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Abstract: This chapter describes the methodology of obtaining polylactide (PLA) 
biocomposites with the TiO2 modified by organosilicon compounds: disilox-
ane and functionalized octaspherosilicate designed for use in additive technolo-
gies. The paper presents general information about polylactide, titanium dioxide 
and the used organosilicon modifiers (silsesqioxanes and polysiloxanes). In the paper 
the authors compare the effect of two types of TiO2 from different manufacturers 
on the properties of polymer biocomposites, which can be used in biomedical appli-
cations. The properties of the obtained composites with the use of additive FDM 
technology were characterized mechanically (tensile strength, flexural strength, 
impact strength), and the particle size of the TiO2 pigment nanofillers used was 
measured. All the composites were pretreated using a plastic processing technique 
with two different mass ratios of TiO2 filler content (1.5%; 0.5%). The properties 
of PLA/TiO2 composites depend on the filler concentration. The applied fillers had 
a positive effect on the improvement of the mechanical properties of the produced 
polymer composites. This effect was additionally intensified by the introduction 
of organosilicon modifiers. 

Keywords: biocomposites, PLA, titanium dioxide, pigments, organosilicon modi-
fiers, functional nanocomposites

13.1. Introduction 
Additive techniques commonly known as 3D printing are a rapidly developing field 
of new technologies. The history of printing begins in the 1986, when Charles Hull pat-
ented the stereolithographic apparatus (SLA). Another patent appeared three years later. 
It concerned the selective laser sintering (SLS) process and belonged to Carl-Deckard. 
In the same year, i.e. 1989, a patent for Fused Deposition Modeling (FDM) was filed, 
for the publication of which Scott Crump waited three years (History of 3D printing: 
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The Free Beginner’s Guide, 2014) [1]. Additive technologies are based on the produc-
tion of three-dimensional objects by selectively adding successive layers of material. 
The process is computer-controlled on the basis of a given three-dimensional digital 
model, making it possible to manipulate the geometry of the object [2].

They have found their application in almost every industry branch. They are used, 
e.g. in accordance with the original assumption for rapid prototyping, limiting the use 
of specialized equipment [3]. The automotive, architectural, military, construction, 
fashion and aviation sectors, and even medical and prosthetics, also use 3D print-
ing [2]. 3D printing, despite the many applications mentioned, has drawbacks that 
need to be eliminated. One of the weaknesses of 3D printing is still the lack of suit-
able materials to create more functional prototypes with a longer useful life. In this 
work, efforts were made to modify the properties of polylactide to make it an even 
better material for 3D printing.

13.1.1. FDM (Fused Deposition Modeling)
The most popular additive techniques include SLA (Stereolithography), SLS (Selective 
Laser Sintering) as well as the most profitable for the 3D printing market and the most 
commonly used FDM technique. The FDM method consists in extruding a linear 
thermoplastic material melted in the head and depositing it on the platform (Fig. 13.1).

FIGURE 13.1. Scheme of FDM technique

The nozzle moves in the X-Y plane, allowing for various shapes. The growth 
of the model in the Z direction is possible by depositing successive layers of plas-
ticized material to the layers located below them. The presence of the second noz-
zle is necessary when support layers are used, i.e. slides that allow model objects 
to be given complex shapes, the supports are removed after the printing process. 
The main advantages of this method are: ease of printing with thermoplastics, lower 
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cost and less waste than in the case of other techniques, and its simplicity. The disad-
vantages of the FDM method are the relatively long time to print larger parts and often 
the need for post-processing [3]. 

In the FDM technique, thermoplastics, such as ABS (acrylonitrile-butadiene-
styrene copolymer), HIPS (high-impact polystyrene), PET-G (glycol-modified poly 
(ethylene terephthalate), TPU (thermoplastic polyurethane), nylon (polyamide) are 
the most popular due to the ease of processing and the environmental impact of PLA 
(polylactide) [4].

13.2. Polylactide – synthesis, properties, 
modification methods

13.2.1. Chemical structure of PLA
Polylactic acid (PLA) is an aliphatic linear polyester of natural origin, composed 
of lactic acid monomers and obtained from raw materials of natural resources, such 
as corn or sugar beet. Lactic acid (2-hydroxypropanoic acid, HO(CH3)CHCOOH, LAc) 
is a weak, water-soluble organic acid. It is the simplest α-hydroxy acid with an asym-
metric carbon atom in the molecule. It can exist as two enantiomers, D(–)-LAc or L(+)-
LAc. Due to the fact that there are two stereogenic forms of lactic acid D and L, cyclic 
diesters can exist in the form of three different stereogenic forms: D,D-lactide, L,L-
lactide and D,L-lactide [5]. There are two reactive functional groups, hydroxyl and car-
boxyl, in the structure of the lactic acid molecule. Both can undergo intermolecular 
and intramolecular esterification reactions. Intermolecular esterification is the con-
densation of carboxylic acids with nucleophilic hydroxyl forms and occurs between 
molecules. On the other hand, the intramolecular esterification reaction takes place 
in the structures from dimeric upwards. It occurs for large molecules and involves 
the protonation of the carbonyl, followed by a nucleophilic attack within the molecule 
and the transfer of the proton to the hydroxyl group. The water molecule is removed 
and the deprotonation step takes place. The stereochemical structure of PLA due 
to the presence of two stereoisomeric forms – D and L, can be easily modified thanks 
to the controlled polymerization reaction of isomers [6].

13.2.2. Synthesis of PLA
Polylactide can be obtained directly from lactic acid or from its lactide. The synthe-
sis of PLA from lactic acid is the most common as a result of direct or azeotropic 
condensation [7]. The production of PLA from lactide is carried out by ring-opening 
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polymerization (ROP, Figure 13.2). In this way, a polymer with the desired molecular 
weight can be obtained in a continuous process. On the other hand, the direct poly-
condensation method is used to obtain a polymer with a higher molecular weight [8].

FIGURE 13.2. ROP schemes: a – cationic polymerization, b – cationic polymerization with acti-
vated monomer, c – anionic polymerization

13.2.3. Properties and application of PLA
Polylactide has many advantages, such as ease of processing, transparency, relatively 
good durability and tensile strength. PLA is degraded to the form of lactide [9]. Its bio-
degradability is a great advantage in times of increasing amount of residual non-
degradable polymer waste. Contrary to most bioplastics, PLA shows good mechanical 
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properties, easy processability in technological processes, as well as high transparency 
similar to PET and PS, which is why it is very attractive for many industries as an alter-
native material. On the other hand, its natural properties are not satisfactory, in par-
ticular in the so-called specialized applications. First of all, low impact strength (high 
brittleness) limits the application abilities of PLA [10]. The disadvantages of PLA (limi-
tations) pose serious scientific challenges. For this reason, there is a need to increase 
the versatility of PLA in order to compete with petrochemicals. The impact of the neg-
ative properties of PLA on its use in many industries can be eliminated by the addi-
tion of appropriate modifiers, e.g. plasticizers and inorganic and fibrous nuclenates 
or fillers, such as glass fibers or carbon fibers [11]. Until now, PLA has mainly found 
its application in the packaging, 3D printing and textile industry. There are also 
known cases of the use of polylactide-based copolymers in medicine for the produc-
tion of bone scaffolds placed in the body during bone regeneration with the use of 3D 
bio-printing methods [12].

13.3. Titanium dioxide as a pigment filler
Fillers and pigments are added to polymers to modify their properties, e.g. color, 
strength, dimensional stability. The most frequently used substances, due to their 
low price, can also be an effective method of reducing the production costs of poly-
mer composites, if their addition in large amounts does not cause a drastic decrease 
in thermal or mechanical properties.

Due to their origin, fillers can be classified as: synthetic (e.g. glass, carbon, graphite 
fibers), inorganic (e.g. talc, chalk, silica, TiO2) belonging to the category of microfillers 
and organic (e.g. wood flour, cellulose fibers) [13]. Of the many described in the filler 
literature, titanium dioxide plays a special role in the industry.

Titanium dioxide (TiO2) occurs in three polymorphs (rutile, brukite, anatase), 
which undergo the following phase changes under the influence of temperature: 
brukite-rutile (500–600°C) and anatase-rutile (850°C). TiO2 is a typical n-type, band-
gap semiconductor with the value of 3.0 eV for rutile and 3.2 eV for anatase, which 
translates into wavelengths of 386 nm and 413 nm, respectively, therefore it exhibits 
photocatalytic properties [14]. On an industrial scale, titanium dioxide is produced 
by two methods: sulphate and chloride. It is a non-toxic, biocompatible white powder 
with high thermal stability and good coverage; therefore it is a commonly used pigmen-
tation additive used for bleaching plastics, e.g. in packages, foils, window frames. TiO2 
is also used in the paint and varnish industry, acting as a thickening agent, improv-
ing their strength, light reflectance and hardness. It is also used as an antibacterial 
additive to materials used in the medical industry for orthopedic and dental implants. 
In addition to its applications in the polymer industry, TiO2 is widely used in cosmet-
ics and in photocatalysis. Due to the high refractive index, it is also used in the form 
of thin foils, as anti-reflective coatings in optics and photovoltaics [15].
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13.4. Organosilicon modifiers
13.4.1. Silsesquioxanes – structure 
and methods of obtaining
Polyhedral oligomeric silsesquioxanes are organosilicon compounds of the gen-
eral formula (RSiO3/2)n (where R may be, e.g. an alkyl, aryl, hydrogen substituent). 
Silsesquioxanes are broad class modifiers of various structures: cage, incompletely 
closed cage, ladder, or with a disordered network structure [16]. The most popular 
and most frequently used in the processes of further functionalisation are cubic silses-
quioxanes and spherosilicates. Their structure is shown in Fig. 13.3. 

FIGURE 13.3. Scheme of silsesquioxane

Due to the possibility of modifying and controlling the mechanical and thermal 
properties, the use of these compounds in various industries has increased. Their 
advantages include the ability to modify the properties of polymers and the possibility 
of giving them new functional properties [17]. Silsesquioxanes can be used as func-
tional additives influencing both the rheological and mechanical properties of poly-
mers. By using various organic substituents and by selecting the appropriate process-
ing method, the strength and rheological properties of the polymer can be improved. 
According to literature reports, the addition of silsesquioxanes also allows the vis-
cosity of the polymer melt to be changed. In this case, the use of an appropriate con-
centration of the additive will be of key importance, as the rheology will change 
with the increase of the modifier content [18, 19]. Silsesquioxanes can occur as mod-
ifiers in the production of thermosetting polymers [20], thermoplastic polymers [21], 
including filaments used in 3D printing [22] and composite materials (improving both 
thermal and mechanical properties). As drug carriers they are used in pharmacy [23], 
but the medical [24] and dental sector [25] also use silsesquioxanes.

Octo-substituted cubic silsesquioxanes having a cage structure belong to the most 
widely studied group of silsesquioxanes. Most often they are obtained by the hydro-
lytic condensation reaction of trialkoxy or trichlorosilanes. Silicon atoms in their 
structure can be connected with almost any organic substituent, in the case of hydro-
gen-substituted silsesquioxanes it can be done by catalytic hydrolyzation reaction 
with appropriate olefins [16].
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13.4.2. Polysiloxanes – preparation and application
Polysiloxanes, unlike cage spherosilicates, are organosilicon polymers with a long, 
flexible chain consisting of alternately arranged –Si–O–Si–O–Si–O– atoms and side 
groups attached to Si atoms [26]. The substituents on the silicon atom can be organic 
groups, such as: methyl, alkyl, cyclic structures (phenyl) or unsaturated groups (vinyl). 
The most widely studied polymer from this family is polydimethylsiloxane (PDMS), 
which contains methyl groups in its structure (they are substituents and are attached 
to the silicon atom).

FIGURE 13.4. Chemical structure of PMDS

Polysiloxanes are characterized by a low Tg (–123°C), very high hydrophobicity, 
high thermal stability, low surface tension, low viscosity variation with temperature, 
high gas permeability and non-toxicity. These properties have made PDMS and related 
compounds with the most important inorganic polymers attractive from a commer-
cial point of view [27].

Polysiloxanes are used in implantology, e.g. breast implants and facial modeling 
implants (e.g. tissue expanders, artificial finger joints), in drug delivery systems, contact 
lenses, thermal and electrical insulation, lubricants, adhesives, sealants and hydrau-
lic fluids, motor oils, silicone rubbers, children’s toys as well as in emulsions to make 
fabrics, papers and other materials waterproof [28].

13.5. Materials and method
PLA Ingeo2003D (NatureWorks, Minnetonka, MN, USA) has been modified 
with the use of pigment fillers in the form of two grades of TiO2 from different 
manufacturers: TYTANPOL® R-001 (Grupa Azoty, Zakłady Chemiczne “Police” 
S.A.) and TIOXIDE® TR28 (Huntsman P&A Asia Sdn Bhd). TiO2 was added to PLA 
in concentrations: 0.5% and 1.5%. Then, these systems were modified using orga-
nosilicon derivatives: octaspherosilicate (SS-5OD-3VTMOS) and polysiloxane 
(TMDS-2OD).

In order to prepare filled polymer systems, masterbatches with a concentration 
of 5% TiO2 were prepared on a laboratory rolling mill (ZAMAK Mercator WG 150/280), 
then diluted to lower concentrations (1.5%; 0.5%). The TiO2 filler and 1% organosilicon 
modifier relative to the TiO2 mass were introduced into the polymer melt at 215°C: 
bis(octadecyl) tetramethyldisiloxane1,3,5,7,9,11,13,15-penta((octadecyl)dimethylsi-
loxy) tri ((trimethoxysilyl)dimethylsiloxy)pentacyclo[9.5.1.13,9.15,15.17,13]octasilox-
ane (SS-5OD-3TMOS) and stirred for 10 min.
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FIGURE 13.5. Chemical formula of (SS-5OD-3TMOS) – M1

FIGURE 13.6. Chemical formula of TMDS-2OD – M2

In order to prepare the filaments for the 3D printing process, the dried masterbach 
(T = 60°C, 24h) was milled and diluted to concentrations of 0.5 and 1.5% on a Thermo 
Scientific HAAKE ™ extruder equipped with a single-screw module with six-zone tem-
perature control. The drive system was controlled with the PolyLab ™ OS program. 
Extrusion was carried out under the following temperature conditions: TS1: 200°C; 
TS2: 205°C; TS3: 210°C; TSD1: 200°C. 

Standardized test pieces for mechanical testing were printed on a Creatlity Ender 
3 printer using the parameters summarized in Table 13.1.

TABLE 13.1. 3D printing parameters

Parameter Value

Nozzle diameter 0.4 mm
Layer height 0.2 mm
Filling density 100%
Printing speed 60 mm/s
Printing temperature 210°C
Table temperature 60°C
Filament diameter 1.75 mm

The particle size (Dynamic Light Scattering – DLS) distribution of the fillers used 
to prepare the composites was measured using the MALVERN MASTERSIZER 300 
device. The study involved dynamic light scattering and measurement of Brownian 
motion of macromolecules in solution. Measurements were made for samples in water 
suspension (Hydro EV attachment). Using DLS, the particle size distribution of both 
TiO2: TR28 Huntsman and R001 Tytanpol was examined. The test samples were 
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prepared by dissolving TiO2 nanofillers in the surfactant. Before starting the meas-
urement, the refractive angle index (T = 25°C) was measured using an INSMARK 
refractometer. After all the measurements were made, the test was performed again, 
this time with the use of ultrasound, in order to refine the results. The particle size 
distribution is determined by the Stokes-Einstein equation:

	
D

K T
dt

b

H

=
3πη

. 	 (13.1)

where: dH – hydrodynamic diameter [m], Kb – Boltzman’s constant [J/K], T – tempera-
ture [K], η – solvent viscosity [kg/ m·s], Dt – diffusion coefficient [m2/s].

To determine the mechanical properties of prepared composites, material 
bending and tensile tests were carried out in accordance to PN-EN ISO 527:2020 
and PN-EN ISO 178:2019. Tests of the obtained specimens were performed on a uni-
versal testing machine INSTRON 5969 with a maximum load force of 50 kN. The trav-
erse speed for tensile strength measurements was set at 2 mm/min, and for flexural 
strength was also set at 2 mm/min. 

Charpy impact test (with no notch) was used to investigate the resistance 
of the materials to dynamic loads. Standardized 3D printed samples were tested 
on the Instron Ceast 9050 impact-machine according to PN-EN ISO 179:2020. 

For all mechanical tests (bending, tensile, impact), the average value was deter-
mined for each series of specimen measurements. The results were compiled based 
on the corresponding norm references. The measurement error was calculated 
as the standard deviation from the mean. The measurement results are presented 
in the form of bar charts.

13.6. Results and discussion
13.6.1. The particle size (Dynamic Light Scattering – DLS) 
distribution of TiO2 fillers used to prepare the composites
Prior to the preparation of biocomposite materials, DLS was investigated to assess 
the suitability of commercial TiO2 grades for plastics processes. Table 13.2 presents DLS 
results in the form of Dv (10), Dv (50) and Dv (90) percentages, which are defined as:
	y Dv (10) (μm), where 10% of the particle distribution is below this value,
	y Dv (50) (μm) is the median, where 50% of the particle distribution is above this 

value and 50% below,
	y Dv (90) (μm), where 90% of the particle distribution is below this value.

Analyzing these values, a significant difference in the distribution of Dv particles (90) 
can be noticed. Huntsman’s TiO2 TR28 tends to form agglomerates. It can disperse less, 
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which makes it difficult to carry out processing. The difference between the particle size 
of TiO2 R001 Tytanpol and Huntsman’s TiO2 TR28 is as high as 39.656 µm.

TABLE 13.2. DLS analysis

Type of TiO2 Specific surface area Dv (10) Dv (50) Dv (90)

TYTANPOL® R-001 27890 m²/kg 0.114 µm 0.268 µm 0.544 µm
TIOXIDE® TR28 21280 m²/kg 0.130 µm 0.357 µm 40.2 µm

13.6.2. Bending test results
In Figure 13.7 the stiffness moduli and bending strength were summarized for 
the tested systems in the three-point bending test. 

FIGURE 13.7. Results from the three-point bending test

The incorporation of TiO2 to the PLA matrix resulted in a decrease in the stiffness 
modulus and strength in relation to the results obtained for the unmodified polymer. 
The decrease of parameters value depends on the percentage of the filler. For sam-
ples containing 1.5% TiO2, the obtained results are lower than for samples with 0.5% 
TiO2 concentration.

Comparing the effect of the type of TiO2 used, it can be said that the samples 
containing ROO1 Tytanpol TiO2 are characterized by better bending strength 
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properties than Huntsman TR28. These differences may be due to agglomeration 
of the Huntsman TR28 filler particles as shown by DLS studies. 

The introduction of organosilicon modifiers resulted in a reduction in bend-
ing stiffness for all tested systems, which is probably due to their plasticizing effect. 
The bending strength of the tested composites is also dependent on the proportion 
of the modifier. The tendency of the decrease in bending strength is maintained in rela-
tion to pure polylactide and composites containing only TiO2 fillers.

13.6.2. Tensile test results
Figure 13.8 presents the results of measuring the tensile strength and Young’s modulus 
for identical systems. The addition of TiO2 had a positive effect on the tensile strength 
of the tested systems. The tensile strength increased with the introduction of TiO2 into 
PLA. In the case of systems containing ROO1 Tytanpol, the effect of the filler concen-
tration on the strength is visible, which decreases with the increase of its percentage, 
while for the TR28 Huntsman white, there is practically no effect of the concentration 
on this strength parameter. The introduction of organosilicon modifiers to the tested 
systems resulted in changes in the tensile strength of the tested composites. The modi-
fiers M1 and M2 reduced the strength of the composites with Huntsman TR28, regard-
less of its concentration in PLA; however, they improved the tensile strength of the sys-
tem containing 1.5% TiO2 ROO1 Tytanpol.

FIGURE 13.8. Results of uniaxial static stretching



176

Figure 13.9 (left) shows the percentage elongation of the specimens with the tensile 
strength. When analyzing all the samples, we can see that the deformation of the sam-
ples is positively influenced by the addition of TiO2 and a modifier to the systems. 
For samples containing ROO1 Tytanpol, an increase in filler concentration also 
improves plastic properties. Huntsman TiO2 TR28 composites do not show defor-
mation dependence on the filler concentration. 

FIGURE 13.9. Elongation at tensile strength – left, Charpy Impact – right.

The Young’s modulus of the obtained filled composites is lower than that of pure 
PLA and for systems containing ROO1 Tytanpol whiteness it decreases with increas-
ing TiO2 concentration, while for systems containing TR28 Huntsman the opposite 
relationship occurs.

The addition of organosilicon modifiers caused a significant increase in Young’s 
modulus for composites containing TR28 Huntsman titanium white. This effect is most 
visible for systems with a lower concentration of TiO2. The stiffness modulus for systems 
filled with the white ROO1 Tytanpol decreases after adding both modifiers and is lower 
than for PLA.

The modifiers M1 and M2 introduced into the composites improve their elastic 
properties, however, for some tested systems, the negative influence of the modifier M1 
on the elongation at Rm was also observed. Systems containing TR28 Huntsman show 
deterioration of properties after adding the M1 compound to the composite, while 
for the system containing 0.5% TiO2 concentration ROO1 Titanpol, an improvement 
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in flexibility is visible. The introduction of the M2 modifier causes an increase in defor-
mation regardless of the concentration of TiO2 and the type of filler used.

13.6.3. Charpy impact test results
Figure 13.9 (right) shows impact strength results of the polymer composites tested. 
The impact strength of the produced composites is close to that of pure PLA and lies 
within the measurement error limit. The impact strength decreases with increasing 
TiO2 concentration regardless of the TiO2 grade used. The highest impact strength 
value was determined for the composite with 0.5% TiO2 concentration ROO1 Titanpol. 
The use of organosilicon compounds causes a substantial increase in the impact 
strength of composites with 1.5% TiO2. For composites with 0.5% TiO2, the impact 
strength increases for TR 28 Huntsman TiO2 and decreases for TiO2 ROO1 Tytanpol

13.7. Conclusion
In these studies, a new class of polymer composites for FDM 3D printing applications 
was successfully obtained and it was shown that various TiO2 species and organo-
silicon compounds can be successfully used as modifiers of PLA biopolymer proper-
ties. The paper compares the effect of two types of TiO2 from different manufacturers 
on the properties of polymer biocomposites for applications in the FDM incremen-
tal technology. The particle size distribution of both used fillers was determined. On 
the basis of the DLS analysis, the tendency of TIOXIDE® TR28 powder to agglom-
erate particles was observed (Dv (90) = 40.2 µm), which may directly translate into 
the strength characteristics of the composites filled with it. The properties of TiO2 
composites depend on the filler concentration. Flexural strength and modulus at bend-
ing reach lower values for 1.5% concentration of TiO2. However, the tensile strength 
and elongation are higher for this percentage of TiO2 in PLA matrix. The applied fill-
ers had a positive effect on the improvement of the elastic properties of the produced 
polymer composites and the tensile strength. This effect was additionally intensified 
by the introduction of organosilicon modifiers, which also improved the impact tough-
ness of TiO2 filled composites in relation to the reference systems. The introduction 
of fillers and modifiers to the PLA matrix resulted in the plasticizing effect, therefore 
the stiffness and bending strength of the tested composites decreased. On the basis 
of the results obtained in mechanical tests, it can be concluded that the used orga-
nosilicon modifiers may therefore interact differently at the polymer/TiO2 interface, 
depending on the grade of titanium white used.
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