
23 November 2024

AperTO - Archivio Istituzionale Open Access dell'Università di Torino

Original Citation:

Role of a waste-derived polymeric biosurfactant in the sol–gel synthesis of nanocrystalline
titanium dioxide

Published version:

DOI:10.1016/j.ceramint.2014.04.056

Terms of use:

Open Access

(Article begins on next page)

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

Availability:

This is the author's manuscript

This version is available http://hdl.handle.net/2318/146200 since 2016-01-08T11:43:04Z



 

1 

 

 

 

 

 

 

This is an author version of the contribution published on: 

Questa è la versione dell’autore dell’opera: 

 [Ceramics International 40(8), 2014, DOI: 10.1016/j.ceramint.2014.04.056] 

The definitive version is available at: 

La versione definitiva è disponibile alla URL: 

[http://www.sciencedirect.com/science/article/pii/S0272884214005951] 



 

2 

 

 

Role of a waste-derived polymeric biosurfactant in the sol-gel 

synthesis of nanocrystalline titanium dioxide  

 

Vittorio Boffa,a Daniele G. Perrone,b Giuliana Magnaccab,c,* and Enzo Montoneri,b 

 

 

aAalborg University, Section of Chemistry,  Shongaardsholmsvej 57, 9000 Aalborg, 

Denmark; 

bTorino University, Dipartimento di Chimica, and cNIS Centre of Excellence, via Pietro 

Giuria 7, 10125 Torino, Italy. 

 

 

*corresponding author: giuliana.magnacca@unito.it, ph.+39 011 670 7543, fax +39 011 

7855 



 

3 

 

 

Abstract  

An inexpensive polymeric biosurfactant isolated from urban bio-wastes is shown to be a 

useful chemical aid in the synthesis of nanostructured materials with tunable pore size and 

surface hydrophilicity. Photocatalytic active TiO2 powders were prepared by sol-gel 

reaction in the presence of variable amounts of a waste-derived polymeric biosurfactant. 

The products were characterized for morphology, crystal structures and surface 

hydrophilicity. The porosity data indicate that an increase of the biosurfactant amount in 

the reaction medium causes a decrease of pore size, pore volume and specific surface area 

in the synthesized oxide, whereas TEM and XRD data indicate that particle size decreases 

by increasing biosurfactant amount. These results suggest that biosurfactant molecules play 

a role in the nucleation step, during the formation of the titanium dioxide particles. The 

biosurfactant amount  in the synthesis mixture affects also the hydrophilicity of titanium 

dioxide surface, as demonstrated by water-adsorption microcalorimetry measurements, but 

the results suggest that also this aspect is connected to crystal nucleation and growth during 

oxide formation. 
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sol-gel synthesis. 
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1. Introduction 

Within the current trend to develop inexpensive and sustainable procedures for the 

fabrication of functional nanomaterials, various biological substances have been applied as 

tailoring agents for the preparation of nanostructured inorganic particles, monoliths and 

films [1-11]. The utilization of natural substances as structure directing agents is indeed 

attractive from several reasons: (i) they show specific reactivity; (ii) their anisotropy allows 

the fabrication of complex inorganic structure by facile synthetic procedures; (iii) they are 

renewable and often inexpensive ready-available materials. 

Specific reviews [1,2] report various examples of bio-materials used as structure 

directing agents in the sol-gel synthesis of ceramic materials.  For instance, silicon carbide 

cellular structures [3] have been obtained by infiltration of fuse silicon or of tetraethyl 

orthosilicate (TEOS) in a large variety of woods (oak, maple, beech, ebony, pine, poplar, 

etc. …) and other lignocellulosic supports [3-5].  Metal oxide fibers have been obtained via 

sol-gel process also in presence of cotton [6] or pure cellulose [7].  Starch has been applied 

in the preparation of titanium dioxide and silica monoliths having hierarchical porous 

structure [8,9]. Recently, yeast cells have been utilized as templating agents for the 

preparation of photoactive titanium oxide [10] and mesoporous zirconium phosphate [11] 

powders.  

In this context, waste-derived biosurfactants (BSs) are interesting structure directing 

agents for the preparation of nanostructured materials, because of their green origin, 

inexpensiveness, and their ability to organize themselves in different supramolecular 

structures depending on composition, concentration and pH [12]. The origin, the extraction 

process, and the general structure of these biosurfactants are depicted in Fig. 1. Modern 
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cities create vast quantities of waste, which is collected and transported to dedicated 

treatment plants. In these facilities the organic fraction of the urban waste is typically 

stabilized by composting, i.e. an aerobic biodegradation process. The so obtained compost 

can be disposed in landfill areas or used as soil amendment, i.e. to improve soil physical 

properties, such as aeration and water retention. On the other hand, compost has been 

shown to contain large concentrations (up to 12 w%) of BSs, which can be easily isolated 

by extraction in alkali and precipitation at pH < 1.5. These BSs bear chemical similarity 

with soil organic matter [12,13] and might be exploited as valuable specialty chemicals. 

They are complex mixtures of polymeric molecules with average molecular weight ranging 

from 104 to 106 g mol-1 and polydispersity index in between 6 and 60. These 

macromolecules contain several functional groups and C atoms of different polarity. They 

appear to be formed by flexible aliphatic chains substituted by aromatic rings and several 

functional groups as carboxilic acid (COOH), amide (CON), keto (C=O), phenol (PhOH), 

alkoxy (O-alkyl), anomeric carbon (O-C-O), and amines (NRR’, with R and R’ being alkyl 

or H) groups. At basic and neutral pH, negatively charged carboxylic acid groups 

guarantee biosurfactant solubility in water; whereas at low pH, carboxylic acids are in their 

protonated form and these waste-derived biosurfactants show scarce solubility. 

Simultaneous presence of hydrophobic aliphatic chains and acid moieties, as carboxylic 

acids and phenols, confers anionic surfactant-like behavior. Thus, BSs have been proposed 

as chemical auxiliaries for a broad spectrum of industrial and environmental applications, 

in substitution of the more expensive commercial synthetic surfactants, which are typically 

produced from oil-derived chemicals. BSs application spectrum encompasses detergency 

[14], textile dyeing [15,16], soil washing [16], photodegradation of organic pollutants in 

waste effluents [17,18]. The regional differences and the seasonal fluctuations in the 
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composition of organic waste might raise concern about BS reproducibility. However, it 

has been shown that BS structure, hydrophilicity and surfactant properties tends to level if 

the organic waste is treated for several days under aerobic conditions [19]. During the 

composting process, the organic components of the refuse are indeed metabolized by 

microorganisms, and BS structure becomes similar to the one of the humic substances 

present in surface water and soil. 

The polyelectrolytic structure and the surfactant properties of BSs make them attractive 

chemical auxiliaries for the fabrication of nanostructure materials. Over the last three 

decades synthetic surfactants have been indeed largely applied as soft templates for the 

fabrication of inorganic materials with defined pore structure [20-22] or to stabilize 

(micro)emulsions for the synthesis of inorganic nanoparticles with well-defined size and 

shape [22-23]. A BS has been recently applied for the first time as sacrificial tailoring 

agents for the preparation of mesoporous silica powders [24] by sol-gel method. Fig. 2 

shows the TEM picture of the silica particles prepared at a BS concentration of 3 g L-1. 

This powder consisted of hollow spheres with ∼ 4 nm large cavities. In the sample 

prepared at a BS concentration of 10 g L-1 these particles were organized in large 

aggregates showing also interparticle pores with average size of about 30 nm. The 

advantages related to the use of BS as synthesis assisting agent, are twofold: to exclude 

expensive oil-based products from synthesis, and to add practical and economic meaning to 

the collection and recycling of wastes. Hence, the application of BSs to the synthesis of 

nanostructured materials is here extended to the preparation of TiO2 powders, whose 

production has a highly practical relevance, in reason of the photocatalytical properties of 

this type of materials, e.g. in the remediation of aqueous effluents contaminated by 

organics [25-31]. Fabrication and morphological characterization of TiO2 powders prepared 
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in the presence of a BS are discussed in this work. Furthermore, data on surface 

hydrophilicity are obtained to assess the capacity of the synthesized TiO2 to interact with 

organic substrates, a basic property for a photocatalytic material. Even more important, this 

work aims to investigate if a BS can play a different role during nucleation and growth of 

silica and of titania particles, having silicon and transition metal ions a different 

coordination chemistry and thus a different sol-gel chemistry.  

 

2. Materials and methods 

2.1 Materials 

Titanium tetraisopropoxide (TIIP, 97%), sodium hydroxide and concentrated 

hydrochloric acid (37%) were purchased by Aldrich.  The bio-waste used as BS source was 

provided by A.C.S.R. s.p.a. (Borgo San Dalmazzo, CN, Italy). A 40/60 w/w mix of urban 

organic humid waste and park trimming residues was treated for 28 days in a cement pool 

by continuous air insufflation, daily turned up-side-down and finally sieved to 12 mm. A 

0.5 Kg sample of this biomass was collected and used as biosurfactant source. 

 

2.2 Biosurfactant isolation and characterization 

A detailed description of isolation and characterization procedures of the BS substance 

used in this work, hereinafter referred to as CVU90, is given elsewhere [13,19].  The 

sourcing bio-waste was dispersed in water at a 1:4 w/v ratio. Solid NaOH tablets were 

added to the suspension to reach a NaOH/biomass w/w ratio of 0.02. The suspension was 

heated at 65 °C for 4 h. The resulting suspension was cooled to room temperature and 

centrifuged at 4000 rpm for 20 min. The supernatant solution was separated from the solid 

residue, which was washed repeatedly with distilled water until the supernatant liquid 
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phase was clear. All collected liquid fractions were mixed and acidified with 50% sulfuric 

acid to pH < 1.5. The precipitated BS fraction was separated by centrifugation as described 

above, washed with water until the final washing had pH of about 4 and dried in a vent 

oven at 105 °C for 1 day. The so obtained CVU90 was characterized by exclusion 

chromatography (SEC) coupled to on-line multi-angle laser light scattering (MALS), 

elemental analysis, potentiometric titration, 13C NMR spectroscopy, and surface tension 

measurements, following a protocol specifically developed for this type of waste-derived 

organic substances [12].  

 

2.3 TiO2 synthesis  

After dispersing CVU90 in deionized water, 30% w/w, aqueous NaOH was slowly 

added to the suspension until complete dissolution occurred and the solution pH was stable 

at 7. The solution was diluted with deionized water in a graduated flask to adjust the final 

CVU90 concentration to 50 g L-1. An aliquot of the CVU90 solution was diluted with 

water in a graduated flask to obtain a concentration of 10 g L-1. Titanium dioxide samples 

were prepared by dropping 2.83 ml of TIIP in 10 ml of the 50 g L-1 and 10 g L-1 CVU90 

solutions. A third titanium dioxide sample was prepared by dropping 2.83 ml of TIIP in 10 

ml of neat deionized water. Precipitation occurred as soon as TIIP was added to the 

solutions. The reaction mixtures were aged at 65 °C for 1 day. Afterwards the solid 

products were recovered by centrifugation, washed twice with 20 ml of water, and dried at 

105 °C overnight. The powders were then calcined in air at 500 ºC for 3 hours (heating and 

cooling rate of 2 °C min-1). 

 

2.4 TiO2 characterization 



 

9 

 

 

Specific surface area and porosity of materials were determined by means of N2 

adsorption at liquid-nitrogen boiling point in a gas-volumetric apparatus (ASAP2020 

model by Micromeritics). Samples were outgassed at 300 ºC in vacuum (residual pressure 

10-2 mbar) until no gaseous species arise from them (about 4 hours). Specific surface areas 

were determined using the Brunauer-Emmett-Teller (BET) model [32] and porosity was 

obtained applying the Barrett-Joyner-Halenda (BJH) method on desorption branch of the 

isotherms [33]. Crystal structure of materials was determined using X-ray diffractometer 

Philips PW1830 working with Co-Kα source and Bragg-Brentano geometry. BS effects 

during synthesis on TiO2 crystallites domain size (Dv, in the following), was evaluated. A 

lower limit value of Dv was calculated employing the Scherrer equation relating the size of 

sub-micrometre particles in a solid to the broadening of diffraction pattern main peaks [34] 

and considering k = 0.9 as the shape factor and λ = 1.789010 Å as the wavelength of the X-

rays for Co Kα1 radiation. High-resolution transmission electron microscopy (HRTEM) 

images were obtained with a JEOL 3010-UHR instrument (acceleration potential: 300 kV). 

Samples for TEM investigation were supported onto holed carbon coated copper grid by 

dry deposition. The surface hydrophilicity of the prepared TiO2 powders was evaluated 

according to a previously reported procedure [35,36] using an adsorption microcalorimetry 

(Tian-Calvet model by Setaram) equipped with a gas-volumetric apparatus for the 

quantitative and energetic study of surface-water interaction.  

 

3. Results  

3.1. Biosurfactant structure 

As shown in Fig. 3, CVU90 has a broad molecular mass distribution over the 103-106 

g mol-1 range with a maximum at 3 103 g mol-1. Average mass in weight (MW) and number 

Codice campo modificato

Codice campo modificato

Codice campo modificato

Codice campo modificato
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(MN) of 7.1 103 and 1.7 105 g mol-1 were respectively calculated from this distribution, 

corresponding to a polydispersity index (MW/MN) of 23. Such a polydispersity is not 

surprising, considering that similarly to other waste-derived BSs [13], CVU90 bears a 

highly complex macromolecular structure. Functional group distribution of CVU90 is 

reported in Table 1. Since the characterization protocol used for the acquiring these data is 

based on combining potentiometric titration, elemental analysis, and 13C NMR data, the 

concentration of the functional groups is here expressed as milliequivalent of carbon atoms 

per gram of dry matter. These analytical data were used to draw the virtual molecular 

fragment of CVU90, which is depicted in Fig. 4. This fragment consists of hydrophobic 

alkyl chains and hydrophilic acidic moieties, namely carboxylic acids and phenolic groups: 

this confirms the surfactant-like behavior of CVU90. At 25 ºC and pH 7 a virtual critical 

micellar concentration (cmc) of 2.0 g L-1 was measured for CVU90 [19]. At this 

concentration the water surface tension is lowered from 71.2 mN m-1 (net water) to 

31.4 mN m-1, which confirms the good surfactant properties of the investigated BS. From 

previous results [24], BSs are expected to effectively act as templating agents only when 

used at concentration well above their virtual cmc. For this reason, in this study CVU90 

was used at concentrations equal to 5 and 25 times its virtual cmc.   

 

3.2 TiO2 structure and morphology 

Three TiO2 powders were prepared by hydrolysis and condensation of TIIP in acid-

catalyzed conditions, at a different biosurfactant concentration, namely 0.0 g L-1 (T00), 

10 g L-1 (T10), and 50 g L-1 (T50). Table 2 summarizes the experimental data for the 

preparation of the titanium dioxide powders and physical data extrapolated from XRD and 

gas-volumetric analyses. X-ray diffractograms of the three powders are reported in Fig. 5. 
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All XRD patterns evidence the presence of titanium dioxide anatase phase. However, the 

sample prepared in the absence of CVU90 shows also two weak signals at 2θ = 36° and 

59°, corresponding to the most intense diffraction peaks of the brookite phase. The three 

diffractograms show crystal peaks characterized by large width. According to Scherrer 

equation [34], the degree of crystallinity of the three powders is compatible with materials 

consisting of nanometric crystalline particles. Moreover, the width of peaks increases with 

the amount of BS used in the synthesis of the materials, indicating that the size of these 

crystallites decreases (Dv values are reported in Table 2) by increasing BS concentration.  

Fig. 6 shows the TEM pictures taken on samples T00 and T50. As suggested by XRD 

analysis, the powders consist of nano-crystals and the crystallite size of the sample T50 

(prepared with CVU90) is significantly smaller than that of sample T00 (prepared without 

CVU90). Both of them have polyhedral shape and their size is about 20 nm and 10 nm, 

respectively, in quite good agreement with Scherrer determinations reported in Table 2. 

Sample T00 is made of crystalline particles (as evidenced by the presence of interference 

fringes) almost irregular in shape, with average size of ca. 20 nm and arranged in large 

aggregates. The particles do not seem to have intrinsic porosity, as observed analyzing the 

high resolution image reported in Fig. 6B; but particles aggregates form quite large 

interparticle pores, as evidenced in Fig. 6A by yellow arrows. The analysis of interference 

fringe patterns of the TEM picture in Fig. 6B confirms the presence of anatase phase, 

evidenced by the signal dhkl=3.50 Å relative to anatase (101) plane, and of brookite phase, 

due to the signals of dhkl=2.26 and 2.40 Å possibly related to brookite (022) and (210) 

planes, respectively. Sample T50 is made of small crystalline particles of ca. 10 nm of 

width, extensively aggregated. Also in this case the particles appear to be dense crystallites 

and the porosity of the material is due to interparticle aggregation. The analysis of 
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interference fringe patterns evidences the principal presence of anatase phase, dhkl=3.50 Å, 

plane (101). The signals of dhkl=2.14 Å, assignable to (212) and (104) planes of brookite 

phase, are also visible for a few crystallites in some TEM pictures. Nevertheless, the 

concentration of brookite is expected to be rather low since it was not detected by XRD 

analysis.  

Fig. 7 reports adsorption/desorption isotherms and BJH pore size distribution curves 

relative to T10, T50 and T00 reference systems. T00 sample presents an isotherm typical 

of mesoporous materials, characterized by the presence of a hysteresis loop in a range of 

N2 relative pressure between 0.8 and 1. By comparison, the hysteresis loops for the T10 

and T50 samples are narrower and start at lower N2 pressure, i.e. at ~ 0.7 in the case of T10 

and at ~ 0.60 in the case of T50. These features are consistent with the porosity data 

reported in Table 2, which show lower pore volume and pore size in TiO2 system upon 

increasing CVU90 concentration in the sample preparation medium. Indeed, T00 sample 

shows a quite narrow BJH porosity distribution centered at about 20 nm of pore width, 

whereas the T10 and T50 samples exhibit wider pore size distributions centered at 10 and 7 

nm of pore width respectively. Consequently, the cumulative pore volume decreases from 

0.45 cm3 g-1 for T00 to 0.30 to 0.19 cm3 g-1 for the T10 and T50 samples, respectively. 

These results are consistent with the TEM pictures and the XRD data: samples with higher 

BS concentration consist of smaller TiO2 particles, and thus inter-particle pores are also 

smaller. On the other hand, a smaller particle size should result in a higher specific surface 

area (SSA). However, the data in Table 2 show the opposite trend, being T50 the sample 

with the smallest Dv and the lowest SSA. This apparently odd feature will be discussed in 

the next section, after considering the results of the microcalorimetric analysis. 
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3.3 TiO2 hydrophilicity 

Considering the possible application of the synthesized TiO2 powders as photocatalysts 

for the removal of organic pollutants from aqueous effluents, their surface hydrophilicity 

was measured to obtain evidence on the capacity of these materials to interact with polar 

and apolar substances eventually dispersed in water. The surface hydrophilicity 

measurements were carried out following water adsorption at 30°C on samples vacuum-

activated at 30°C according to a previously reported method [35,36]. The procedure 

consists in studying the interaction between water and the surface of the solid material 

under investigation by an adsorption microcalorimeter equipped with a gas-volumetric 

apparatus. This allows determining both the amount of water adsorbed on the material 

surface and the energy released brought by the type of interaction, i.e., in the order of 

decreasing energy, specific chemisorption of water molecule on adsorbing sites and 

physisorption of water molecules by H-bonds formation. The 44 kJ mol-1 liquefaction 

enthalpy of water vapor is taken as threshold between hydrophilic and hydrophobic 

systems: i.e., interactions involving energies higher than 44 kJ mol-1 are due to hydrophilic 

surfaces, whereas energies lower than 44 kJ mol-1 derive from hydrophobic surfaces. 

The results of these measurements for T00 and T50 samples are reported in Fig. 8A, B 

and C. The experimental points were collected for water vapor pressure values at the 

equilibrium (pe) smaller than 4 mbar, in order to examine only the interactions due to the 

first layer of water molecules formed at the surface of materials (this way the interactions 

due to multiple layers formation and liquefaction of vapor are not considered). The first 

plot shows that from about 0.7 mbar of pe the amount of water adsorbed per unit surface by 

the T50 sample is higher than that observed for T00 sample. These data imply that the 

number of adsorbing sites available for interaction with water molecules in the T50 sample 
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(ionic sites and/or OH groups) is higher than those available at T00 surface. Fig. 8B reports 

the heat of adsorption (Qint) as a function of pe. Also in this case, the relative position of the 

two curves indicates that T50, possessing a larger number of adsorbing sites with respect to 

T00 sample, evolves higher cumulative energies in the interaction with water. It is also 

possible to quantify the molar heat (qads) evolved for each dose of water contacted with 

materials surface. In this case, the interaction energies related to the adsorbed amount, 

calculated dose by dose, and reported as function of coverage, allow to figure out the molar 

energies of water-surface interaction. The extrapolated qads curves are reported in Fig. 8C. 

The shape of the adsorption curves relative to both samples is typical of heterogeneous 

surfaces, involving various types of interactions. In essence, the first water molecules 

interact with surface evolving energies as high as 250 kJ mol-1, with almost no differences 

observable for the two samples. Further water molecules are physisorbed reaching a 

plateau of energy at about 80 kJ mol-1 for T00 and about 60 kJ mol-1 for T50.  All the 

measured values are higher than 44 kJ mol-1, indicating that all samples are hydrophilic 

and can efficiently interact as photocatalyst with hydrophilic substrates. Nevertheless, it is 

noteworthy that T50 sample shows lower interaction energies at high coverage with respect 

to T00 sample. That suggests that T50 does not possess a stronger interaction with water in 

terms of energy but possesses a wider number of adsorbing sites with respect to T00 

sample, as actually indicated by the curves in Fig.8A. 

 

4. Discussion 

BSs have a complex macromolecular structure. In reason of the presence of polar 

moieties as carboxylic acids, phenols, and amines, these substances can act as surfactants, 

polyelectrolites or chelating agents. Thus, the presence of a BS in the reaction mixture can 
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influence the formation of the oxidic material during sol-gel synthesis in different ways. 

Surfactant micelles are typically used as templates to control the pore size and shape of 

sol-gel derived oxide materials: in this case, the final consolidate oxide material retains 

size and connectivity of the surfactant micelles in the reaction mixture. This seems to be 

the case of the silica particles in Fig. 2, which were prepared by hydrolysis and 

condensation of tetraethyl orthosilicate (TEOS) in presence of a BS as pore tailoring agent. 

These particles indeed have a few nanometer large cavities whose size is compatible with 

that of BS micelles or aggregates, removed by calcination. This consideration is supported 

by the fact that, as depicted in Fig. 9, both pore volume and pore size of the final silica 

particle increased by raising the biosurfactant concentration in the synthetic mixture from 

0.3 to 10 g L-1. 

On the contrary, Fig. 9 shows that T00, T10 and T50 powders had progressively smaller 

pore size and cumulative pore volume. Thus, the data presented in this paper suggest that 

BSs play a different role when used as tailoring agent in the presence of a titanium 

alkoxide (namely, titanium tetraisopropoxide). Recently, He et al. [10] reported the use of 

yeast cells as templating agent for the synthesis of a photoactive TiO2 powder. During 

fermentation yeast cells produced macromolecules with surfactant properties including 

proteins and polysaccharides. Anionic hydrophilic groups on these macromolecules 

(mainly −COO- and −OPO3
2-) provided oriented nucleation sites for the positively charged 

Ti4+ ions during the sol synthesis. The resulting material showed crystal size of about 

10 nm and a bimodal pore size distribution with maxima at about 5 and 11 nm. This 

mechanism is well compatible with the characteristic of BS molecules and with the 

morphology of the final consolidated TiO2 powders here studied. Indeed, Gigant et al. [37] 

has reported that phenolic compounds, namely pyrocatechol, salicylic acid, and 2,2’-
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biphenol, form relatively stable polynuclear complexes with Ti4+ ions, generated by 

hydrolysis of titanium(IV) butoxide. Therefore, it is well possible that titanium (IV) 

complexes, as the one reported in Fig. 10, were formed just after addition and subsequent 

hydrolysis of TIIP in the CVU90 solution. These titanium (IV) complexes act as nucleation 

sites, around which TiO2 nanoparticles grow by condensation of the dissolved monomers 

and TiO2
 clusters. Therefore, an increase of CVU90 concentration in the reaction mixture 

is expected to lead the formation of a larger number of nucleation centers and thus to a 

larger number of TiO2 nanoparticles with a smaller size. Indeed, the larger is the amount of 

hydrolyzed TIIP will be consumed for nuclei formation, the lower will be the amount of 

hydrolyzed TIIP available for particles growth by means of condensation reaction. This 

mechanism is compatible with the experimental evidences presented in this study. In fact, 

an increase of CVU90 in the reaction mixture leads to the formation of TiO2 crystals with 

smaller size.  

Moreover, the presence of CVU90 in the reaction mixture has a not negligible influence 

on the hydrophilicity of the final oxide materials. The microcalorimetric results indicate 

that T50 sample possesses a larger number of water adsorbing sites with respect to T00 

sample (see Fig.8A, with data normalized to the specific surface area of the materials). 

This indicates that BS used during oxide preparation causes an increase of the number of 

adsorbing sites for m2 of sample. Considering the qads curves reported in Fig.8C, it is 

possible to observe that the larger difference shown by T00 and T50 samples forms at high 

coverage, when the interaction energies measured is in the range 60-80 kJ mol-1, i.e. when 

water molecules interact with OH groups forming H-bonds. That implies that the number 

of OH groups in T50 sample is higher than in T00 one. In some extent this confirms that, 

in the presence of BS, a larger amount of TIIP is consumed to form nucleation centers, 
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whereas a minor amount is consumed for particles growth by condensation reaction 

leading to a higher number of OH groups retained at the surface of material. This has two 

implications. The first one concerns the kind of hydrophilicity obtained in BS presence: as 

already discussed, the hydrophilicity of T50 sample is induced by a large number of OH 

groups and is not due to the presence of uncoordinated OH groups giving high interaction 

energies with water. The latter implication concerns the aggregation extent and, 

consequently, area and porosity of the materials: the larger the aggregation induced by a 

large number of OH groups (T50 sample), the lower the specific surface area and porosity 

of corresponding material. 

 

 

5. Conclusions 

The role of a waste derived polymeric biosurfactant (BS, namely CVU90) in the 

formation of titanium dioxide particles by sol-gel synthesis was investigated for the first 

time. The scope of this work was dual: (i) to fabricate novel TiO2-based materials via a 

sustainable synthesis excluding oil-based intermediates and (ii) investigate the effect of a 

BS on the nucleation, growth and consolidation of titanium dioxide particles. XRD and 

TEM data indicated that BS acted as structure directing agent. Titanium dioxide crystals 

obtained in the presence of BS were smaller with respect to the sample synthesized without 

biosurfactant. The presence of BS hampered the formation of brookite phase, which was 

not detected in the T10 and T50 samples by XRD analysis. The presence of BS led also to 

the formation of  a larger number of surface hydroxyls. Ti-OH groups induced a good 

hydrophilicity to the two titania samples studied, but the hydrophilicity shown by T50 

sample is essentially due to the presence of many OH groups, whereas is almost limited in 



 

18 

 

 

terms of OH-water interaction energies. The interaction among Ti-OH groups facilitated 

aggregation of the primary titania particles and thus hydroxyl density influenced 

interparticle porosity.  Therefore, T50 particles which have higher hydroxyl density, 

reasonably showed higher aggregation (TEM analysis) and thus lower pore volume and 

surface area (porosimetry measurements) than T00. 

Comparing these results with those obtained for the synthesis of silica particles, it was 

possible to observe that the waste derived anionic biosurfactant plays a different role when 

used in the presence of TEOS or TIIP. This can be explained by considering the different 

coordination chemistry of silicon and titanium (and transition metal in general): Ti4+ ions 

have indeed empty 3d orbitals and thus are prone to interact with Lewis bases, as the 

oxygen-containing moieties of the waste-derived biosurfactant. 

Further extension of this work will concern the study of the photocatalytic properties of 

the synthetized materials in relation of their morphology and surface properties. 
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FIGURE CAPTIONS 

Fig.1: Source and process steps for the extraction of a waste derived biosurfactant (BS). 

The chemical structure represents a hypothetical BS fragment.  

Fig.2: Silica nanoparticles prepared by hydrolysis and condensation of tetraethyl 

orthosilicate (TEOS) in the presence of a waste-derived biosurfactant (3 g L-1) 

Fig.3: CVU90 molecular mass distribution. 

Fig.4: Virtual molecular fragments for CVU90 fitting analytical data reported in Table 1. H 

atoms bonded to C atoms are omitted; sinusoidal bold lines indicate other molecular 

fragments. 

Fig.5: XRD data for titanium dioxide samples prepared in the absence (pattern a) and in the 

presence of CVU90 at 10 g L-1 (pattern b) and 50 g L-1 (pattern c).  The arrows indicate the 

principal signals of titanium dioxide brookite phase. The curves were shifted for the sake 

of clearness; the marker within the figure corresponds to the ordinate value of 200 cps.  

Fig.6: TEM pictures of the samples T00 (A and B) and T50 (C). Yellow arrows evidence 

the presence of interparticle porosity. In section B (high resolution image of T00 sample) 

the principal interference fringe patterns are evidenced. 

Fig.7: N2 adsorption isotherms at -196°C (A) and BJH pore size distribution (B) for 

samples T00 (triangles), T10 (squares) and T50 (circles). Empty symbols refer to 

adsorption branch, black symbols refer to desorption branch. The curves reported in Fig. 

7A are shifted for the sake of clearness. 

Fig.8: Water adsorption on T00 (triangles) and T50 (circles). Section A: adsorbed amount 

reported vs. equilibrium pressure. Section B: heats of adsorption (Qads) vs. equilibrium 

pressure. Section C: heats of adsorption evolved dose by dose (qads) vs. coverage. The 

dotted line indicates the reference value of 44 kJ mol-1 (liquefaction enthalpy of water 
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vapor).  

Fig.9: Pore volume (a) and average pore size (b) of SiO2 and TiO2 powders obtained by the 

sol-gel method in the presence of different concentration of a waste-derived biosurfactant 

(BS). 

Fig.10: Possible coordination modes of a virtual salicylic acid-like unit on a CVU90 

fragment and titanium (IV) ions. Titanium (IV) and oxygen ions are indicated by black and 

gray circles, respectively. The salicylic acid-like unit can coordinate one or more titanium 

(IV) ions [37]. 
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Table 1. Concentration of functional groups in CVU90 [13] expressed as milliequivalent of 

carbon atoms per gram of dry matter (meq C /g).  

 

Functional group [meq C /g] 

Aliphatic  10.3 

Aromatic  4.3 

Phenoxi (Ph-OR) 1.4 

Phenolic (Ph-OH) 0.7 

Alkoxy (C-O) 3.5 

Anomeric (O-C-O) 1.0 

Ketonic (C=O) 0.8 

Carboxylic (COOH) 2.0 

Amides (CON) 1.6 

Amines (C-N) 1.2 
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Table 2. Experimental conditions for the preparation of TiO2 samples and characterization 

data by XRD, namely crystallographic phases (A=anatase and B=brookite) and particle 

size (Dv), and N2 adsorption analyses, namely specific surface area (SSA), average pore 

sizes (curve maxima) and pore volume. 

 Preparation XRD N2 adsorption analysis (T=-196°C) 

Sample BS/TiO2 

w/w 

Calcination 

T [°C] 

Crystallographic 

phases 

 

Dv  

(nm ) 

SSA 

(m2 g-1) 

Average Pore 

size (nm) 

Pore volume 

(cm3g-1) 

T00 0 500 A + B 18.0 88 21 and 2 0.45 

T10 0.13 500 A 10.5 80 10 and 2 0.30 

T50 0.66 500 A 10.0 69 7 and 2 0.19 

 

 

 



 

28 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  

 

collection, 
transport and 

selection  
 

aerobic  
microbiological 

treatment 

extraction 
in alkali and  

acid precipitation 

Waste derived biosurfactant (BS) 



 

29 

 

 

 

 

 

Fig. 2.  



 

30 

 

 

 

 

 

Fig. 3.  

 

 

 

 



 

31 

 

 

 

 

 

Fig. 4.  

 

 

 

 



 

32 

 

 

 

Fig. 5.  

 

 



 

33
 

 

 

 

 

 F
ig

. 6
.  



 

34 

 

 

 

Fig. 7.  



 

35 

 

 

 

Fig. 8. 



 

36 

 

 

0 10 20 30 40 50

0.2

0.4

0.6

0.8

0 10 20 30 40 50

10

20

30

b)

 SiO2 [30]

 TiO2 (this work)

 

 

P
o
re
 v
o
lu
m
e
 (
c
m

3
 g

-1
)

a)

BS concentration (g L
-1
) 

 SiO2 [30]

 TiO2 (this work)
 

 

A
v
e
ra
g
e
 p
o
re
 s
iz
e
 (
n
m
)

BS concentration (g L
-1
) 

 

Fig. 9.  



 

37 

 

 

 

 

 

 

Fig. 10.  

 

  


