the two synthesis liquids in FTIR they look very similar. They both have peaks 

corresponding to water and OH-groups at 3100-3600 cm-1, asymmetric stretch of CH2 and CH3 

between 2800 cm-1 and 3000 cm-1 and a peak corresponding to water at 1659 cm-1. Since water is 

needed for hydrolysis and condensation of TTIP to form Ti-O bonds the synthesis liquid of the co-

synthesis was split into two. In the first part water was not added in order to see if the water already 

present in the synthesis liquid was enough to form Ti-O bonds and in the second part water was 

added to get a 1:1 molar ratio of water and TTIP. Consequently, MMT0 and MMT1 were formed. 

After drying, the resulting materials were investigated in FTIR as can be seen in Figure 5-27. 

References of Upsalite® and TTIP are also included in the figure. 
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Figure 5-27: FTIR analysis of the co-synthesized materials, the blue line shows the synthesis without addition of water 
(MMT0) and the red with addition of water (MMT1).  

In Figure 5-27 it can be seen that the carbonate peaks that are present in Upsalite® between 1420 

cm-1 and 1505 cm-1 are also present in both of the co-synthesized materials. Peaks corresponding to 

Ti-O bonds are also present between 450 cm-1 and 800 cm-1. As seen in the other syntheses a more 

efficient hydrolysis corresponding to less visible peaks of the precursor and solvent at  

2800-3000 cm-1 and 1000-1100 cm-1 leads to a less efficient condensation seen as lower peaks 

corresponding to Ti-O bonds between 450 cm-1 and 800 cm-1. Here the synthesis with addition of 

water (MMT1) has had a more efficient hydrolysis than the synthesis without addition of water 

(MMT0) which could be explained due to more water available driving the hydrolysis. 

Since peaks both corresponding to carbonate and Ti-O are present this indicates a composite 

material.  
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5.3.2 Thermogravimetric analysis 

To analyze the decomposition behavior and thermal stability of MMT0 and MMT1 they were 

analyzed in TGA as can be seen in Figure 5-28 and Figure 5-29.  

 

Figure 5-28: TGA measurements of the co-synthesized materials. 

 

Figure 5-29: Corresponding heat flow curves for the co-synthesized materials. 

When analyzed in TGA there are two clear degassing steps in the synthesis made without the 

addition of water (MMT0). The degassing steps are not as visible in the corresponding synthesis 

made with the addition of water (MMT1) even though there is an indication of them. The degassing 

at 100 ˚ C most likely corresponds to methanol and water. Water is produced during the synthesis, 

which is why there is also water present in the synthesis made without addition of water (MMT0) as 
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could be seen in Figure 5-26. The second degassing step that occurs around 300 ˚ C is lower than the 

usual degradation temperature of Upsalite® at 330-390 ˚C which may suggest a destabilization of 

Upsalite® due to the presence of Ti or formation of another phase with lower thermal stability. 

MMT0 has small peaks in the heat flow curve at 380 ˚C and 600 ˚C, see Figure 5-29, possibly 

corresponding to crystallization of some kind.  The heat flow curve for MMT1 is following the same 

shape as MMT0 but without any peaks. MMT1 thus seems to have a better thermal stability. 

 

5.3.3 X-ray diffraction 

When analyzed in XRD, the two co-synthesized materials exhibit a similar appearance with an 

amorphous hump at 30 ˚ and an indication to MgO peaks at 43 ˚ and 62 ˚, see Figure 5-30 which is 

very similar to the reported XRD curves of Upsalite ®  [6], [22]. The reason for the MgO peaks may be 

less efficient removal of remaining MgO particles in the synthesis liquid by centrifuging due to the 

added TTIP. 

 

Figure 5-30: XRD analysis of the co-synthesized materials. The red curve corresponds to the synthesis without addition of 
water (MMT0) and the blue curve to the synthesis with addition of water (MMT1).  

After being heated to 700 ˚C in TGA the co-synthesized materials have crystallized and decomposed 

to various phases of titanium and magnesium oxides as well as magnesium carbonate, see Figure 

5-31 and Figure 5-32 for the synthesis without and with addition of water respectively. In Table 5-8 

the respective percentage of each phase in the both materials investigated by Rietveld refinement 

are displayed.  
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Figure 5-31: Rietveld refinement on the XRD curve of MMT0 after heating to 700 ˚C.  

 

Figure 5-32: Rietveld refinement on the XRD curve of MMT1 after heating to 700 ˚C. 

Table 5-8: Rietveld refinement of the components in the co- syntheses after heating to 700 ˚C.  

Composition Name MMT0 [%] MMT1 [%] 

TiO2 Anatase 5.9 0 

MgTiO3 Geikielite 31.3 43.4 

Mg(CO3) Magnesite 21.8 0.1 

MgO Periclase 1.5 0.5 

MgTi2O5 Armalcolite 39.6 56 

 

As displayed in Table 5-8 the materials have crystallized in several different phases. For the sample 

without water (MMT0) geikielite and armalcolite along with magnesite and small amounts of anatase 

are the main components.  For the synthesis with water (MMT1) only armalcolite and geikielite are 

formed.  This suggests that addition of water prevents formation of magnesite and promotes ternary 

Mg-Ti-O phases after heat treatment. It should be pointed out that XRD of the heat treated samples 

only gives a limited picture of the amorphous phase composition before heat treatment. It is clear 

from the Rietveld refinement that only MMT0 contains carbon after heat treatment and may consist 

of one or several  amorphous (Mg,Ti)xCO3 phases or alternatively crystalline/amorphous MgCO3 and 

one or several (Mg,Ti)xO3 phases, where X is a number between 1 and 2.  Since decomposition of 
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Upsalite® into MgO and CO2 takes place already at 330-390 ◦C, MMT1 may contain Upsalite® or 

another form of amorphous MgCO3 before heat treatment.  

 

 

5.3.4 SEM-EDS 

To further analyze the composition of the co-synthesized materials SEM and EDS were utilized. For 

the synthesis without addition of water (MMT0) a SEM-picture can be seen in Figure 5-33. Also 

mapping of the elements has been made for parts of the area displayed in Figure 5-33. The maps can 

be seen in Figure 5-34. The EDS results from two different spots of MMT0 and MMT1 can be seen in 

Table 5-9 and Table 5-10. 

 

Figure 5-33: SEM-picture of MMT0.  
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Figure 5-34: Mapping of the elements in MMT0.  

In the maps of MMT0 in Figure 5-34 an even spread of the elements can be seen. This indicates a 

single phase amorphous material, although additional analysis is required to verify this statement. 

The same conclusion can be drawn when looking in Table 5-9 and Table 5-10 where two different 

spots of MMT0 and MMT1 have been analyzed.  

Table 5-9: EDS analysis of the co-synthesized material without addition of water, MMT0. 

MMT0 Spot 1 [at%]  Spot 2 [at%] 

O 48.8 50.2 

Ti 13,9 15,4 

Mg 9.7 10.5 

C 27.7 24.0 

 

Table 5-10: EDS analysis of the co-synthesized material withaddition of water, MMT1. 

MMT1 Spot 1 [at%] Spot 2 [at%] 

O 62.4 64.4 

Ti 16.1 15.7 

Mg 7.2 7.9 

C 14.3 12.0 

 

Between the two spots in the respective samples there is not a large difference, however there is a 

difference between the two samples. MMT1 has a higher atomic percent of oxygen and a lower 

atomic percent of carbon compared to MMT0, which is in agreement with the results from Rietveld 

refinement. The titanium and magnesium contents are however relatively similar in the two 
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materials. The Ti:Mg ratio is higher in MMT1 (2.0-2.2) than in MMT0 (1.4-1.5). Both MMT0 and 

MMT1 contain carbon and hence it is possible that they contain Upsalite® or amorphous MgCO3 

before heat treatment. By looking at the atomic composition presented in the tables an amorphous 

magnesium carbonate with dissolved titanium may have formed. 

 

5.3.5 Electron spectroscopy for chemical analysis 

ESCA analysis was carried out to determine the chemical bonding states of the co-synthesized 

materials. In Figure 5-35 the C 1s spectra of MMT0, MMT1 and references of magnesite and 

Upsalite® are displayed. Magnesite is the crystalline form of magnesium carbonate whereas 

Upsalite® is an amorphous form of magnesium carbonate. 

 

Figure 5-35: The C 1s spectra, fitted with envelope functions and subtracted for background, for MMT0 and MMT1 along 
with magnesite and Upsalite®. 

The Upsalite® peak is shifted towards slightly higher binding energies than magnesite, which may be 

due to the reference to adventitious carbon. Adventitious carbon may interact with –OH groups in 

Upsalite® displacing the spectrum from magnesite. A peak coinciding with the binding energy of the 

carbonate group in magnesite appears for both MMT0 and MMT1 indicating that a carbonate has 

formed in both of the co-synthesized materials. 
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Figure 5-36: The O 1s spectra, fitted with envelope functions and subtracted for background, for MMT0 and MMT1 along 
with magnesite and Upsalite. 

In Figure 5-36 the O 1s spectra of MMT0, MMT1 and references of Upsalite® and magnesite are 

displayed. The O1s peak of both co-synthesized materials can be separated into two distinct peaks, 

one at 531.4 eV and one at 529.9 eV with the latter being of higher intensity. According to Jensen et 

al. [54]  O 1s of TiO2 appears at 529,4 eV.  The formation of a metal oxide with higher oxygen content 

such as MgTiO3 and MgTi2O5 would likely shift the O 1s peak to higher binding energies. The peak at 

529.9 eV may therefore be assigned to the metal oxide in the MMT-syntheses. The peak at 531.4 eV 

is close to the carbonate peak of magnesite at 531.8 eV and may therefore be assigned to carbonate 

(MgxTiy)CO3 or to MgCO3. 

In Table 5-11 the measured binding energies of O 1s, C 1s and Mg 2p are displayed along with 

reference values from literature. The measured binding energies of Mg 2p and O 1s for Upsalite and 

magnesite agree fairly well with reference values.  

Table 5-11: Binding energies of O 1s, C 1s and Mg 2p for the co-synthesized samples, reference measurements of 
Upsalite® and magnesite and references from literature. 

 
Binding energies [eV] 

 
Upsalite Magnesite MMT0 MMT1 MgCO3[55] MgCO3[56] Magnesite[57] TiO2[54] 

Adv. C 
[46] 

O 1s (carbonate) 532.3 531.8 531.4 531.5 533.1 531.4 530.6 
  O 1s (oxide) 

  
529.9 529.9 

   
529.4 

 C 1s (carbonate) 290.4 290.0 289.6 289.7 290.6 289.5 
   C 1s (adv. 

carbon) 284.7 284.7 284.7 284.7 
    

284.7 

Mg 2p 50.5 50.2 50.1 50.2 51.5 49.3 
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The co-synthesized materials after calcination to 180 ˚C and MMT0 after heating in TGA to 700 ˚C 

were quantified by ESCA, see Table 5-12. Since no overview spectra were measured of the samples 

prior to heating they were not quantified. This is also the reason why MMT1 after TGA was not 

quantified. 

Table 5-12: Quantified amounts of Ti, C and O in the co-synthesized materials after calcination to 180 ˚C and after heating 
in TGA to 700 ˚C.  

Sample 
Molar fraction 

Ti [at%] 
Molar fraction 

C [at%] C/Ti ratio 
Molar fraction 

O [at%] O/Ti ratio 

MMT0 calcined. 17 17.8 1.0 65.2 3.8 

MMT0 after TGA 22.12 12.36 0.6 65.53 3.0 

MMT1 calcined 23 4.7 0.2 72.3 3.1 

MMT1 after TGA - - - - - 

 

The results are in agreement with the results in Rietveld refinement performed in XRD after heating 

to 700 ˚C. MMT0 contains a carbon amount corresponding to a C/Ti ratio of 1.0 whereas the C/Ti 

ratio in MMT1 is considerably less, a value of 0.2 after calcination. The O/Ti ratios for both syntheses 

are between 3.1 and 3.8 suggesting the formation of mainly geikielite (MgTiO3) and magnesite 

(MgCO3). This deviates from the results in Rietveld refinement where a considerable amount of 

armalcolite corresponding to a O/Ti ratio of 2.5 (MgTi2O5) is supposed to form. After heating in TGA 

to 700 ˚C the carbon content of MMT0 has decreased with a C/Ti ratio of 0.6 whereas the O/Ti ratio 

is 3.0.  

The conclusions from the ESCA analyses are that both co-synthesized materials contain two 

amorphous phases before calcination, one oxide and one carbonate. The carbonate phase is 

decomposed when MMT1 is calcined whereas it persists after calcination and TGA in MMT0.  
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5.3.6 Nitrogen gas sorption 

The co-synthesized materials were further investigated by nitrogen gas sorption to determine their 

porosity. The results from this can be seen in Figure 5-37 and Table 5-13 below.  

 

Figure 5-37: Pore size distribution of the co- synthesized materials.  

Table 5-13: Nitrogen gas sorption analysis of the co- synthesized materials. 

 MMT0 MMT1 

BET Surface Area 73.8 m²/g         160.1 m²/g  

Total pore volume  0.038 cm³/g       0.10 cm³/g       

 

When looking at the pore size distribution in Figure 5-37 it can be seen that MMT0 mainly has pores 

around 1 nm whereas MMT1 mainly has pores around 2.5 nm. MMT1 also has a bigger variation with 

some larger pores up to 8 nm. 

MMT0 has a very low porosity of 0.038 cm³/g in total pore volume and 73.8 m²/g in BET surface area 

whereas MMT1 is slightly porous with a total pore volume of 0.10 cm³/g and a BET surface area of 

160.1 m²/g. The BET surface areas are very low for both materials compared to Upsalite® that can be 

up to 800 m²/g [6]. 
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5.3.7 UV-Visible spectroscopy 

In Figure 5-38 the measurements from UV-Vis of the co-synthesized materials before and after 

calcination to 180 ˚C can be seen as well as reference measurements of Upsalite® and Degussa P25 

TiO2. 

 

 

Figure 5-38: UV-Vis measurement of the co-synthesized materials before and after calcination at 180 ˚C. Reference 
measurements of Upsalite® and Degussa P25 TiO2 are also included in the figure. 

Before calcination both MMT0 and MMT1 are showing a sharp cutoff just above 350 nm, which is 

between the cutoffs for TiO2 and Upsalite® further indicating a composite material. They have a quite 

similar appearance but for wavelengths shorter than 300 nm MMT1 is transmitting slightly more 

which gives a lower SPF, 4.9 compared to 5 as displayed in Table 5-14. 

The calcination of the materials does not result in an increased SPF value. The transmittance in the 

visible range of the spectra is slightly lower which can be explained due to the slightly brownish color 

of the calcined samples. Furthermore the cutoff is not as sharp and the transmittance in the UVB 

range is higher for the calcined samples with a second cutoff at 280 nm. Since the second cutoff is 

similar to Upsalite® this indicates two phases in the material. XRD and SEM-EDS suggest that the 

phase with higher cutoff is an amorphous magnesium titanium oxide phase corresponding to the first 

cutoff and a carbonate to the second.  

Table 5-14: SPF values for the co-synthesized materials, before and after calcination to 180 ˚C. 

Sample SPF 

MMT0 5.0 

MMT1 4.9 

MMT0 calcined 4.4 

MMT1 calcined 4.6 
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5.3.8 Summary co-synthesis of Upsalite® and TiO2 

The co-synthesis of Upsalite® and titanium dioxide resulted in two different composite materials 

depending on if water was added in the drying procedure. The synthesis with water added (MMT1) 

had a more efficient hydrolysis due to the excess of water. MMT1 also seems to have a better 

thermal stability according to the TGA measurements.  

The results from FTIR and XRD suggest that the obtained materials are mixtures of one or several 
amorphous magnesium titanium oxides along with an amorphous magnesium carbonate. 

In UV-Vis the cutoff is similar of the two materials without and with water added and corresponds to 

a SPF value of 5 and 4.9 respectively. After calcination to 180 ˚C there are two cutoffs that indicate 

presence of two phases, an amorphous magnesium titanium oxide phase and a carbonate phase.  
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6 Conclusions 

 The crystallization temperature from amorphous to anatase titanium dioxide is hard to alter 

with change of solvent, synthesis temperature and pressure but can be altered with addition 

of hydrochloric acid. 

  

 Sol-gel synthesis of titanium dioxide can be performed with much lower amounts of water 

than what has, to the best of our knowledge, been suggested in literature.  

 

 Upsalite® delays the crystallization of titanium dioxide, possibly by confinement of TiO2 in the 

pores of Upsalite®. 

 

 For the synthesis where Upsalite® was mixed in the TiO2 synthesis liquid, Upsalite® seems to 

induce disorder in TiO2, seen as a shift to shorter wavelengths in the UV-Vis transmission 

cutoff, decreasing the SPF from 47.9 to 26.5 when blended with 10 wt% in a lotion. 

 

 The addition of HCl in the synthesis induces an additional transmission cutoff in UV-Vis at 

shorter wavelengths.  This may be due to that chlorine is incorporated in the structure, 

observed by SEM-EDS. The additional cutoff causes a decrease in SPF from 26.5 (without HCl) 

to 6.6 (with HCl) when blended with 10 wt% in a lotion. 

 

 A co-synthesis of Upsalite® and titanium dioxide results in an amorphous material, probably 

consisting of one or several amorphous magnesium titanium oxides and carbonate phases. 

 

 The co-synthesized materials have a sharp cutoff at around 360 nm, between that of 

Upsalite® and TiO2, and an SPF of around 5. 

7 Future outlook 

 Optimize amount of TTIP in TiO2-Upsalite® powder synthesis to avoid pore blocking/collapse. 

 

 Find other methods to improve crystallinity of TiO2 deposited on Upsalite®. 

 

 Optimize pore size in co-synthesized materials. 

 

 Detailed ESCA analysis of the co-synthesized materials to determine the chemical bonding 

states. 

 

 Test photocatalytic effect  and other interesting properties of TiO2 and the co-synthesized 

materials. 

 

 Investigate other applications than UV-blocking for the co-synthesized materials. 
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Appendix A 

Correction values of the UV-Vis spectrometer 

Fq [nm] Corr. Fq [nm] Corr. Fq [nm] Corr. Fq [nm] Corr. 

400 0,96991 362 0,946706 324 0,908192 286 0,844232 

399 0,969718 361 0,946168 323 0,906934 285 0,84014 

398 0,969526 360 0,94563 322 0,905676 284 0,836854 

397 0,969334 359 0,944808 321 0,904418 283 0,833568 

396 0,969142 358 0,943986 320 0,90316 282 0,830282 

395 0,96895 357 0,943164 319 0,902088 281 0,826996 

394 0,968552 356 0,942342 318 0,901016 280 0,82371 

393 0,968154 355 0,94152 317 0,899944 279 0,82155 

392 0,967756 354 0,940826 316 0,898872 278 0,81939 

391 0,967358 353 0,940132 315 0,8978 277 0,81723 

390 0,96696 352 0,939438 314 0,8964 276 0,81507 

389 0,966378 351 0,938744 313 0,895 275 0,81291 

388 0,965796 350 0,93805 312 0,8936 274 0,81194 

387 0,965214 349 0,936608 311 0,8922 273 0,81097 

386 0,964632 348 0,935166 310 0,8908 272 0,81 

385 0,96405 347 0,933724 309 0,88969 271 0,80903 

384 0,963388 346 0,932282 308 0,88858 270 0,80806 

383 0,962726 345 0,93084 307 0,88747 269 0,807344 

382 0,962064 344 0,929938 306 0,88636 268 0,806628 

381 0,961402 343 0,929036 305 0,88525 267 0,805912 

380 0,96074 342 0,928134 304 0,883858 266 0,805196 

379 0,960146 341 0,927232 303 0,882466 265 0,80448 

378 0,959552 340 0,92633 302 0,881074 264 0,803346 

377 0,958958 339 0,925346 301 0,879682 263 0,802212 

376 0,958364 338 0,924362 300 0,87829 262 0,801078 

375 0,95777 337 0,923378 299 0,87692 261 0,799944 

374 0,956344 336 0,922394 298 0,87555 260 0,79881 

373 0,954918 335 0,92141 297 0,87418 259 0,796966 

372 0,953492 334 0,919814 296 0,87281 258 0,795122 

371 0,952066 333 0,918218 295 0,87144 257 0,793278 

370 0,95064 332 0,916622 294 0,869272 256 0,791434 

369 0,950176 331 0,915026 293 0,867104 255 0,78959 

368 0,949712 330 0,91343 292 0,864936 254 0,786054 

367 0,949248 329 0,912634 291 0,862768 253 0,782518 

366 0,948784 328 0,911838 290 0,8606 252 0,778982 

365 0,94832 327 0,911042 289 0,856508 251 0,775446 

364 0,947782 326 0,910246 288 0,852416 250 0,77191 

363 0,947244 325 0,90945 287 0,848324 
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Appendix B 

Figure B-1 and B-2 display Rietveld refinement of XRD data from the propanol TiO2 syntheses 

without/with HCl with Upsalite® after heat treatment to 700 ˚C.  

 

Figure B-1: Rietveld refinement of propanol synthesis of TiO2 without HCl with Upsalite after heat treatment to 700 ˚C. 

 

Figure B-2: Rietveld refinement of propanol synthesis of TiO2 with HCl with Upsalite after heat treatment to 700 ˚C. 

 

 


