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Abstract 

The adsorption of both chiral forms of alanine on TiO2 was studied and compared to see if TiO2 

has a chiral preference. Both the L- and D-form of alanine was photo-oxidized on TiO2 by UV-

light to evaluate if there is a difference in the oxidation rate. 

Raman spectroscopy was used as analytical technique for this study because it can be used for 

in situ measurements and for aqueous solutions. This type of study has not been executed before 

and therefore a significant part of the project consisted of method development. 

A setup was build, evaluated and optimised for both experiments. The Raman spectrometer 

was tuned and solutions with different alanine and TiO2 concentrations were tested. Adsorption 

was tested by measuring the difference in alanine signal between samples with and without TiO2. 

The oxidation was monitored by continuously measuring alanine solution containing TiO2 that 

was exposed to UV-light. 

The method developed was capable to detect adsorption in almost all measured samples and it 

was shown that the alanine became photo-oxidized only in the solutions containing TiO2. In one 

of two measured concentrations D-alanine adsorbed more efficiently than L-alanine, which may 

indicate a chiral preference of TiO2 surface. However, more experimental data is needed to 

confirm this, the initial results are encouraging. The oxidation of alanine was different for the L- 

and the D-form, but the oxidation rates cannot be compared fairly because the different solutions 

did not contain water of the same purity. Further investigations need to be done were the 

conditions are identical.  
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FT   Fourier transform 

GC-MS  Gas chromatography mass spectrometry 

HPLC   High-performance liquid chromatography 

IEP   Isoelectric point 

LED   Light-emitting diode 

LUCA   Last universal common ancestor 

M   Metal 

MS   Mass spectrometry 

NHE   Normal Hydrogen Electrode Potential 

NMR   Nuclear magnetic resonance    

TLC   Thin-layer chromatography 

UV   Ultraviolet   

VB   Valence band 

VIS   Visible 

 

 

  

 

  



5 

1 Introduction 

The question of how we came into existence is almost as old as humanity itself. We cannot help 

to wonder about the origin of life. To answer this question extensive knowledge is needed about 

essentialities for life to occur, what kind of prerequisites early Earth offered during pre-biotic 

conditions. The search for the origin of life therefore becomes a complex investigation that 

involves a wide range of different scientific fields, namely biology, chemistry, paleoclimate, 

geology, physics, computational science, philosophy etc. Collaborations across scientific fields 

are therefore essential when attempting to solve the mystery of life. Any additional information 

on the origin of life not only gives an insight into our history but also has the possibility to 

significantly help in the search of extra-terrestrial life since it narrows down the search field. 

Evolutionary biologists and biochemists have traced back the history of life until a proposed 

LUCA, which has the most primitive elements that is essential for a living cell [1]. However, 

there are still a substantial part left to investigate to get a full understanding of the origin of life. 

The leap between inanimate prerequisites to living matter (abiogenisis) is huge and the principles 

governing this transition are far from being deciphered. 

The main problems with research into abiogenisis is that there are many different variables to 

take into consideration, there are no robust scientific theory to emanate from and to fully replicate 

the local environment at the primitive Earth are beyond our capabilities. Even though our theories 

become more complex, recognised and believable, at the end of the day it is not possible for us to 

travel 3.5-3.8 billion years [1] back in time to get the full picture. Presumable insignificant events 

could have had a great impact on the origin of life, which remains allusive for us. Therefore, a 

myriad of different models for the origin of life have been proposed over the years. 

1.1 Miller-Urey experiment 

The most famous theory of the origin of life arises from Alexander Oparin’s hypothesis of a 

primordial soup [2] and the Miller-Urey experiment in 1953 [3] that attempted to prove Oparin’s 

hypothesis. The primordial soup theory consists of a reducing primitive atmosphere surrounding 

early Earth that favours the synthesis of complex organic compounds from simpler organic 

precursors. Miller with the help of Urey used an apparatus that circulated methane, ammonia, 

water and hydrogen past an electrical discharge between two electrodes in a sealed environment. 

The liquid water was heated and evaporated into the simulated atmosphere of methane, ammonia 

and hydrogen where lightning was simulated using the electrodes. The atmosphere was modelled 

after existing theories of the primitive atmosphere on pre-biotic Earth. The formation of a 

racemic mixture of simple amino acids was observed after a couple of days. 

1.2 Problem of homochirality 

The Miller-Urey experiment proved that organic monomers responsible for life could be 

synthesised from at that time proposed conditions of the early Earth. This achievement was a 

great step forward in the quest for understanding the origin of life, but the experiment also 

brought forward challenges that required and still require more investigation. One of these 

challenges is the problem of homochirality. The Miller-Urey experiment produced a racemic 
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mixture of both chiral forms of the amino acids, while life is only based on amino acids of the L-

form. Life in general has a strong chiral preference as apparent when all biomolecules are based 

on only one of the chiral forms not mixtures and this chiral preference is known as the 

homochirality. The theory behind the Miller-Urey experiment therefore amongst other things 

need to be extended with a mechanism that favours the formation of one chiral form over the 

other or a mechanism that transfers a racemic mixture into a pure form [4,5,6]. 

Homochirality is a form of asymmetry that is unlikely to occur in such extent organically from 

achiral prerequisites or racemic mixtures without the help of chiral influence or other 

amplification mechanisms [4]. Enantiospecific photodecomposition of racemic mixtures by 

asymmetry in circularly polarised light [7] and quartz crystals [5] are two proposed concepts for 

the promotion of homochirality. Another possible theory for the homochirality is known as 

Viedma ripening where a racemic mixture can become homochiral by conversion of one chiral 

form to the other through grinding and crystallisation of enantiomerically pure crystals [8]. 

Homochirality may also have evolved by a combination of various mechanisms, such as reactions 

promoted by chiral abiotic agents (e. g., minerals such as quartz crystals) and amplification 

mechanisms, such as exemplified by the Viedma ripening or enantioselective reactions. 

The present study investigates if particles of the mineral TiO2 possess an asymmetry that could 

promote homochirality by photocatalytic amplification. 

1.3 Aim 

The aim of this study was to measure the difference in adsorption and oxidation of both chiral 

forms of alanine on TiO2 surface using Raman spectroscopy and UV-light to investigate if TiO2 

has chiral discrimination that could be a possible explanation of the homochirality seen in life. 

The setup for the study had to be developed because the equipment is new and such a study has 

not been done before. 

2 Theory 

2.1 Semiconductors and photocatalysis 

Photocatalysis on the surface of semiconductor TiO2 was studied with the help of light unlike 

Miller-Urey that relied on electric discharge.  

A semiconductor compared to a metal does not have continuous band states between the 

highest occupied band (VB) and the lowest unoccupied band (CB). Instead semiconductors have 

an energy band gap between VB and CB. When a photon with higher energy than the band gap is 

absorbed an electron move from the VB to the CB resulting in an e-h+ pair and because of the 

band gap the recombination of e-h+ pairs takes sufficiently longer time than in a metal. During 

this time the e-h+ pair can diffuse through the structure of the semiconductor towards the surface 

where redox reactions of adsorbed molecules can occur. Reductions take place by the excited 

electrons in the CB and the oxidations takes place by the remaining holes in the VB. If a redox 

reaction does not occur the electron will eventually recombine to the VB [9]. 
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The reduction potential of the photo-induced electron is the lowest energy level of the CB and 

the oxidation potential of the photo-induced hole is the highest energy level of the VB. For redox 

reactions to occur the redox potentials of the reactants need to be within the band gap. Reactions 

of this kind are often referred to as photocatalytic reactions because of the use of photons [9]. 

2.2 TiO2 

TiO2 is a famous semiconductor that today is mostly used in superhydrophilic self-cleaning 

surfaces [9], sunscreen [9] and solar cells [9]. It is heavily relied upon in many fields due to the 

chemical stability, non-toxicity and low cost of TiO2 [9]. In this study TiO2 was used for its 

photocatalytic abilities on organic compounds.  

Titanium is the 9th most abundant element on Earth (about 0.63% of the Earth’s crust) and is 

often found as a metal oxide in either rutile, anatase or brookite form [9]. Research also indicates 

that titanium seems to be abundant in the rest of the universe because it has been detected in 

meteorites and stars [9]. Therefore titanium as well as TiO2 was abundant on early Earth as well. 

The anatase and rutile forms are both used in photocatalysis, with the band gaps of 3.20 eV 

and 3.02 eV [9]. Even though rutile is the more thermodynamically stable form, anatase is used 

more often because of a higher photocatalytic activity [9] and therefore anatase was used in this 

study. Compared to the NHE anatase holes left in the VB after excitation by light are highly 

oxidising and can oxidise a myriad of organic compounds (figure 1) [9]. 

Anatase has a wide band gap that does not absorb visible light, instead it absorbs UV-light. 

Therefore UV-light was used in this study and it corresponds well to the primitive Earth, because 

in those times the atmosphere on Earth likely contained less oxygen allowing more UV-light to 

reach the surface. Studies with only UV-light and precursors have been performed and resulted in 

simple amino acids, but in small quantities and racemic mixtures [10]. This indicates that an 

electric discharge is not necessary for formation of simple organic compounds. 

Studies with direct UV-light have important drawbacks. The UV-light used are often very 

powerful and can with time degrade the formed organic molecules [11]. In photocatalytic 

reactions the UV-light does not need to be as powerful, only powerful enough to excite electrons 

in the semiconductor. Degradation of organic molecules with such UV-light is not common and 

therefore photocatalytic reactions with semiconductors are preferred. Another positive property 

of photocatalytic reactions is that the activation energy is so small that the temperature 

dependence is negligible [12]. This property can be of importance because pro-biotic Earth may 

have been cold [13]. 

Surfaces of metal oxides in aqueous solutions are often positively (equation 1) or negatively 

(equation 2) charged depending on the IEP of the metal oxide in relation to the pH in the 

solution [14]. If the pH is the same as the IEP then the surface is neutral. 

 

pH<IEP: 𝑀 − 𝑂𝐻 + 𝐻+ ↔ M − OH2
+  (eq. 1) 

pH>IEP: 𝑀 − 𝑂𝐻 + 𝑂𝐻− ↔ M − O− + H2O (eq. 2) 

 

The charge of the surface affects the adsorption of molecules to the metal oxide and the stability 

of dispersions. TiO2 has an IEP of 6.0 [15,16], which is close to neutral pH. In aqueous solution 

with neutral pH the TiO2 surface will be close to neutral.   



8 

Reactants in photocatalysis need to be adsorbed on the semiconductor for the photocatalysis to 

occur and therefore a faster reaction rate can be expected the more surface area the 

semiconductor has. A higher surface area can be obtained by using nanoparticles of the 

semiconductor. In this study nanoparticles of anatase therefore were used to increase the 

adsorption and the reaction rate. 

The focus in this study was not the formation of organic molecules from precursors by 

applying photocatalysis, but instead the oxidation of organic molecules by using photocatalysis. 

If the photocatalytic oxidation on TiO2 has a chiral preference then the reduction should also have 

a chiral preference on TiO2 as implied from a catalytic process. The organic molecule studied 

was chiral, namely the amino acid alanine. 

 

 
Fig. 1: A schematic figure of TiO2 with band gap compared to NHE for visualisation that the 

holes left after excitation by light are highly oxidizing. e- is an excited electron and h+ is a hole 

left in the VB. 

2.3 Alanine 

Alanine was selected for present study because it has two chiral forms (figure 2) where life is 

only based of one of them (L-form) and it is one of the simplest amino acids. Alanine is soluble 

in water (table 1) and around neutral pH alanine is zwitterionic (figure 2). Studies done 

previously have oxidized L-alanine in the presence of TiO2 [17,18] and one of the studies even 

investigates the degradation procedure of L-alanine on TiO2 [17].  

The photodegradation mechanism of L-alanine by UV-light excited anatase proposed by the 

study [17] can be seen in figure 3. According to the study [17] acetic acid seems to be a stable 

major intermediate and formaldehyde and formic acid seems to be less stable. It is worth to 

mention that both studies [17,18] use NMR spectroscopy to measure adsorption and oxidation 

while this study will be using Raman spectroscopy. 

Alanine has two pKa’s and an IEP close to neutral pH (table 1). The IEP is of importance 

because the charge of alanine and TiO2 will influence the adsorption. Alanine adsorbs to the TiO2 

through the carboxyl group [18, 19, 20] and therefore the charge of the carboxyl group will 

influence the adsorption. In solutions with pH between the two alanine pKa’s the alanine is 

zwitterionic with a negatively charged carboxyl group and a positively charged amino group 
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(figure 2). The charge of the TiO2 surface on the other hand is negative above and positive below 

the TiO2 IEP of 6.0 [15,16, 21]. Therefore at a pH above 6.0 both the carboxyl group and the 

TiO2 surface will be negatively charged and this will not favour adsorption, because of 

electrostatic repulsion. Adsorption is instead favoured at a pH at or below 6.0 and a pH above 

2.34 (table 1) because then the TiO2 surface is neutral or positive and the carboxyl group is 

negative. It is thus clear that change of the pH can have an impact on the adsorption and therefore 

also the oxidation. In this study the pH was not tampered with because extra additives that change 

the pH in the solution can have an impact on the results and because the pH should be near 

neutral to mimic primitive earth conditions. 

Racemisation of the chiral forms are also pH dependent and occurs in alkaline conditions [22]. 

When measuring differences between pure enantiomeric solutions racemisation can be a problem, 

but for this project the racemisation is of less importance because the experiments were 

preformed under neutral conditions.  
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Fig. 2: Zwitterionic formulae of L-alanine (left) and D-alanine (right) in a neutral solution. 

 

 

 

 

 

 

 

  

Properties Values 

Solubility in water 16.7 g/100 g 

pKa (carboxyl group) 2.34 

pKa (amino group) 9.87 

IEP 6.10 

Table 1: Alanine properties [23]. 

 

Fig. 3: Proposed mechanism for L-alanine photo-degradation by UV-light excited anatase. 

Adapted from G. Zhu, X. Zhu, Q. Fan, X. Wan. Spectrochimica Acta Part A 78 (2011) 1187–

1195. 
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2.4 Raman spectroscopy 

Once incoming light strikes matter one of the following things occur: reflection, absorption, 

transmission or scattering. Raman spectroscopy is a vibrational analytical technique based on the 

latter, specifically inelastic scattering. If the photons scattered obtain the same energy as before 

the interaction with the matter then the scattering is elastic (called Rayleight scattering), but if the 

energy has changed then the scattering is inelastic. Inelastic scattering occurs for one in 10 

million photons and can either be a decrease or an increase of energy for the photons scattered 

and this change in energy can be measured. A decrease in energy is called a Stokes scattering and 

an increase in energy is called an anti-Stokes scattering [24] (figure 4). The Raman spectroscopy 

type used in this project will be the Stokes scattering. 

Raman spectroscopy is used for this study because it is a powerful technique that can measure 

directly on a sample and does not require sample preparation. This means that Raman 

spectroscopy can measure adsorption of alanine without affecting the solution and that Raman 

can follow the oxidation in situ. Another powerful technique based on vibrational transitions is IR 

spectroscopy but for this study Raman is preferable since the study is carried out in aqueous 

solutions and water is strongly IR active but weakly Raman active. Therefore, Raman sample 

signals will not be masked by the water background. In addition Raman measurements can be 

done in cuvettes of quartz glass, hence avoiding the problems with using NaCl and KBr windows 

that are necessary for IR measurements [24]. Other available techniques that could be used for 

similar studies include NMR spectroscopy and polarimetry. 

There are a few problems with using Raman spectroscopy. One problem that can occur if the 

sample has transitions near the frequency of the laser used is that the solution can become heated 

at the point where the laser is focused and over time the sample can decompose. Mixing the 

solution throughout the experiment or changing the laser to another frequency can avoid this. 

Decreasing the power of the laser can also be helpful but at the loss of intensity. Sample 

fluorescence can also be problematic during Raman measurements because the weak Raman 

signals can become overshadowed. This can also be avoided by changing the laser to another 

frequency or a pulsed laser beam can be used. To deal with both the heating and the fluorescence 

problem many Raman setups today use near infrared lasers, because samples usually have less 

transition states in that region. Using near infrared lasers promotes weaker Raman scattering, but 

the lost sensitivity can be restored by FT methods [24]. This study was using a Raman probe with 

a near infrared laser and the results were compared with a reference Raman spectrum for L-

alanine (figure 7). 
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Fig. 4: Energy level diagram for Raman scattering; (a) Stokes Raman scattering (b) anti-Stokes 

Raman scattering. From Kaiser Optical Systems. Inc. 

2.5 Method development 

Since Raman spectroscopy has not been used for measuring adsorption and oxidation of alanine 

on TiO2 before and since the equipment is new a substantial part of this project was method 

development. An ideal setup for both the adsorption and oxidation experiments was built, tested 

and optimised. The UV-lamp was tested and reproducibility of the Raman probe measurements 

was assessed. 

3 Experimental 

3.1 Chemicals and instrumentation 

All glassware used during this study were washed with dish soap and pure double deionised 

water before rinsing them with acetone (Sigma-Aldrich) and letting them air dry. For all dilutions 

pure double deionised water was used.  

The cuvettes that were used are made of quartz glass and fit approximately 4.5 mL. 

Volumetric flasks of volume 50, 100 and 200 mL were also used during this study.  

L-alanine (≥98%, TLC) and D-alanine (≥98%, HPLC) are both from Sigma-Aldrich. The 

TiO2 (3 nm, Hombikat UV 100) is from Sachtleben and the methylene blue is fish medicine from 

King British. 

Laser (785 nm, 499 mW CW), Raman probe, UV-VIS spectrometer and CCD detector 

(QEPro) that were used during the project are from Ocean Optics. The UV-LED lamp (310 nm, 1 

mW) is from Omicron-laserage. Flow control of the argon gas is from Omega and the 

micropipette (100-1000 µl) is from Eppendorf. 

3.2 Adsorption experiment 

In the adsorption experiment two solutions with the same concentration of alanine are prepared. 

TiO2 is added to one of the solutions and water to the other. Thereafter the solutions rest so 

adsorption has enough time to take place. TiO2 is removed and the amount of alanine in both 
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solutions are measured with the Raman probe. The difference is assumed to be adsorption on the 

TiO2. Same procedure is done for both chiral forms of alanine and then the adsorptions are 

compared. 

3.2.1 Stock solutions 

3.2.1.1 TiO2 

The TiO2 concentration that would be used in the adsorption experiment was decided by making 

three different concentrations of TiO2: 5 mg/mL, 10 mg/mL and 20 mg/mL. According to paper 

[25] TiO2 dispersions with these concentrations had been validated stable up to 48 h. TiO2 was 

weighed into 10 mL bottles and 10 mL water was added with a micropipette. The solutions were 

shaken and put on sonification for 9 minutes. After 2 h the dispersions were inspected and the 

10 mg/mL concentration was chosen for the adsorption experiments, because it was the highest 

concentration with a stable dispersion.  

For the adsorption experiments the TiO2 stock solution would be diluted 5 times, therefore a 

stock solution of 50 mg/mL TiO2 was prepared (table 2). The prepared solution was shaken and 

sonicated for 9 minutes. Thereafter the solution was stored in a windowless room at room 

temperature. 

3.2.1.2 L and D Alanine 

The concentrations of alanine that would be used in the experiments were based on the theoretical 

concentration of alanine that would be needed to cover 50 % of the whole TiO2 surface in the 

solution. With a TiO2 concentration of 10 mg/mL the concentration of alanine needed to cover 

50 % of the TiO2 surface is 76 g/L (see appendix) and this concentration was decided as the 

highest concentration that would be measured in the adsorption experiments. The stock solution 

would be diluted 4:5 in the adsorption experiments and therefore the concentration of the stock 

solution was settled on 95 g/L. D-alanine and L-alanine had the same stock solution 

concentration, but because there was 20 times more L-alanine than D-alanine the stock solutions 

were prepared differently (table 2). After preparation the solutions were shaken and sonicated for 

9 minutes before being stored in a refrigerator (10 oC) [25]. Because of the D-alanine shortage 

only L-alanine stock solution was used during the method development. 

 

Table 2: Dilution scheme and final concentrations of the TiO2, L-alanine and D-alanine stock 

solutions. 

Stock solution Weighted mass (g) Total volume (mL) Concentration 

TiO2 2.5 50 50 mg/mL 

L-alanine 9.50 100 95 g/L 

D-alanine 4.75 50 95 g/L 

 

3.2.2 Setup for Raman spectroscopy measurements 

The Raman probe measures 5 mm ahead of the probe and therefore a support frame (figure 5, see 

figure 20 in appendix for photograph) was manufactured with a 3D-printer to keep the probe and 
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cuvette in place. This frame was mounted onto a heavy wooden board for even more support. A 

cardboard box was placed over the frame to prevent stray light from seeping in. 

L-alanine stock solution was used when the instrument settings were tuned. The maximum 

intensity while still retaining stability of the signal was 60.0 % of the original laser power, 

5000 ms of integration time and 10 scans on average. These setting were used on all experimental 

solutions as well as the background. Every spectrum takes approximately 2 minutes to save 

because of these settings. 

 

 
Fig. 5: Schematic picture of the adsorption experiment setup where a) Raman probe, b) cuvette 

with sample, c) 3D-printed frame and d) laser radiation source. This setup was covered by a 

cardboard box. 

3.2.3 Calibration curve 

Eight calibration solutions of L-alanine were prepared according to table 3. The solutions were 

shaken and then measured one after the other in increasing concentration with the Raman probe. 

Three Raman spectra were saved for each sample. Between each solution the water background 

was renewed. The calibration solutions were measured again the same day. After the 

measurements the calibration solutions were kept in the refrigerator together with the alanine 

stock solutions. 

 

Table 3: Dilution scheme och final concentration of calibration solutions. 

Sample Stock solution (mL) Water (mL) Concentration (g/L) 

Cali-1 0 10 0 

Cali-2 1.8 8.2 17 

Cali-3 2.1 7.9 20 

Cali-4 3.2 6.8 30 

Cali-5 4.8 5.2 46 

Cali-6 6.4 3.6 61 

Cali-7 8 2 76 

Cali-8 10 0 95 
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3.2.3 Preparing samples 

The adsorption experiment with 10 mg/ml TiO2 solutions (CT-samples) and reference solutions 

(CR-samples) was done six times. Four occasions with only L-alanine at different concentrations 

and two occasions with both L-alanine and D-alanine at different concentrations. The CT and 

CR-samples are named after concentrations, concentrations decrease with increasing numbers 

(table 4). In total eight different concentrations (C1-8) were tested for the L-alanine experiments 

and two concentrations (C2 and C6) were tested for the D-alanine experiments. During one of the 

L-alanine experiments one concentration was prepared twice, but the extra sample had a 4.25 

times higher TiO2 concentration (CT7+) than usual. 

 

Table 4: The concentration alanine 

 for different samples. 

Sample Concentration (g/L) 

C1 76 

C2 61 

C3 46 

C4 30 

C5 20 

C6 17 

C7 14 

C8 12 

 

Regardless of the chiral form or concentration the sample preparation was very similar. Two 

solutions were prepared for each concentration in an almost identical procedure, the difference 

were the last preparation step. To one solution extra water was added (CR-samples) and to the 

other solution TiO2 stock solution was added (CT samples). The same micropipette was used for 

all solutions and the two solutions with the same concentration were prepared simultaneously to 

minimise differences in preparation. Before the TiO2 was added the TiO2 stock solution was 

sonicated for 9 minutes. All the prepared solutions were homogenised by shaking and then the 

solutions rested in room temperature overnight. 

The rested TiO2 solutions were shaken and 4 Eppendorf tubes per solution received 

0.550x2 mL in each tube. To remove the TiO2 the Eppendorf tubes were centrifuged at 

12 000 rpm and 4 oC. For 15 minutes they were centrifuged on one side and then the tubes were 

flipped on the other side to be centrifuged for 15 minutes more. Afterwards 0.950 mL of the 

supernatant from each Eppendorf tube was transferred to new Eppendorf tubes and centrifuged 

for 15 minutes more with the same settings as before. From each new Eppendorf tube 0.850 mL 

of the supernatant was pipetted into bottles with corresponding concentration and chiral form. 

This procedure was done for all experiments except the first. During the first experiment the 

Eppendorf tubes were only centrifuged one time at 12 000 rpm and 4 oC for 15 minutes before 

0.950 mL from each tube were gathered into bottles. The centrifuged solutions were not clear 

after one centrifugation and therefore one of the concentrations from this experiment was later 

centrifuged again in new Eppendorf tubes. This concentration was the only useable in the first 

experiment. 
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3.2.4 Sample analysis 

Samples were analysed with increasing concentration and CR- and CT-samples were analysed 

consecutively. Between each sample a new water background was made. Calibration solution 

Cali-5 was always the first sample analysed and the last. The background water was changed to 

new water before each new experiment. 

The signal stability was problematic and the background drifted during measurements. 

Therefore the system was permitted 3 minutes of stabilisation for each sample before four 

consecutive Raman spectra were saved. All samples that was prepared together was analysed the 

same day. Some samples were re-analysed the same day or at one point the sample that had extra 

TiO2 was also analysed at another day 

Alanine adsorption was also analysed by measuring the alanine adsorbed on the TiO2 directly. 

The centrifuged TiO2 was dropped on glass and left to dry. Then the glass was put under an 

objective and analysed with a Raman Microscope (Renishaw inVia). The alanine concentration 

on TiO2 was too low to measure and therefore this technique was only used once. 

3.2.5 Data analysis 

The background was drifting during the measurements with the Raman probe so that the spectra 

had to be corrected. First try at correction was to assume that the end of the spectrum had zero 

intensity and therefore the intensity seen was averaged and removed from the whole spectrum. 

Second try was to only use the peak area of the highest peak. Third try consisted by using the 

peak height of the highest peak and this correction method was used for all samples. 

A MatLab program was constructed for this correction. The lowest point on each side of the 

most prominent peak was found and a linear regression was created between the points. By using 

the wavenumber of the highest peak together with the linear regression a correction is acquired 

for the highest peak. This correction was subtracted from the intensity of the highest peak and the 

peak height was obtained. The Matlab program was later changed so that the lowest points in the 

most stable valleys near to the most prominent peak was found, otherwise the program was 

identical. 

Adsorption results were expressed in adsorption percentage. The percentage was calculated by 

subtracting the peak height average for the CT-sample from the peak height average for the CR-

sample and then dividing this difference by the peak height average of the CR-sample. Standard 

deviation for the Raman spectroscopy measurements were based on the peak heights from the 

four consecutively saved spectra for each sample. These standard deviations were used to 

calculate the standard deviation for each adsorption percentage.  

3.2 Oxidation experiment 

In the oxidation experiment the decomposition of both chiral forms of alanine by TiO2 and 

UV-light was measured and compared. 
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3.2.1 Test of UV-lamp photocatalytic setup 

The power of the UV-lamp was tested by oxidising methylene blue with and without TiO2 and 

measuring the oxidation by UV-Vis. First an aqueous solution with only methylene blue was 

made and oxidized by the UV-lamp using water as a background. The solution was mixed during 

the oxidation by bubbling argon through the solution with a flow of 30 mL/min. A spectrum was 

saved after every 30 s and the UV-lamp was lit 6 minutes after the first spectrum was saved. 

An aqueous solution containing a small amount of TiO2 and the same concentration of 

methylene blue was thereafter oxidized by the UV-lamp. TiO2 was used as a background and the 

same argon flow was used for mixing the solution. A spectrum was saved after every 30 s as in 

the experiment without TiO2 and the UV-lamp was lit 6 minutes after the first spectrum was 

saved. The oxidation rates of both experiments were later compared. 

3.2.2 Experimental setup 

The setup of the experiment was designed so that Raman and MS simultaneously could measure 

in situ oxidation of alanine by UV-light. Raman would measure the degradation of alanine and 

MS would measure the formation of oxidation products such as CO2 and NH3.  

Another type of cuvette was used in the adsorption experiment. The cuvette used in the 

oxidation experiment was also made of quartz but it had two needles, one for inlet of argon gas 

and one for outlet of gas that leads to the MS. The same frame used to keep the Raman probe in 

place in the adsorption experiment was used in the oxidation experiment as well, but another 

cuvette holder was needed for the UV-light to reach the solution. Both the frame and the cuvette 

holder were mounted onto a wooden board inside a black plastic box. 

Measuring the oxidation of the L-alanine CT2 solution leftovers from the last adsorption 

experiment tested the setup. In the end the MS was disconnected from the setup, because the 

oxidation of alanine was too slow. The full experimental setup can be seen in figure 6 (see figure 

21 in appendix for photograph). 

 

 
Fig. 6: Schematic picture of the oxidation experiment setup with a) Raman probe, b) UV-lamp, c) 

cuvette with cap, d) argon gas inlet, e) gas outlet, f) 3D-frame and g) laser radiation source. 

3.2.3 Oxidation with TiO2 

The TiO2 stock solution used in the adsorption experiment was sonicated for 9 minutes. An 

L-alanine solution with half the TiO2 concentration than in the adsorption experiment was 
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prepared. Argon was bubbled through the solution for 4 minutes to exclude oxygen before it was 

turned off. A continuous Raman spectrum was measured and the UV-light was lit after 6 minutes 

of saving spectra. The experiment was terminated soon after and a continuous argon flow during 

the experiments would be used hereafter. 

Different argon flows, higher L-alanine concentration and lower TiO2 concentrations were 

tested to find the most stable spectrum. 

A background with an argon flow of 10 mL/min was made on a solution containing 2.9 mL 

water and 0.1 mL of a newly sonicated TiO2 stock solution. Then a new solution was mixed into 

the cuvette containing 2.9 mL of L-alanine stock solution from the adsorption experiment and 0.1 

mL of the TiO2 stock solution. The Raman program started to save spectra every 2 minutes and 

after 6 minutes the UV-lamp was lit. The argon flow was kept at 10 mL/min during the whole 

oxidation to mix the solution. After 46 h the UV-lamp was turned off. The cuvette was washed 

and the same procedure was redone but with the D-alanine stock solution instead. 

3.2.4 Oxidation without TiO2 

The cuvette was washed and the needle for the argon gas was changed to a new one. A water 

background with an argon flow of 10 mL/min was made. Then a solution was prepared in the 

cuvette containing 2.9 mL L-alanine stock solution and 0.1 mL water. The Raman program 

started to save spectra every 2 minutes and the UV-light was lit after 6 minutes. The argon flow 

was kept at 10 mL/min during the whole oxidation to mix the solution. After three days the 

experiment was terminated. The experiment was redone with the same procedure as above but 

with a total volume of 4 mL and an argon flow of 5 mL/min instead. After 24 hours the UV-lamp 

was turned off. 

3.2.5 Data analysis 

In this experiment the Matlab program from the adsorption experiment was used as a base for the 

data analysis, but with a couple of extensions. The correction for the most prominent peak was 

calculated in the same way but instead of only subtracting the correction from the most prominent 

peak it was subtracted from the whole spectrum. Peak height for the most prominent peak was 

calculated for every saved spectrum and plotted against time. The same was done for every 

measured wavenumber; thereby their intensity evolution with time could be followed. In addition 

the program was also constructed so that the whole spectrum for each measured time point could 

be followed and therefore evolution of new peaks could be observed. 

4 Results 

4.1 Raman calibration 

Almost all the Raman shifts (peaks) from the experimental alanine spectrum were found in the 

reference peak values for alanine [24] (table 5). The reference peak values (table 5) did not give 

information about peaks below wavenumber 771 cm-1, but the reference spectrum goes to lower 

wavenumbers (figure 7) and there it is clear that there are peaks around 400, 500 and 600 that 
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matches with the experimental peaks. The Raman shift at 1214 cm-1 does not have a match in the 

reference Raman peak values (table 5) and this is probably because the peak is weak (figure 8). 

Another Raman shift that does not match with the reference peak values (table 5) is the 995 cm-1 

shift, but looking at the reference spectrum (figure 7) a similar peak can be seen.  

The most prominent Raman shift in the experimental spectrum (figure 8) has wavenumber 

845 cm-1 and the peak height of this peak was used for the data analysis in both the adsorption 

and the oxidation experiment. 

 

Table 5: Raman peak values from the experimental analysis and from a reference. Reference 

values from G. Zhu, X. Zhu, Q. Fan, X. Wan. Spectrochimica Acta Part A 2011, 78, 1187–1195. 

Raman 

experimental 

(cm-1) 

Raman 

reference  

(cm-1) 

178 - 

275 - 

331 - 

400 - 

524 - 

628 - 

772 771 

845 852 

917 922 

995 - 

1109 1115 

1214 - 

1304 1308 

1351 1361 

1374 1378 

1411 1411 

1461 1464 

1599 1599 
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Fig. 7: Reference Raman spectrum, aqueous and solid. From G. Zhu, X. Zhu, Q. Fan, X. Wan. 

Spectrochimica Acta Part A 2011, 78, 1187–1195. 

 
Fig. 8: Raman spectrum for calibration solution Cali-7. The most prominent peak has 

wavenumber 845 cm-1 and the red lines show how peak height is calculated. 

 

The calibration solutions were measured twice during one day, with an hour between the 

measurements. Both measurements of the calibration solutions gave similar calibration curves 

(figure 9 and 10). The R2-value had at least three nines and the intercept was close to 0 for both 

curves. The calibration curve measured first (figure 9) was used for the adsorption measurements. 
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Fig. 9: Calibration curve for alanine peak  

845 cm-1 based on the first measurements  

on the calibration solutions. 

 

 

One of the calibration solutions (Cali-5) was kept and analysed at least once during each 

adsorption experiment. The difference in measured peak height of this calibration solution 

between different days and during the same day can be seen in table 6. A variation in peak height 

can be seen from day to day measurements as well as measurements during the same day. 

 

Table 6: Measured average peak height for calibration solution Cali-5 at different days and 

during the same day. The values are presented with regard to the standard deviation for the 

Raman spectroscopy measurements of each average peak height. 

Day 1:st measurement 2:nd measurement 3:rd measurement 

2016-04-06 1993±8 1979±10 - 

2016-04-13 1928±8 - - 

2016-04-14 1905±6 - - 

2016-04-15 1852±5 1859±6 - 

2016-04-19 1853±12 1864±8 1913±3 

2016-04-21 1968±12 1958±11 1923±5 

2016-05-13 1893±5 1876±3 - 

 

4.2 Adsorption experiment 

The adsorption results for different concentrations on different days can be seen in table 7. 

Standard deviation for each adsorption percentage is also displayed. Almost all adsorption 

percentages are positive. A variation between results from day to day for new samples with the 

same concentration and a variation within days for the same sample were observed. 

D-alanine samples were only prepared and measured on day 5 with two different 

concentrations. All adsorption results from that day can be seen in table 7 and are also plotted in 

figure 11, with error bars representing the standard deviation. One qualitative trend that can be 

seen from the results in table 7 and figure 11 is that a lower alanine concentration seems to give a 

higher adsorption percentage. In the lower concentration D-alanine adsorbs more than L-alanine, 

in the higher concentration a distinction cannot be done. A higher TiO2 concentration seems to 

result in a higher adsorption (table 7 and figure 11). 
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Table 7: The adsorption in percentage for each different concentration and chiral form at 

different measurements and days. On some days samples were measured twice inconsecutively. 

The values are presented with regard to the standard deviation for the Raman spectroscopy 

measurements of each adsorption percentage. 

Name Chiral 

form 

Conc. (g/L) Day 1 Day 2 Day 3 Day 4 Day 5 

C8 L 12 - - - 2.7±1.2 % - 

C7 L 14 - - - 3.9±0.6 % 3.9±0.7 % 

CT7+ L 14 - - - 5.9±0.5 % 

7.9±0.9 % 

6.6±0.5 % 

6.8±0.3 % 

C6 L 17 - - - 3.0±0.5 % 1.4±1.4 % 

C6 D 17 - - - - 6.2±0.5 % 

C5 L 20 3.8±0.4% - 4.5±0.3 % 

2.7±0.5 % 

- 3.0±0.4 % 

C4 L 30 - 3.3±0.4 % 

2.5±0.4 % 

1.0±0.6 % - - 

C3 L 46 - 2.2±1.7 % 1.0±1.5 % - 2.6±0.5 % 

C2 L 61 - 3.3±0.4 % 2.9±0.4 % - 2.2±0.4 % 

C2 D 61 - - - - 2.4±0.4 % 

C1 L 76 - 2.7±1.4 % 0.3±0.6 % - - 

 

 
Fig. 11: The percentage adsorbed alanine on TiO2 for different concentrations of alanine 

measured on day 5. One result with a higher TiO2 concentration is also shown and the adsorption 

percentage for different chiral forms. The standard deviation for the Raman spectroscopy 

measurements of each adsorption percentage is seen as an error bar. 
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After the CT-solutions had rested during the night it was visibly noticed that an increasing 

alanine concentration seemed to give more unstable TiO2 dispersions (figure 12).  

 

 
Fig. 12: Five CT-samples with different concentrations after a nights rest. The TiO2 dispersion 

seems to be less stable with increasing alanine concentration. 

4.3 Oxidation experiment 

4.3.1 Test of UV-lamp photocatalytic setup 

The oxidation rate of methylene blue is higher with TiO2 present then without (figure 13). 

 
Fig. 13: The oxidation of methylene blue by UV-light in a solution containing TiO2 compared 

with a solution without TiO2. 
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4.3.2 Oxidation of alanine 

The photooxidation results for solutions with TiO2 and without are presented in figure 14. All 

three solutions have the same initial alanine concentration, but the L- and D-alanine solutions in 

the presence of TiO2 give a lower Raman spectroscopy signal then in the solution without TiO2. 

Oxidation of L-alanine by UV-light without TiO2 present had a relatively constant signal 

during the experiment; however a slight increase of the signal can be seen. For the oxidation 

without TiO2 it was visibly noted that a small amount of the solvent evaporated with time. 

L-alanine and D-alanine oxidation by UV-light in the presence of TiO2 does not have constant 

signals (figure 14). Both experiments start at the same signal before the signals starts to increase. 

The L-alanine signal increases considerable more than the D-alanine signal. Approximately 500 

minutes after the start of the oxidation both signals decrease until a plateau is reached. After the 

plateau the L- and D-alanine signals continue to decrease until the signal plateaus at zero. When 

the signals are normalised by the highest point in each oxidation experiment the oxidation shape 

with time for the L- and D-alanine are similar (figure 15). The highest signal point, the plateau in 

the middle and in the end comes at approximately the same time for both chiral forms. 

After the oxidation measurements the cuvettes were inspected and a significant difference in 

solutions could be noticed. The TiO2 in the L-alanine solution had precipitated (figure 16) 

significantly more than in the D-alanine solution (figure 17). 

Water used was found to have been of a lower purity with a higher ion concentration then 

normal the day L-alanine was oxidized. 

 

 
Fig. 14: Oxidation of L-alanine and D-alanine by UV-light with TiO2 and oxidation of L-alanine 

by UV-light without TiO2. 
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Fig. 15: Normalised oxidation of L-alanine and D-alanine by UV-light with TiO2 and normalised 

oxidation of L-alanine by UV-light without TiO2. 

 

 
Fig. 16: The solution after the oxidation  

of L-alanine. TiO2 has precipitated. 

 

When following how the oxidation spectrum changed with time new peaks were found. An 

evolution of two peaks at wavenumber 686 cm-1 and 1537 cm-1 could be seen after about 900 

minutes for both the L and D-form. 

A comparison between the initial spectrum taken at the beginning and the spectrum taken at 

after 2750 minutes were done for both chiral forms and more new peaks were found. The same 

major peaks can be seen for both the L-alanine (figure 18) and the D-alanine solution (figure 19) 

Fig. 17: The solution after the oxidation of 

D-alanine. TiO2 is still in the solution. 
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after 2750 minutes. Reliable aqueous Raman spectra for the proposed oxidation products [13] 

could not be found and the new peaks could therefore not be identified with the proposed 

oxidation products. 

 

 
Fig. 18: Raman spectrum for the L-alanine solution after 2750 minutes of oxidation. Peaks 

marked are new peaks. 

 

 
Fig. 19: Raman spectrum for the D-alanine solution after 2750 minutes of oxidation. Peaks 

marked are new peaks. 
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5 Possible sources of error 

A significant part of the project was method development, because the method needed to be 

sensitive enough to measure small differences in concentration. When small differences are 

measured it is important that the sources of error are identified and minimised, because they can 

influence the results. In this project the most crucial sources of error were inherent to the sample 

preparation, the setup and the data analysis. Optimising these parts of the experiment was 

therefore most time consuming. 

5.1 Preparing samples for adsorption experiment 

The sample preparation was a crucial part of the adsorption experiment because the CR and the 

CT solutions had to be identical. Even though they were done at the same time and very 

carefully, the human error when operating a micropipette can be significant. It can especially be 

significant when the micropipette is used multiple times to come up in a high enough volume or 

when the volume is constantly changed. This variance of the sample preparation can have an 

impact on the absorption results. 

5.2 Setup for Raman spectroscopy measurements 

The setup used has different sources of error that are important to mention because they can 

affect the reproducibility of the Raman spectroscopy measurements. 

Vibrations caused by the presence of people and noisy machines nearby seemed to affect the 

Raman spectroscopy results. People nearby also cast shadows that changed the light background 

for the Raman spectroscopy measurements. 

5.2.1 Adsorption 

Placing the cuvette in a different way seemed to affect the signal; therefore the cuvette was 

placed carefully and with the same side to the Raman probe each time. 

The way the cardboard box was placed over the setup also had an effect; because the box had 

a hole for cables were light could enter. If the placement of the box was slightly different another 

amount of light could enter through the cable hole. This could change the Raman spectroscopy 

background and therefore also the results. The problem was handled by trying to place the 

cardboard box in the same place every time by following markings.  

5.2.2 Oxidation 

To compare the oxidation rates the conditions need to be identical in both solutions. TiO2 in the 

solution disrupts the Raman spectroscopy signal of alanine because TiO2 also scatters light. The 

mixing of the solution therefore needs to be as homogenous as possible, to get the same 

disruption of signal in both solutions. Argon gas flow of 10 ml/min was used to mix the 

solutions, but this type of mixing is not homogeneous and it could affect the results.  

During oxidation of alanine without TiO2 in the solution it was visibly noticed that the solvent 

evaporated with time. This evaporation is thought to originate from the constant argon gas 
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mixing, because the gas is dry. A lower argon gas flow gave visibly less evaporation of the 

solvent. Solvent evaporation can also affect the results. 

5.3 Data analysis 

One of the most time consuming parts of this project was data analysis. The raw data could not be 

used for either the adsorption and oxidation experiment because the background was drifting 

during the measurements. Choosing a method for data evaluation that affected the results in an 

identical way was therefore important. The choice of a data analysis method can have a great 

impact on the results 

The data analysis was first done manually by trying a form of background correction, but it 

could not be used because it assumes that the background shifts the same everywhere in the 

spectrum and it could not be applied for the Raman spectroscopy measurements. 

The second try to correct the data was to calculate the peak area of the most prominent peak. 

This idea quickly got disregarded because it was difficult to handle the data in an identical way 

when it was done manually. 

A MatLab program was designed for to save time that calculated the peak height of the most 

prominent peak at wavenumber 845 cm-1. It was later realised that the valley on the left side of 

peak 845 cm-1 was unstable and therefore the valley next to the 772 cm-1 peak was used instead 

because the valley is more stable during measurements. 

6 Discussion 

6.1 Raman calibration 

The Raman shifts from the experimental alanine spectrum for one calibration solution (figure 8) 

matched the Raman shifts from the reference alanine spectrum (figure 7). It can therefore be 

concluded with certainty that the experimental spectrum is of aqueous alanine and that the setup 

can measure aqueous alanine. 

The calibration curves had good R2-values (figure 9 and 10) with at least three nines and an 

intercept close to zero. This is a strong indication that the measurements are stable in aqueous 

solutions of alanine. The calibration curve from the first measurements (figure 9) was used 

because the R2-value had more nines and the intercept was closer to zero. Even though the 

calibration curve is measured with L-alanine it can be used for both L-alanine and D-alanine 

solutions because Raman spectroscopy is not chiral selective. 

For the calibration solution that was measured during every adsorption experiment (Cali-5) a 

variation of the measured peak height could be seen (table 6). Measured average peak heights 

vary between days and during the same day. The variation seen probably has to do with the errors 

connected to the setup not the sample preparation, because the same solution was measured. A 

difference in cuvette or cardboard box position could give this difference. It is not likely that the 

difference originates from an unstable solution, because there is no significant decrease in the 

average peak height between measurements. The standard deviation for the measurements most 

likely arises from a combination of the inherent variation of the technique and the vibrations and 
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shadows caused by the presence of people. Variations seen for the Cali-5 solution are small, but 

because the adsorption experiment measures solutions with a small difference in concentration 

these variations can have an effect on the results. 

6.2 Adsorption experiment 

Adsorption seems to occur and be measurable with the setup because almost all measured 

samples has a positive adsorption percentage when TiO2 is present (table 7). Variation of the 

adsorption percentage for one concentration can be seen on rerun samples and on new samples 

run another day. The variation between days and within days probably originates from errors 

found in the sample preparation and with the setup. Adsorption comparison between samples is 

therefore difficult to evaluate quantitatively with this method because of the inconsistency in the 

magnitude of the adsorption percentages. This method is nonetheless sufficient for qualitative 

evaluations.  

One qualitative trend that can be seen in the adsorption results (table 7) as well as in the 

plotted results from day 5 (figure 11) is that lower alanine concentration seems to give a slightly 

higher adsorption. A possible explanation for this is based on the fact that higher alanine 

concentration decreases the pH in the solution and a change in the solution pH may establish 

different adsorption equilibria. The qualitative difference seen is small and more experiments are 

needed to be certain about this trend. 

Only one sample during the experiment had a higher TiO2 concentration, but this sample was 

measured four times on two different days (table 7). Even though it is based on one sample, it 

seems that a higher concentration of TiO2 gives a higher adsorption. Since a higher concentration 

of TiO2 nanoparticles give a higher surface area this result is expected, but further experiments 

are needed to be certain about the results because they are based on one sample. 

D-alanine was only measured on one day with two different concentration of alanine 

(figure 11). Distinct difference between the L- and D-alanine adsorption could only be seen for 

the lower concentration, for the higher concentration nothing definitive could be said because of 

the standard deviation overlap. A trend cannot be based on one result, but if this difference in 

adsorption between the chiral forms was confirmed by additional experiments then it would 

suggest the existence of chiral information in the TiO2 surface. More experiments are therefore 

needed. 

It was visibly noticed that an increasing alanine concentration gave more unstable TiO2 

dispersions (figure 12). This is probably related to fact that alanine decreases the pH when added 

and that TiO2 is close to its IEP in aqueous solutions.  

6.3 Oxidation experiment 

6.3.1 Test of UV-lamp photocatalytic setup 

Methylene blue photooxidation was carried out to evaluate the effectiveness of the proposed 

photocatalytic reactor.  From the results it is seen that the solution with TiO2 has a higher 

oxidation rate by UV-light than a solution without TiO2 (figure 13). This means that the system 
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has sufficient UV-light to photoexcite the TiO2 band gap and undertake photocatalytic 

transformations.  

6.3.2 Oxidation of alanine 

The alanine signal in figure 14 starts at much lower values for the solutions with TiO2 present 

even though the initial alanine concentration is the same in all solutions. This is because TiO2 

scatters light that disturbs the alanine signal. The amount of TiO2 dispersed in the solution will 

therefore affect the magnitude of the alanine signal.  

Alanine is not oxidized solely by the UV-light, because the alanine signal is relatively constant 

with time in the solution without TiO2. The slight increase in signal seen for the solution without 

TiO2 is probably related to evaporation of solvent due to the dry argon gas that increases the 

alanine concentration and therefore also the signal. 

Oxidation by UV-light can be seen for both L-alanine and D-alanine in the presence of TiO2 

(figure 14). Alanine is therefore only oxidized by UV-light when adsorbed to the TiO2 surface 

and not when free in the solution. The oxidation of L-alanine and D-alanine with time looks 

different (figure 14). In the beginning both L-alanine and D-alanine start at the same signal, but 

with time both signals increase and the L-alanine signal increases much more than the D-alanine 

signal. Otherwise, the shape of the graph showing the time dependency of the oxidation is similar 

for both enantiomers, which is more apparent when the oxidations are normalised (figure 15).  

A significant difference in turbidity between the L- and D-alanine solutions could be seen after 

the oxidation (figure 16 and 17). This difference in turbidity explains the higher signal of L-

alanine, but it does not explain why the solutions behaved differently during the oxidation.  

One explanation is that the mixing with argon gas is not homogeneous, but this explanation is 

not sufficient to explain the significant difference noticed in the solutions (figure 16 and 17).  

Another theory is that the pH in the solutions changed dissimilarly between the L- and D-

alanine solutions during oxidation because of a difference in oxidation rate. At a specific time, 

the L-alanine solution would have a higher concentration of alanine than in the D-alanine 

solution, if D-alanine is oxidized faster. Increasing concentrations of alanine give more unstable 

dispersions of TiO2 (figure 12) and this could explain the difference in turbidity between the L-

alanine and the D-alanine solution and therefore also give an explanation for the intensity 

difference.  

The solution difference seen (figure 16 and 17) could also originate from a difference in ion 

concentration in water used for the L- and D-alanine oxidation. Water used had lower ion purity 

then normal when L-alanine was oxidized. 

These explanations are all possible and without further experiments the difference remains 

unidentified. The oxidation rates between L- and D-alanine therefore cannot be compared fairly. 

For a fair comparison the conditions should be the same in both solutions. 

A plateau is reached at approximately the same time in both the L- and D-alanine oxidations. 

This means that something occurs when the plateau is reached that hinders the oxidation of 

alanine. A hypothesis for the origin of the plateau is based on competitive adsorption between 

alanine and an oxidation product. At the beginning there is only alanine and TiO2 in the solution. 

Alanine adsorbs to the TiO2 surface and gets oxidized. If the oxidized product also adsorbs to 

TiO2 then the oxidized product will adsorb to the TiO2 surface after the oxidation. If alanine is 



30 

oxidized easier than the alanine oxidation product, alanine will continue being oxidized. More 

oxidation product is therefore formed and will adsorb to the TiO2 surface. At a specific point the 

oxidation product covers all adsorption sites and alanine cannot adsorb anymore. The plateau is 

reached because alanine does not get oxidized in solution (figure 14). Without alanine the 

oxidation product will start to oxidise and will continue until alanine has room to adsorb again. 

Then alanine will continue oxidation until the zero plateau is reached. The proposed oxidation 

product that competes with alanine is acetic acid. Acetic acid also has the carboxyl group that 

binds to TiO2 and the mentioned study that did oxidation of alanine on TiO2
 [17] deemed acetic 

acid to be a major stable oxidation intermediate. 

During the oxidations of both enantiomers new peaks were found after approximately 900 

minutes which coincides with the seen plateau. It can be an indication that something new is 

formed at the plateau, but it can also be because the concentration is high enough for the peaks to 

show whereas they were not high enough before.  

The solutions for L- and D-alanine after oxidation had more new peaks and the same major 

peaks could be seen in both solutions (figure 18 and 19). Finding new peaks are another 

indication that oxidation takes place in the solutions. It was difficult to find reliable, aqueous 

Raman spectra for the proposed oxidation products [17] to compare the new peaks with. 

Therefore the peaks are unidentified. 

7 Improvements 

Even though the optimisation done during the method development improved the measurements 

greatly there are still room for improvements for future experiments. 

7.1 Preparing samples for adsorption experiment 

A way to minimise the human error when pipetting is to prepare stock solutions of the 

concentrations that will be measured, so instead of one stock solution for all concentrations there 

will be one stock solution for each concentration. From the stock solutions the same volume can 

be taken each time in one go by using a volumetric pipette. Volumetric pipettes are very precise, 

but they have specific volumes that cannot be changed. 

Even though a higher TiO2 concentration was only tried for one sample, it would be 

interesting to try higher TiO2 concentrations for future adsorption experiments. The sample that 

was tried gave a higher adsorption and if a higher adsorption could be achieved the difference in 

concentration between the solutions would be greater and therefore easier to measure. 

7.2 Setup for Raman spectroscopy measurements 

The vibrations caused by the presence of people and noisy machines nearby could be improved 

by using a more stable table or working in a more isolated area. Working in dark conditions 

would also benefit the measurements because then shadows would not affect the background.  
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7.2.1 Adsorption 

A flow-through cuvette could be an alternative to minimise the problem of placing the cuvette in 

an identical way between measurements. 

The problem with the placement of the cardboard box could be eliminated by removing the 

cardboard box from the setup and instead work in a dark room. Alternatively a box that cannot be 

moved in regard to the setup inside and were the cables are handled in a better way could be 

used. A box similar to this description was used for the oxidation experiments. 

The reproducibility of the measurements could be improved by adding an internal standard to 

all solutions. For the internal standard to be complementary to the adsorption experiment it has to 

fulfil certain requirements. It cannot adsorb on the TiO2, no interaction with alanine, needs to be 

stable and soluble in water. The internal standard must also be Raman active and have a 

characteristic shift that does not overlap with alanine peaks. 

For future experiments it would be interesting to measure the pH of all solutions used, because 

the pH affects the stability of the TiO2 dispersion (figure 12) and possibly also the adsorption 

equilibrium.  

7.2.2 Oxidation 

Argon gas flow is not an ideal stirring method, because the mixing is not homogeneous and the 

solvent evaporates. A different stirring method should be tested, for example a magnetic stir bar. 

A lower TiO2 concentration should be investigated for the oxidation experiments so that the 

solution becomes more permeable for the UV-light and for the Raman spectroscopy 

measurements. The alanine signals will be less disturbed by the TiO2 scattering. 

The stability of the TiO2 dispersion is influenced by the pH and the pH will change when 

alanine oxidises. In future experiments it would therefore be preferable to compare oxidation 

rates of both chiral forms in a small time frame in the beginning of the oxidation were the pH can 

be assumed to be constant.  

An internal standard would be beneficial to use in the oxidation experiments as well. It should 

have the same criteria as the internal standard for the adsorption experiment but with an 

extension; it cannot be oxidized during the experiment.  

If possible it would be interesting to measure the pH in the solution in situ during the 

experiment to see how it changes with time, but then the cuvette and frame used in the setup 

would not be compatible (figure 6). 

The hypothesis for the plateau could be investigated by trying different alanine and TiO2 

concentrations, because if true the then the plateau would change with a change in alanine and 

TiO2 concentration. 

New peaks were seen after the oxidation, but they could not be identified with reference 

spectra because it was hard to find reliable ones for aqueous solutions. In future experiments of 

the same kind it would be helpful to make Raman spectra for aqueous solutions of each proposed 

oxidation product [17]. The proposed oxidation products are common organic compounds; 

therefore the measurements should not be too complicated. Raman spectra measured can then be 

compared to the new peaks. 

It would also be interesting to measure the solution at the end of the oxidation by another 

measuring technique. The solution at the end of the oxidation is probably a mixture of different 
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oxidation species. GC-MS would therefore be interesting to use because it could separate the 

mixture and analyse the species separately. 

7.3 Data analysis 

The MatLab program for data analysis could continue to be used, because the valleys chosen are 

relatively stable during the measurements. 

8 Conclusion 

The method development was successful because the adsorption of alanine could be measured as 

well as oxidation of alanine. In the adsorption experiment certain qualitative trends could be seen. 

A lower concentration of alanine and a higher concentration of TiO2 seemed to result in a higher 

adsorption. Comparative measurements between L- and D-alanine were only done on one day for 

two different concentrations. For the lower concentration D-alanine had a significant higher 

adsorption then the L-alanine and for the higher concentration no significant difference could be 

seen. To reinforce the findings of this study many additional experiments are required to confirm 

or disprove a chiral preference of TiO2.  

The photocatalysis results showed that both alanine forms got oxidized under the influence of 

UV light, but only in the presence of TiO2. Oxidation results from L- and D-alanine were 

different, but the oxidation results cannot be compared fairly because the solutions behaved 

differently do to water contamination, only detected at posteriori. 

Additional measurements are needed in both experiments and the method still has room for 

improvement, for example by changes in the sample preparation and the setup. Nonetheless, the 

method shows great potential and further studies could show whether or not TiO2 has chiral 

information that could promote homochirality. 
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11 Appendix 

11.1 Calculation for 50 % adsorption 

The theoretical concentration of alanine that would be needed to cover 50 % of the whole TiO2 

surface in the solution was calculated in the following way. 

 

The number of grams of TiO2 per nanoparticle (abbreviation GTPN) was calculated by the 

following equation: 

 

𝐺𝑇𝑃𝑁 = 𝑉𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 ∙ 𝜌𝑎𝑛𝑎𝑡𝑎𝑠𝑒 

 

where 𝑉𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the volume of one nanoparticle and 𝜌𝑎𝑛𝑎𝑡𝑎𝑠𝑒 is the density of anatase. 

 

The number of moles of TiO2 per nanoparticle (abbreviation MolesTPN) was calculated by the 

following equation: 

 

𝑀𝑜𝑙𝑒𝑠𝑇𝑃𝑁 =
𝐺𝑇𝑃𝑁

𝑀𝑎𝑛𝑎𝑡𝑎𝑠𝑒
 

 

where 𝑀𝑎𝑛𝑎𝑡𝑎𝑠𝑒 is the molecular weight of anatase. 
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The number of molecules of TiO2 per nanoparticle (abbreviation MTPN) was calculated by the 

following equation: 

 

𝑀𝑇𝑃𝑁 = 𝑀𝑜𝑙𝑒𝑠𝑇𝑃𝑁 ∙ 𝑁𝐴 

 

where 𝑁𝐴 is the Avogadro constant. 

 

The number of molecules of TiO2 per dm3 (abbreviation MTPV) was calculated by the following 

equation: 

 

𝑀𝑇𝑃𝑉 = 𝑁𝐴 ∙ 𝐶𝑇𝑖𝑜2  

 

where 𝐶𝑇𝑖𝑜2  is the TiO2 concentration in the solution. 

 

The number of nanoparticles per dm3 (abbreviation NPV) was calculated by the following 

equation: 

 

𝑁𝑃𝑉 =
𝑀𝑇𝑃𝑉

𝑀𝑇𝑃𝑁
. 

 

The total surface area per dm3 (abbreviation TSAPV) was calculated by the following equation: 

 

𝑇𝑆𝐴𝑃𝑉 = 𝐴𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  ∙ 𝑁𝑃𝑉 

 

where 𝐴𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 is the surface area of one nanoparticle. 

 

The number of molecules of alanine per dm3 (abbreviation MAPV) was calculated by the 

following equation: 

 

 𝑀𝐴𝑃𝑉 =
𝑇𝑆𝐴𝑃𝑉 ∙ 0.5

𝐴𝑎𝑙𝑎𝑛𝑖𝑛𝑒 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
  

 

where 𝐴𝑎𝑙𝑎𝑛𝑖𝑛𝑒 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 is the area one adsorbed alanine molecule has and the 0.5 comes from 

alanine only adsorbing to 50 % of the total surface area of TiO2. 

 

The number of moles of alanine per dm3, also known as the alanine concentration needed to fill 

50 % of the TiO2 surface (𝐶𝑎𝑙𝑎𝑛𝑖𝑛𝑒 ) was calculated by the following equation: 

 

 𝐶𝑎𝑙𝑎𝑛𝑖𝑛𝑒 =
𝑀𝐴𝑃𝑉

𝑁𝐴
. 

 

All these steps are summarised in the following equation of the theoretical alanine concentration 

that is needed to cover 50 % of the TiO2 surface: 
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𝐶𝑎𝑙𝑎𝑛𝑖𝑛𝑒 =
𝐴𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒∙𝐶𝑇𝑖𝑜2 ∙𝑀𝑎𝑛𝑎𝑡𝑎𝑠𝑒∙0.5

𝑉𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒∙𝜌𝑎𝑛𝑎𝑡𝑎𝑠𝑒∙𝑁𝐴∙𝐴𝑎𝑙𝑎𝑛𝑖𝑛𝑒 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛
. 

 

The nanoparticles were assumed spherical and therefore the volume and surface area of one 

nanoparticle could be calculated with the following equations: 

 

𝑉𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 =
4𝜋

3
∙ (𝑑𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ∙ 0.5)

3
 

 

𝐴𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 = 4𝜋 ∙ (𝑑𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 ∙ 0.5)
2
 

 

where 𝑑𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 is the diameter of the nanoparticles. 

 

The property values used for the calculation are the following: 

 

𝑑𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 = 3 𝑛𝑚 

𝐶𝑇𝑖𝑜2 = 10
𝑚𝑔

𝑚𝐿
 𝐶𝑇𝑖𝑜2 = 0.125 𝑀 

𝑀𝑎𝑛𝑎𝑡𝑎𝑠𝑒 = 79.9
𝑔

𝑚𝑜𝑙
  [23] 

𝑁𝐴 = 6.02214179 ∙ 1023 𝑚𝑜𝑙−1  [23] 

𝜌𝑎𝑛𝑎𝑡𝑎𝑠𝑒 = 3.9
𝑔

𝑚𝐿
 (25𝑜𝐶)  [27] 

 

The area one adsorbed alanine molecule has was approximated to 0.5 Å2 for the carboxyl-group 

and this value was used for the original calculations. In retrospect a better value would have been 

between the methyl- and the amino-group, because they will provide steric hindrance to adjacent 

alanine molecules. From a molecular model of L-alanine the area was measured to approximately 

19 Å2. 

 

The theoretical alanine concentration that is needed to cover 50 % of the TiO2 surface when 

𝐴𝑎𝑙𝑎𝑛𝑖𝑛𝑒 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 0.5 Å2 was calculated to 0.85 M. Using the molecular weight of alanine 

(89.09
𝑔

𝑚𝑜𝑙
 [23]) the concentration is 76 𝑔/𝐿. 

 

The theoretical alanine concentration that is needed to cover 50 % of the TiO2 surface when 

𝐴𝑎𝑙𝑎𝑛𝑖𝑛𝑒 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 = 19 Å2 was calculated to 0.022 M. Using the molecular weight of alanine 

(89.09
𝑔

𝑚𝑜𝑙
) the concentration is 2.0 𝑔/𝐿. 

 

A solution of the former concentration was used for the adsorption experiments. 
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11.2 Setup photographs 

 
Fig. 20: Picture of the adsorption experiment setup with cuvette, Raman probe and 3D-printed 

frame. A cardboard box was placed over this setup. 

 

 
Fig. 21: Experimental setup for the oxidation experiment with a) Raman probe, b) argon gas 

inlet, c) UV-lamp and d) cuvette. 
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11.3 Rights 

Rights for table 5 and figure 7: 

 


