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The effects of twin-screw extrusion processing conditions upon the formation of
polypropylene/titanium dioxide (PP/TiO2) nanocomposites are investigated. To prepare
PP/TiO2 nanocomposites by limiting the problem of filler dispersion at the nanoscale,
an original method was developed based on the creation of TiO2 through hydrolysis–
condensation reactions (sol–gel method) of titanium n-butoxide precursor during PP
extrusion. The feed rate, the screw speed, and the amount of inorganic precursor were
varied independently. The conversion rate of precursor as a function of process pa-
rameters was quantified by gas chromatography and mass spectroscopy combined
techniques through the assessment of the alcohol formed. The effects of processing
conditions on the development of the sol–gel reaction have also been investigated by
using numerical simulations. The comparison between experimental and theoretical
results shows that this simulation approach is relevant to predict the conversion of the
inorganic precursor to TiO2 through hydrolysis–condensation reactions in molten PP.
VVC 2011 American Institute of Chemical Engineers AIChE J, 57: 2174–2184, 2011
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Introduction

Organic/inorganic nanocomposite materials have attracted
more and more attention for the last 10 years for their
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special properties and industrial applications.1–5 There are
three principal procedures commonly used to disperse an
inorganic phase in the organic matrix: dispersion in solu-
tion,6,7 melt blending,8–10 and in situ sol–gel processing.11–13

Nanocomposites materials obtained by melt blending have
been intensively described.14–19 In that case, melt processing
conditions have an important influence on the nature and
properties of the nanocomposite materials. However, because
of the poor compatibility of hydrophilic nanoparticles with
conventional hydrophobic polymer matrices such as polyole-
fins, nanodispersion is difficult to reach without particle
agglomerations. Consequently, an original way to overcome
these problems is the in situ synthesis of the inorganic filler
in the molten polymer matrix by reactive extrusion. This
synthesis is based on hydrolysis–condensation reactions
(called classically ‘‘sol–gel’’) of silica or metal oxide precur-
sors.20 This approach has been largely developed for coating
applications21–23 allowing to create in mild conditions multi-
functional organic–inorganic materials.

The transposition of this chemistry to the reactive extrusion
consists of using an extruder (single or twin-screw) as a con-
tinuous chemical reactor.24,25 In that case, besides the classi-
cal functions of a screw extruder (solid conveying, melting,
mixing, and pumping), additional functions are involved,
such as the development and the control of a chemical reac-
tion (here, a sol–gel reaction). The main advantages of this
approach are the following: compared to classical batch pro-
cess in solution, the reaction is conducted in the melt, in the
absence of a solvent, and it avoids the manipulation of nano-
particles. This makes this technique environmentally and eco-
nomically favorable for industry. Numerous possible advan-
tages in using reactive extrusion were described by Cassag-
nau et al.26 and Vergnes and Berzin.27

However, there are some difficulties in using a reactive
extrusion process: it is a complex process that involves many
aspects, because of the high number of operating variables and
their interactions during the process.28 For example, molten
polymers are generally non-Newtonian and their properties
may change along the processing machine because of the
chemical mixing and/or chemical reaction. The residence time,
the pressure, mixing, and diffusion changes have to be known,
these local flow conditions governing the reaction develop-
ment, which will in turn modify the material properties (vis-
cosity change and reaction exothermy), leading to change in
bulk flow conditions. Finally, the extrusion of a viscous fluid is
highly nonisothermal, and temperature changes have to be
taken into account, because of heat transfer, viscous dissipa-
tion, and chemical reactions. Consequently, besides the tradi-
tional study of the chemical reaction mechanisms and kinetics,
it is important to develop also theoretical approaches to pro-
vide useful tools to define the best conditions for conducting
an operation of reactive extrusion and to control the process.

The main objective of this work is to demonstrate the po-
tentiality of the reactive extrusion for synthesizing polypro-
pylene/titanium dioxide (PP/TiO2) nanocomposites. The
effect of processing parameters, such as screw speed, feed
rate, and concentration of inorganic precursor, upon the tita-
nium n-butoxide hydrolysis–condensation reactions conver-
sion will be investigated. Finally, from a prediction point of
view, numerical simulations will allow us to better under-
stand the relationships between processing parameters and
conversion of titanium n-butoxide precursor.

Experimental

Materials

The system selected for the study is a polypropylene ma-
trix and a titanium n-butoxide precursor (Ti(OR)4). PP
homopolymer (Moplen HP500N) was kindly supplied by
LyondellBasell company. The zero-shear viscosity of this
polymer is 4000 Pa s at 200�C. The titanium n-butoxide
97% from ABCR was used as titanium dioxide precursor,
and the 2,6,10,15,19,23-hexamethyltetracosane (squalane,
from Aldrich) was selected as a PP model medium.

Extrusion conditions and characterization
techniques

The nanocomposite materials were prepared using a coro-
tating twin-screw extruder (Leistritz LSM 30-34, screw
diameter D ¼ 34 mm and length to diameter ratio L/D ¼
34.5). A specific screw profile, as shown in Figure 1, was
designed for the in situ synthesis of TiO2 in the molten PP
matrix. It is composed of right-handed screw elements (con-
veying zone), a left-handed element for the PP melting
before titanium n-butoxide injection, and two successive
mixing zones, one with a kneading block of five discs stag-
gered at 30� and a second one with a left-handed element,
situated before the die exit. The liquid precursor was contin-
uously injected at a constant flow rate from a side feeder
and added to molten PP after the melting zone (point at L/D
¼ 12.5) using a HPLC pump. For example, for 3 kg h�1 and
10% of precursor, the flow rate was 6.8 mL min�1. It is im-
portant to point out that, in these experiments, no water was
added during extrusion process. The hydrolysis–condensation
reactions were initiated thanks to the water contained in sur-
rounding humidity. The extruder barrel was divided into 10
equal zones, each one provided with individual temperature
control system. The barrel temperature was fixed at 200�C
for all experiments. The processing parameters studied were
the feed rate Q, the screw speed N, and the titanium n-but-
oxide concentration [Ti(OR)4], which were varied independ-
ently: Q ¼ 1, 3, and 5 kg h�1, N ¼ 150, 200, and 300 rpm,
and [Ti(OR)4] ¼ 10, 20, and 30 wt %.

Figure 1. Screw profile and localization of injection point of titanium n-butoxide precursor.
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For each extrusion condition, samples were collected at
die exit for characterizing reaction conversion, filler mor-
phology, and rheological properties. The conversion resulting
from hydrolysis–condensation reactions at the die exit was
evaluated by measuring the quantity of residual butanol (bu-
tanol from nonreacted butoxide groups or butanol embedded
in the polymer matrix) in the extruded samples by using
TGA-GC-MS experiments. TGA-GC-MS is a coupling tech-
nique based on thermal gravimetry (TGA), gas chromatogra-
phy (GC), and mass spectroscopy (MS) allowing identifica-
tion of the byproducts and specifically, in the present case,
the assessment of the residual butanol. The inorganic TiO2

contents obtained from TGA measurement (the residual mass
after pyrolysis at 400�C) correlate quite well with conversion
rate values calculated from TGA-GC-MS experiments.

The TGA experiments were performed with a TA Q600
from TA Instruments. All the experiments were carried out
both under an inert nitrogen atmosphere and under oxidative
working conditions (air) at a flow rate of 50 mL min�1.
Samples were heated from room temperature up to 450�C
with a heating rate of 100�C min�1. The released volatiles
were transferred on-line (constant feed rate and pressure) to
a gas chromatograph Agilent 6890N equipped with a 19091
S 433 columns and a mass spectrometer Agilent MS 5973N
detector (mass range m/z 10–700).

FTIR spectra were obtained from a thin layer (200 lm) of
sample (titanium n-butoxide diluted or not in squalane)
exposed to surrounding humidity. Measurements were con-
ducted with a KBr windows enclosed in a heating cell. The
FTIR spectra were recorded with a resolution of 1 cm�1 and
with 32 scans on a Magna-IRTM Spectrometer 550.

Chemistry and kinetics of hydrolysis–condensation
reactions

The formation of TiO2 particles results from the hydroly-
sis and condensation reactions as follows:Hydrolysis of inor-
ganic precursor leads to the formation of TiAOH groups:

TiðORÞ4 þ H2O Ð TiðORÞ3OHþ ROH (1)

The condensation of two TiAOH groups via oxolation or
one TiAOH with TiAOR via alcoxalation, represented by

the two following reactions, leads to the formation of oxo
bridges TiAOATi:

Oxalation (or water elimination):

TiðORÞ3OHþ TiðOR3ÞOH Ð
ðORÞ3��Ti��O��Ti��ðORÞ3 þ H2O ð2Þ

Alcoxalation (or alcohol elimination):

TiðORÞ3OHþ TiðORÞ4 Ð
ðORÞ3��Ti��O��Ti��ðORÞ3 þ ROH ð32Þ

However, it is very difficult to differentiate these two
steps.

In a previous work, the characterization of this reactional
medium has been made with a model medium made of tita-
nium n-butoxide at different concentrations and dispersed in
squalane at different temperatures (Bahloul et al., submitted).
Squalane was selected to study the influence of a nonpolar
medium on the titanium n-butoxide hydrolysis–condensations
reactions kinetics. Experiments were conducted at constant
temperature, directly in the FTIR cell, after mixing of squa-
lane with precursor. The progress of the reaction has been
followed by infrared measurements (FTIR) from the evolu-
tion of the area of the TiAOAC band (Figure 2) as a func-
tion of reaction time. The area corresponding to TiAOAC
concentration at t ¼ 0 was denoted A0. The same area for a
reaction time t (min) will be noted At. The conversion p
(expressed in %) corresponding to the disappearance of
TiAOAC bonds was calculated according to the following
equation:

p ¼ 1� At

A0

� �
� 100: (4)

From these experimental results, various kinetic orders
have been tested. Best fits with linear variations were
obtained by plotting ln p ¼ f(t) in accordance with a global
first-order reaction. The kinetic constants at different temper-
atures are reported in Table 1. For the following, we will
assume that these kinetic data, determined in a liquid model
medium, remain valid in the molten PP. It could seem a
strong assumption, but the results will show that it must be
not so far from reality.

However, for the further simulation, we must define ki-
netic equations on a wide range of temperatures, typically
from 170 to 300�C. These equations have to fit at best the

Figure 2. FTIR spectrum of titanium n-butoxide precur-
sor.

[Color figure can be viewed in the online issue, which is
available at www.wileyonlinelibrary.com.]

Table 1. Experimental Reaction Rate Constants at Different
Temperatures and Activation Energies for Different

Precursor Concentrations in Squalane Medium

k (min�1)
180�C

k (min�1)
220�C

k (min�1)
250�C

E
(kJ mol�1)

Pure titanium
n-butoxide

0.29 0.50 0.83 47

10 wt % Ti(OR)4 0.10 0.61 0.91 65
20 wt % Ti(OR)4 0.07 0.37 0.75 66
30 wt % Ti(OR)4 0.05 0.28 0.87 79
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experimental kinetics, but on a time domain much shorter
than the experimental one. Experimental kinetics was moni-
tored for 1 h, whereas the residence times in the extruder are
of the order of a few minutes. Consequently, we will define
the kinetic laws between 0 and 600 s. We will choose for
the conversion the following expression:

v ¼ v1 1� expð�ktÞ½ �; (5)

where v1 is the maximum conversion and k is the kinetic
constant following Arrhenius law:

k ¼ k0 exp � E

RT

� �
; (6)

where k0 is the pre-exponential factor, E is the activation
energy, R is the gas constant, and T is the absolute
temperature.

Figure 3a shows the good agreement between experimen-
tal and calculated conversion values. At high temperatures,
high conversion rates can be obtained within few minutes,
which is the order of magnitude of residence times in extru-

sion. Furthermore, the model allows us to extrapolate con-
version data at high temperatures, possibly encountered dur-
ing the process, but for which experimental data would be
quite impossible to obtain. Figure 3b shows that the kinetics
is slower when the inorganic precursor amount increases,
what could also been deduced from the experimental kinetic
constants in Table 1.

Modeling

The objective of this part of the study was to develop a
global model to describe the development of the sol–gel
reaction of titanium n-butoxide along the extruder. For that,
it is necessary to have access to the local flow conditions
and to know the reaction kinetics. For the knowledge of
local flow conditions, we have used the software Ludovic

VC
.29

This software has been developed by Vergnes et al.29 more
than 10 years ago. Based on a 1D approach of continuum
mechanics, it allows us, by solving mass balance and heat
transfer equations, to calculate the evolution along the
screws of the main parameters of the extrusion process
(among which pressure, temperature, residence time, shear
rate, and filling ratio). Computations are done separately for
each type of element (partially or totally filled right-handed
screw elements, left-handed screw elements, and blocks of
kneading discs). For screw elements, pressure/flow rate rela-
tionships are calculated assuming a rectangular channel cross
section with constant width and taking into account side
effects using correcting factors. For flow in kneading blocks,
we consider the peripheral flow around each individual disc,
characterized by a pressure peak located before the disc tip.
The staggering of the tips of adjacent discs induces a stag-
gering of the pressure profiles, creating thus an axial pres-
sure gradient pushing the material in the axial direction. The
preceding elementary models are linked together to obtain a
global description of the flow field along the extruder. After
defining screw profile, barrel geometry, polymer characteris-
tics (thermal parameters, density, and viscosity as a function
of shear rate and temperature), and operating conditions
(feed rate, screw speed, and barrel thermal regulation), the
software provides the local values of thermal and mechanical
flow parameters including residence time distribution. This
software has been validated through comparisons with
experiments30 and largely used for many applications, such
as compounding of polymer blends31 and composites.32

Regarding hydrolysis–condensation reactions, we consider
a global kinetics described by a first-order model (Eqs. 5
and 6), including both reactions of hydrolysis and condensa-
tion. Then, by coupling the thermomechanical model with
the kinetic equations, it is possible to calculate the progress
of the conversion all along the screws.27

Once again, Ludovic
VC
has been largely used in the past to

calculate different operations of reactive extrusion, including
controlled polymer degradation,33 polymerization reaction,34

or polymer chemical modifications.35,36 In the present case,
we consider that the formation of nanofillers does not mod-
ify the rheological behavior of the matrix. Actually, the
influence of nanofillers on the rheological behavior of nano-
composites is mainly observed at low frequency.37 In the
range of shear rates encountered in extrusion (typically, 1–
500 s�1), we can consider this effect as negligible.

Figure 3. Variation of conversion rate vs. time (a) at dif-
ferent temperatures (20 wt % inorganic pre-
cursor) and (b) at different inorganic precur-
sor amounts (180�C).
Symbols are experimental values measured by infrared spec-
troscopy. Full lines are theoretical prediction with Eq. 5.
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Consequently, we will assume that the material has the vis-
cosity of the PP matrix. It is predicted by Carreau–Yasuda
law38 (Figure 4):

g ¼ g0 aT 1þ ðk _c aTÞað Þm�1
a ; (7)

where _c is the shear rate, g0 is the zero-shear viscosity, k is a
characteristic time, a is the Yasuda parameter, and m is the
power law index.

g0 and k vary with temperature, according to Arrhenius
law, defined by the parameter aT:

aT ¼ exp
E

R

1

T
� 1

T0

� �� �
; (8)

where E is an activation energy, R is the gas constant, and T0 is
the reference temperature. For the selected PP, we have
obtained the following values: g0 ¼ 4000 Pa s, a ¼ 0.32, k ¼
0.05 s, E ¼ 46 kJ mol�1, m ¼ 0.29, and T0 ¼ 200�C. As shown
in Figure 4, this law permits an accurate description of the
viscosity over six orders of magnitude of shear rates.

To obtain the conversion rate, we calculate in a first step
the flow conditions into the extruder, with the rheological
law proposed above (Eqs. 7 and 8). Then, from the com-
puted values of local temperature and residence time, the
conversion rate is computed using Eqs. 5 and 6.

Results and Discussion

In this section, we will present in parallel the experimental
results and the interpretations supported by the modeling.
Actually, to better interpret the influence of the process pa-
rameters on the chemical reaction and the final conversion,
we have studied the various extrusion experiments that have
been performed at different feed rates (Q ¼ 1, 3, and 5 kg
h�1), screw speeds (N ¼ 150, 200, and 300 rpm), and inor-
ganic precursor concentrations (10, 20, and 30 wt %).

First of all, we must check the obtained morphology.
TEM micrographs clearly show particles of TiO2, with a di-
ameter of a few tens of nanometers, homogeneously distrib-
uted in the PP matrix (Figure 5).

During extrusion experiments, it has been shown that the
die pressure evolution with flow rate was different according
to the inorganic precursor amount (Figure 6). As the product
temperature was similar at the same flow rate, this can only
be explained by a reduction in the viscosity with the amount
of precursor, probably because of a dilution effect when a
large quantity of very low viscous material is introduced in
the molten PP matrix. This has been taken into account in
the modeling by decreasing the zero-shear viscosity using a
mixing law:

g0 ¼ g0 prec ½TiðORÞ4� þ g0 PP 1� ½TiðORÞ4�
� �

; (9)

where [Ti(OR)4] is the inorganic precursor concentration (in
wt %), g0 PP is the zero-shear viscosity of PP, and g0 prec is one
of the inorganic precursors. We obtained 3200 and 2800 Pa s
for 20 and 30 wt % inorganic precursors, respectively.

As we will see in more details later on, the variations of
conversion as a function of feed rate, screw speed, and

Figure 4. Master curve of the PP shear viscosity at
200�C.
The full line is the fit by the Carreau–Yasuda model.

Figure 5. TEM micrographs of an extruded sample (5
kg h21, 150 rpm, and 20 wt % inorganic
precursor).

(a) Bar scale: 1 lm and (b) bar scale: 200 nm. [Color figure
can be viewed in the online issue, which is available at
www.wileyonlinelibrary.com.]

2178 DOI 10.1002/aic Published on behalf of the AIChE August 2011 Vol. 57, No. 8 AIChE Journal



amount of precursor can be principally explained in terms of
residence time and melt temperature inside the extruder.

Figure 7 shows an example of results provided by
Ludovic

VC
simulation. Figure 7a presents the evolution of

temperature and cumulative residence time for the following
processing conditions: 5 kg h�1, 150 rpm, and 30 wt % of
inorganic precursor. The temperature increases rapidly from
the melting section (first left-handed element) to the die exit.
It varies depending on the screw profile: in the restrictive
elements (left-handed elements, kneading discs), it increases
rapidly by viscous dissipation. In the screw conveying ele-
ments, where the viscous dissipation is negligible, tempera-
ture decreases by heat transfer toward the barrel at a lower
temperature (here, 200�C). At the die exit, the melt tempera-
ture is around 225�C. The residence time increases mainly in
the filled sections of the screw profile (restrictive elements
and die). For these processing conditions, the total residence
time is around 104 s.

Then, from the local values of residence time and temper-
ature, it is now possible by using Eqs. 5 and 6 to calculate
the evolution of conversion all along the screws. It is shown
in Figure 7b: conversion increases regularly along the
screws, from the injection point of the inorganic precursor
(axial location: z ¼ 765 mm. Axis origin is at the junction
between die and extruder). Finally, the conversion extent
reaches a plateau at the end of the screws. This final calcu-
lated conversion is close to 67% in this case.

Influence of feed rate

As modeling allows us to obtain information on the evolu-
tion of the flow variables, we have used it to explain the
influence of control parameters (feed rate, screw speed, and
inorganic precursor amount) that we have observed in the
experiments. Figure 8 shows the effect of flow rate on exper-
imental conversion rate at the die exit for different screw
speeds for 20 wt % of precursor (similar results were
obtained for other inorganic precursor amounts). For each
screw speed, conversion decreases when flow rate is
increased. Figure 9 shows the results of the modeling for

Figure 6. Variation of experimental die pressure vs.
feed rate for different inorganic precursor
amounts (150 rpm).

Figure 7. LudovicV
C

modeling results for sample pre-
pared at 150 rpm, 5 kg h21, and 30 wt % of
inorganic precursor.

(a) Evolution of temperature and cumulative residence time
along the screws and (b) evolution of conversion rate along
the screws.

Figure 8. Experimental conversion rate as a function of
flow rate for different screw speeds at 20 wt
% of inorganic precursor.
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10 wt % of precursor and a screw speed of 200 rpm. We
observe effectively that the conversion decreases when the
feed rate is increased, in agreement with experimental obser-
vations. The calculated conversion rate at die exit is 93, 81,
and 78% for 1, 3, and 5 kg h�1, respectively. This effect can
be essentially explained by the reduction of residence time.
Indeed, the temperature is slightly affected by the flow rate.
Final calculated temperature was 234, 234, and 233�C for 1,
3, and 5 kg h�1, respectively. On the contrary, as it can be
seen in Figure 9b, residence time distribution is greatly
modified when feed rate is changed. An increase in feed rate
from 1 to 5 kg h�1 induces a reduction of the mean resi-
dence time from 243 to 71 s and a narrowing of the distribu-
tion (the variance of the distribution varies from 4930 to 370
s2). Consequently, the reaction time is shorter, which results
to a lower conversion. In fact, the residence time in the ex-
truder is one of the most important parameters (the tempera-
ture is another one) governing the chemical reaction evolu-
tion. Calculated values of final temperature and residence
time are given in Table 2. It can be seen in Figure 10 from
comparison with experimental values (10 wt % of inorganic

precursor, 200 rpm) that the order of magnitude and the
tendency of the modeled values are correctly described.

Influence of screw speed

The changes in conversion rate with screw speed can also
be seen in Figure 8: typically, for any flow rate, conversion
increases with screw speed. The influence of screw speed at
a constant feed rate of 1 kg h�1 at 10 wt % of inorganic pre-
cursor is indicated in Figure 11a. We observe a slight
increase of the conversion with the screw speed, similar to
the one obtained experimentally (Figure 11b). In this case, it
can be explained by the fact that, when screw speed is
increased, the residence time is slightly reduced, when the
temperature is increased by viscous dissipation: in the pres-
ent case, the exit temperature is, respectively, 226, 234, and
250�C for 150, 200, and 300 rpm (see Table 2). Conse-
quently, the reaction is faster (see Figure 4a) and, even
though the time is shorter, the conversion is higher. How-
ever, if we consider now the case at 5 kg h�1 for 10 wt %

Figure 9. (a) Evolution along the screws of conversion
rate as a function of feed rate (N 5 200 rpm,
10 wt % of inorganic precursor).

(b) Evolution of residence time distribution with the feed
rate (N ¼ 200 rpm, 10 wt % of inorganic precursor).

Table 2. Calculated Values of Final Temperatures and
Residence Time for Various Processing Conditions

Screw
Speed
N (rpm)

Feed Rate
Q (kg h�1)

Precursor
Amount
(wt %)

Final
Temperature

(�C)

Mean
Residence
Time (s)

150 1 10 226 253
150 3 10 226 104
150 5 10 225 80
200 1 10 234 243
200 3 10 234 100
200 5 10 233 71
300 1 10 250 239
300 3 10 250 90
300 5 10 250 62
150 3 20 223 110
200 3 20 234 102
300 3 20 250 92
150 3 30 225 112
200 3 30 234 103
300 3 30 250 94

Figure 10. Comparison between experimental (sym-
bols) and computed (full line) values of con-
version rate at the die exit (N 5 200 rpm, 10
wt % of inorganic precursor).
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of inorganic precursor, we can see in Figure 12a that
the ranking of the curves is no more monotonous: the
maximum value of conversion (82%) is now obtained at 150
rpm. Lower values are calculated for the other speeds,
respectively, 78% at 200 rpm and 81% at 300 rpm.
Once again, these tendencies are perfectly in agreement with
the experiments (Figure 12b). In these conditions, the feed
rate is high and, consequently, the residence time is shorter
(see Figure 9b and Table 2). When the screw speed is
increased from 150 to 200 rpm, residence time decreases
from 80 to 71 s but, at the same time, there is an increase in
temperature from 225 to 233�C, related to viscous heating.
In this case, time reduction (�9 s) is preponderant compared
with temperature increase (þ8�C). However, for the next
increase between 200 and 300 rpm, the gap in temperature
(from 233 to 250�C) becomes now more important that the
decrease of residence time (from 71 to 62 s). Consequently,
the conversion increases again. Contrary to the feed rate
influence, a change in screw speed can thus create effects
that are opposite in nature, according to chosen processing
conditions.

Influence of inorganic precursor concentration

Finally, we tested the influence of the precursor amount.
Figure 13 shows that, whatever the processing conditions,
the measured conversion rate decreases when the inorganic
precursor amount increases. This is due to the fact that the
kinetics is slower at high precursor amount (see Figure 4b).
However, the calculated filler content is more important at
high precursor amount, despite the lower conversion (Figure
13b). The filler content (in wt %) is evaluated from conver-
sion rate resulting from hydrolysis–condensation reactions
(v) and initial weight percentage of inorganic precursor
introduced in the extruder ([Ti(OR)4]) according to:

½filler� ¼ v Ti ORð Þ4
� �

0:3

v Ti ORð Þ4
� �

0:3þ 1� Ti ORð Þ4
� �� �� 100; (10)

where 0.3 corresponds to the molar mass ratio between the
initial [Ti(OR)4] and the final [TiO2] in case of complete
conversion of the hydrolysis–condensation reactions.

We can also observe different effects of screw speed as a
function of precursor amount: for 10 wt %, conversion rate

Figure 11. Evolution of conversion rate as a function of
screw speed (Q 5 1 kg h21, 10 wt % of inor-
ganic precursor).

(a) Along the screws and (b) at the die exit: comparison
between experimental (symbols) and computed (full line)
values.

Figure 12. Evolution of conversion rate as a function of
screw speed (Q 5 5 kg h21, 10 wt % of inor-
ganic precursor).

(a) Along the screws and (b) at the die exit: comparison
between experimental (symbols) and computed (full line)
values.
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slightly decreases with screw speed, whereas it increases for
20 and 30 wt %. It is shown in Figure 14a that, at 1 kg h�1

and 150 rpm, the calculated conversion is maximum for 10
wt % (89%), then decreases for 20 wt % (to 79%) before to
increase again for 30 wt % (84%). In the experiments, we
only observe a continuous decrease with increase in precur-
sor amount (Figure 14b). In this case, it seems that the theo-
retical predictions for 30 wt % of inorganic precursor are not
correct. In fact, at high precursor amount, the assumption
made on the rheological behavior is probably not valid,
because the reactional medium may be heterogeneous.
Indeed, the mixing of a low viscosity liquid (high amount of
inorganic precursor) with a molten polymer leads to highly
nonlinear phenomena as lubrication effects, associated with
complex flow patterns, and diffusion mixing occurs. The
large difference between the inorganic precursor viscosity
and that of the molten polymer greatly magnifies the difficul-
ties associated with homogenizing these components in a
laminar flow. Another possible reason for the unsatisfactory
results at 30% can be an inaccurate kinetic equation, because
experimental characterizations were much more difficult to
carry out at high precursor content.

Figure 13. (a) Experimental conversion rate and (b)
inorganic TiO2 synthesized content vs.
screw speed for different inorganic precur-
sor concentrations at Q 5 3 kg h21.

Figure 14. Evolution of conversion rate as a function
of inorganic precursor concentration (Q 5 1
kg h21, N 5 150 rpm).

(a) Along the screws and (b) at the die exit: comparison
between experimental (symbols) and computed (full line)
values.

Figure 15. General comparison between experimental
and computed conversion rates.
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Finally, to completely validate the actual model, we have
compared all the experimental results with the calculations
for 10, 20, and 30 wt % inorganic precursor. Results are
shown in Figure 15 for the various feed rates and screw
speeds. It is clearly shown that the prediction for 10 and 20
wt % is satisfactory, leading to a correct value of the conver-
sion rate at �15%, irrespective of screw speed and feed rate.
However, the calculations at 30 wt % provide overestimation
of the conversion. It confirms that the model does not work
in this particular condition, probably, as previously
explained, because of an inaccurate characterization of the
kinetic data or heterogeneous conditions for the reaction.

Conclusion

In this work, PP/TiO2 nanocomposites were prepared
from the hydrolysis–condensation reactions (sol–gel method)
of titanium n-butoxide (inorganic precursor) during PP proc-
essing in a twin-screw extruder. We have studied, from ex-
perimental and simulation points of view, the influence of
processing conditions (feed rate, screw speed, and inorganic
precursor amount) on the inorganic precursor conversion at
the die exit. We have shown the potentiality of a theoretical
model (based on 1D simulation) to describe the preparation
of these nanocomposites by reactive extrusion. Based on a
kinetic equation and a thermomechanical solver, the model
permits to predict the evolution of the hydrolysis–condensa-
tions reactions along the screws for different processing con-
ditions. A comparison with experiments shows that the
orders of magnitude and the influence of processing parame-
ters (screw speed and feed rate) are correctly described for
most of the processing conditions by the simulation. How-
ever, at high concentration of inorganic precursor (30 wt %),
the simulation overestimates the experimental values. One
possible explanation of this disagreement is a lubricant effect
of the inorganic precursor leading to nonhomogeneous con-
ditions for the sol–gel process or an inaccurate characteriza-
tion of the kinetic data. Finally, our work confirms that the
preparation of PP/TiO2 nanocomposites by in situ method
can be achieved by a reactive process in a twin-screw ex-
truder. In parallel, the use of a simulation software, devel-
oped for reactive extrusion applications, allowed us to better
understand and control this reactive process.
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