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A B S T R A C T   

Here, we report the continuous peroxide-initiated grafting of vinyltrimethoxysilane (VTMS) onto a standard 
polyolefin by means of reactive extrusion to produce a functionalized liquid ethylene propylene copolymer 
(EPM). The effects of the process parameters governing the grafting reaction and their synergistic interactions are 
identified, quantified and used in a mathematical model of the extrusion process. As process variables the VTMS 
and peroxide concentrations and the extruder temperature setting were systematically studied for their influence 
on the grafting and the relative grafting degree using a face-centered central composite design (FCD). The 
grafting degree was quantified by 1H NMR spectroscopy. Response surface methodology (RSM) was used to 
calculate the most efficient grafting process in terms of chemical usage and graft yield. With the defined pro-
cessing window, it was possible to make precise predictions about the grafting degree with at the same time 
highest possible relative degree of grafting.   

1. Introduction 

Polymeric materials such as thermoplastics, duroplastics and elas-
tomers are used in a wide variety of industries due to their diverse 
technical application possibilities. Polyolefins are the most important 
polymer class and have the highest commercial demand worldwide [1, 
2]. In order to exploit the outstanding properties of polyolefins for 
special solutions in high-performance areas, new functionalized poly-
olefins are produced via two synthetic routes without losing the desired 
properties of the base material. The first route is the direct copolymer-
ization of olefins either with α-olefins that already carry the desired 
functional groups or with monomers bearing substituents that can be 
functionalized after polymerization [3]. The second route is the 
post-polymerization functionalization of standard polyolefins by means 
of peroxide-initiated free radical grafting reaction [4]. In contrast to 
direct copolymerization, in which a complex polymerization process 
must first be developed and then optimized for industrial production, 
post-functionalization uses cost-effective standard polymers from mass 
production. These standard polymers can be processed into 

functionalized polymers with a new desired property profile in contin-
uously operating industrial processes, such as reactive extrusion [5,6]. 
After processing, the new functional group can either serve as a 
cross-linking component [7], or it can also be used as a preliminary stage 
for further integration of reactive functional groups [8]. Also the 
compatibility between the nonpolar polymer and polar additives or 
fillers can be increased by functionalization [9]. 

In the present study, a liquid ethylene-propylene copolymer is 
functionalized with vinyltrimethoxysilane by reactive extrusion process. 
The product of the peroxide-initiated grafting reaction is a liquid olefinic 
copolymer functionalized with polar methoxy groups, which can be 
crosslinked by hydrolysis and subsequent condensation reaction or 
provided with further functional groups. Another important feature of 
this functionalized liquid copolymer is that it is suitable for reactive 
injection moulding, since its low viscosity guarantees easy flow in the 
flow channel during the injection process. In this way, this material can 
be applied to medical products in the same way as it is already done with 
standard liquid silicones [10,11]. 

Since the development of the two-stage Sioplas® process in 1968 
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[12] and the one-stage Monosil® process in 1974 [13], many studies 
have been published describing the peroxide-initiated grafting of vinyl 
silanes onto polymer chains. The grafting was usually carried out 
solvent-free in melt either in a batch process, for example in an internal 
mixer [14], or in a continuous process in an extruder [15]. In both 
processes, the resulting degree of grafting is strongly dependent on the 
process parameters. So far, only a few publications have been published 
describing the influence of the relevant process parameters on the 
grafting reaction [14,16–24]. For example, Ahmed et al. investigated the 
peroxide-initiated grafting reaction of VTMS onto high density 
polyethylene (HDPE) in a reactive extrusion process. The effect of 
peroxide and VTMS concentration on the degree of grafting was inves-
tigated by quantitative Fourier transform infrared (FTIR) spectroscopy. 
To calculate the degree of grafting, the area ratio of the absorption peaks 
of VTMS and polymer backbone from the FTIR spectra was used [16]. 
Azizi et al. studied the grafting reaction of VTMS onto HDPE with 
different molecular weights and compared the results with those of low 
density polyethylene (LDPE). Here, the grafting degree was also deter-
mined by FTIR spectroscopy. They showed that the molecular weight 
has a large influence on the grafting degree [25]. However, a grafting 
reaction of VTMS onto a low-molecular liquid copolymer and its opti-
mization with statistical tools has not yet been shown. 

The aim of our work is to determine the influence of the relevant 
process parameters on the grafting reaction by means of statistical 
experimental design (DoE). The combined effects of peroxide concen-
tration, VTMS concentration, temperature and their interaction effects 
on the grafting degree were investigated using a central composite 
design in combination with response surface methodology. Using DoE, a 
model was developed that describes the most efficient grafting process 
in respect of material input and graft yield. In addition, this paper pre-
sents a method for calculating the grafting degree using 1H NMR spec-
troscopy, which has not yet been used in the literature for determination 
of the grafting degree. 

2. Experimental 

2.1. Materials 

Liquid ethylene-propylene copolymer (EPM; Trilene® CP-80) was 
purchased from Lion Elastomers, LLC (Geismar, USA). The peroxide 2,5- 
dimethyl-2,5-di(tert-butylperoxy)hexane (DTBPH; Luperox® 101) was 
supplied from Arkema (Colombes, France). Vinyltrimethoxysilane 
(VTMS) was kindly donated by CHT Germany GmbH (Tübingen, 

Germany). All grafting chemicals were used as received without further 
purification. Deuterated chloroform (99.8%) was purchased from Deu-
tero GmbH (Kastellaun, Germany) and dried over 3 Å molecular sieves. 
1,3,5-trimethoxybenzene (99%) was received from Sigma-Aldrich 
Chemie GmbH (Taufkirchen, Germany). 

2.2. Silane grafting by reactive extrusion 

The grafting reaction of VTMS onto EPM in the presence of the 
bifunctional dialkyl peroxide DTBPH was performed in a co-rotating 
twin-screw extruder (Coperion ZSK 18, Germany) with a screw diam-
eter of 18 mm and a length/diameter (L/D) ratio of 48. Fig. 1 shows the 
reaction scheme of the grafting reaction: a) presents the initiating step of 
thermally induced decomposition of peroxide. Here, DTBPH undergoes 
a homolytic decomposition, resulting in two tert-butyl radicals and one 
alkoxy radical. Fig. 1b) illustrates how a proton is abstracted from the 
polymer backbone to form a free radical, preferably at the tertiary car-
bon atom of the polymer backbone. The tert-butyl radical from pathway 
a) supports this process by accepting the proton from the polymer 
backbone and forming tert-butyl alcohol. At the same time, the tert- 
butyl radical can decompose into acetone and into a methyl radical, 
which can also accept a proton to form methane. The alkoxy radical 
from pathway a) can further abstract protons from the polymer back-
bone to give 2,5-dimethyl-2,5-hexanediol. Decomposition of one mole-
cule of DTBPH can thus create a total of four radical sites on the polymer 
backbone, to which VTMS can be grafted in the final step [26]. These are 
the possible main reactions that can occur in the radically initiated 
grafting process. There are also some side reactions such as homo-
polymerization, chain scission, cross-linking or multiple grafting that 
can lead to by-products as studied and discussed in Ref. [27]. In this 
paper we will not go into the by-products in more detail, since no 
quantifiable by-products were identified in our NMR analyses. 

Fig. 2 depicts the feeding arrangement for liquid copolymer and 
grafting chemicals. The liquid EPM was fed via a heated melt pump 
(Beinlich Pumpen GmbH, Germany) and heated Teflon hoses into the 
extruder. Therefore, it was stored in a metal barrel and heated up 
overnight in an oven to 130 �C. The barrel was then placed in a heating 
jacket to maintain the molten copolymer at a constant temperature to 
ensure a consistent viscosity for precise feeding during extrusion. The 
liquid grafting chemicals VTMS and DTBPH were fed via syringe pumps 
into the extruder at position 1. To suppress premature hydrolysis and 
condensation in the extruder, argon was fed into the inlet. 

The extruder barrel had six separately heated temperature zones 

Fig. 1. Reaction scheme with a) thermal induced decomposition of the peroxide DTBPH and b) grafting reaction of VTMS onto EPM initiated by the decomposition 
products of DTBPH. 

T. B€auerle et al.                                                                                                                                                                                                                                 



Polymer 202 (2020) 122601

3

with a permanently cooled feeding zone (FZ). To ensure that VTMS 
(boiling point 124 �C) does not evaporate directly at the inlet, the 
temperature zones were adjusted to generate an increasing temperature 
profile from the inlet to the die. Screw configuration, also shown in 
Fig. 2, was modified in order to ensure adequate mixing of the grafting 
components and to adjust the residence time with respect to decompo-
sition of the peroxide. Directly after the infeed of the grafting chemicals, 
conveying kneading elements (KE) and a toothed mixing element (ZME) 
with distributive mixing properties were installed. This ensured that the 
grafting chemicals were quickly incorporated into the polymer matrix 
after feeding. The following conveying zone was configured in such a 
way that the filling degree of the screws increased due to the increasing 
number of flights of conveying elements (CE), thus achieving compres-
sion of the melt and pressure build-up. These zones were followed by a 
slightly shorter kneading and mixing zone and a shorter conveying zone 
with an increasing number of flights. The following kneading zone with 
a reverse conveying element (RCE) achieves a high energy input and an 
increased residence time. The zone with screw mixing element (SME) 
and RCE located between the downstream conveying zones is designed 
to achieve a gentle mixing of the grafting chemicals just before the 
extrudate reaches the outlet. 

To monitor the process and to detect the steady state of the process 
inline UV–Vis spectroscopy was used. Therefore, two optical polymer 
melt probes were integrated into module 7 in transmission mode and 
UV–Vis spectra were collected with the spectrometer-system (ColVisTec 
AG, Germany) in time intervals of 5 s. Samples for the different runs of 
the DoE were collected directly at the die after reaching steady state and 
immediately placed in a vacuum oven at 80 �C to remove unreacted 
VTMS and peroxide and to avoid hydrolysis and condensation by at-
mospheric moisture. All samples were vacuum dried for 24 h under a 
slight stream of argon and stored in tightly sealed aluminum cans under 
argon atmosphere until spectroscopic characterization. 

2.3. Design of experiments 

To determine the influence of relevant process parameters and their 
interactions on the degree of grafting statistical experimental design 
(DoE) was used. By means of a face-centered central composite design 
(FCD) the influence of the process factors VTMS feed, peroxide feed and 
temperature difference (ΔT) of the heating segments was investigated. 
The axial points were set at a distance of α ¼ �1 to the design center so 
that they were at the center of each face of the factorial space. This FCD 
design allows predictions to be made across the entire design space. For 

the factor ΔT of the heating segments, the central temperature profile 
was used and for the low and high settings, each heating segment was 
changed by � 20 �C or þ20 �C, respectively. 

Table 1 shows the three level factor settings of the experimental 
design that were determined based on previous knowledge and 
screening experiments. The temperature profiles of the design are shown 
in Table 2. 

The process factor screw speed was set to a minimum (80 rpm) to 
obtain the highest possible residence time, so that the peroxide is almost 
completely decomposed before reaching the die. Residence time mea-
surements were done by manual tracer addition and signal acquisition 
with the inline spectrometer system [28]. Half-life times (t1/2) of DTBPH 
at different temperatures of the design space and five times t1/2, at which 
96.9% of DTBPH is decomposed, are calculated from the Arrhenius 
equation and shown in Table 3. Polymer feed was kept constant at 1.3 
kg/h. The software package Design Expert (Version: 11.1.2.0, Stat-Ease, 
Inc., Minneapolis, USA) was used for preparation and evaluation of the 
FCD design. An ANOVA (analysis of variance) was used to detect and 
quantify effects and interaction effects of the process parameters on the 
responses. The statistical significance of the effects was evaluated based 
on the probability value (p-value) at 95% confidence interval deter-
mined by an F-Test which means that effects with small p-value less than 
0.05 were classified as statistically significant. The accuracy of the 
model was determined by the coefficients of R2, R2

adj and R2
pred. 

2.4. Characterization methods 

2.4.1. Nuclear magnetic resonance spectroscopy 
Proton nuclear magnetic resonance spectroscopy (1H NMR) was used 

to confirm grafting reaction and to evaluate the amount of VTMS grafted 
onto EPM. The NMR experiments were carried out using a Bruker 
Avance™ III spectrometer (Bruker BioSpin GmbH, Rheinstetten, Karls-
ruhe, Germany) operating at a resonance frequency of 600.13 MHz for 

Fig. 2. Schematic reactive extrusion setup with feeding arrangement and screw configuration.  

Table 1 
Factor variables of the design and their value settings for the grafting degree and 
relative grafting degree response.  

Factor Name Unit Low-setting 
(� 1) 

Centerpoint 
(0) 

High- 
setting (þ1) 

A VTMS feed g/h 20 60 100 
B DTBPH feed g/h 0.5 1.5 2.5 
C ΔT of heating 

segments 

�C � 20 0 20  
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spectra acquisition. 1H NMR spectra were recorded with 64 scans, 2.73 s 
acquisition time, 12 μs pulse width and a relaxation delay between 
pulses of 20 s to ensure that all signals have completely relaxed between 
pulses. All experiments were performed at 298 K. The samples were 
prepared by dissolving 23 mg of the silane-grafted EPM in 800 μL 
deuterated chloroform (CDCl3) in a 5 mm sample tube without adding 
tetramethylsilane (TMS) in order to reduce the number of signals to a 
minimum. For quantitative determination of the grafting degree, 0.25 
mg of 1,3,5-trimethoxybenzene was added from a stock solution as an 
internal reference standard. 

2.4.2. Calculation of the grafting degree 
NMR spectra processing was performed with MestreNova software 

(Version: 14.0.1–23559, Mestrelab Research, Santiago de Compostela, 
Spain). All spectra were manually phase corrected and integrated. 
Baseline correction was performed using multipoint baseline correction 
with manually selected control points well spread over the entire spec-
tral width. The final baseline model was automatically created by the 
software with cubic splines. Chemical shifts [δ] in spectra were 

referenced to the CDCl3 solvent peak at 7.26 ppm. Grafting degree in 
weight percent (wt%) was calculated according to Eq. (1) [29]. Inte-
gration areas (I) of methoxy proton shifts of the reference standard (R) at 
3.77 ppm and the grafted product (S) at 3.58 ppm were used. N is the 
number of protons of the functional group, m the weighed mass, M the 
molar mass and P the purity of the internal reference standard. 

Grafting degree ðwt%Þ¼
IðSÞ
IðRÞ

⋅
NðRÞ
NðSÞ

⋅
mðSÞ
mðRÞ

⋅
MðSÞ
MðRÞ

⋅PðRÞ⋅100% (1)  

3. Results and discussion 

3.1. Quantitative analysis of structural elements 

Peroxide-initiated grafting of VTMS onto the liquid EPM Trilene® 
CP-80 was successfully performed by reactive extrusion in a co-rotating 
twin screw extruder. The grafting success and the quantitative deter-
mination of the grafting degree were verified by 1H NMR spectroscopy. 
For quantification the internal reference standard 1,3,5-trimethoxyben-
zene was added to the sample solution. The exact amount of standard 
that can be added to the test solution was determined in preliminary 
tests. For a very accurate calculation of the degree of grafting, the in-
tensity of the signal of the reference standard should be approximately 
equal to the intensity of the signal of the sample. Fig. 3a) shows the 1H 
NMR spectrum of unmodified EPM. High-field shifted in the range of 
0.80 ppm to 1.50 ppm, the proton signals of the aliphatic chain (CH, CH2 
and CH3) of the EPM can be seen. The exact assignment of the shifts 

Table 2 
Temperature profiles of the FCD design.  

Setting Unit Segment 1 Segment 2 Segment 3 Segment 4 Segment 5 Segment 6 

(-1) �C 80 100 130 160 180 180 
(0) �C 100 120 150 180 200 200 
(þ1) �C 120 140 170 200 220 220  

Table 3 
Half-life times of DTBPH at different design temperatures.   

130 �C 150 �C 170 �C 180 �C 200 �C 220 �C 

t1/2 [s] 5781 645 88 35 6 1 
t1/2 x 5 [s] 28906 3227 439 173 30 6  

Fig. 3. 1H NMR spectra of a) raw unmodified EPM and b) VTMS-g-EPM with added internal reference standard 1,3,5-trimethoxybenzene.  

T. B€auerle et al.                                                                                                                                                                                                                                 



Polymer 202 (2020) 122601

5

shows [30]. As the figure indicates, signal superpositions occur in this 
region of the spectrum, so that the signals cannot be clearly separated. 
The literature [30] also states that the four visible signals cannot be 
clearly assigned to protons of a specific functional group. Thus, no exact 
determination of the grafting degree can be made via the ratios of the 
signal integrals between polymer backbone and methoxy functionality. 
We have demonstrated this by means of two-dimensional 1H–13C het-
eronuclear single quantum coherence (HSQC) experiments for the EPM 
used in this study (data not shown). 

Fig. 3b) shows the 1H NMR spectrum of VTMS grafted EPM (VTMS-g- 
EPM) with the characteristic signals of the internal reference standard. 
VTMS-g-EPM shows methoxyproton shift of VTMS functionalization at 
3.57 ppm. The complete removal of ungrafted VTMS by vacuum drying 
has been proven, as otherwise signals from vinyl protons in the range of 
5.80 ppm–6.20 ppm would be visible. The internal reference standard 
shows proton signals at 6.09 ppm (3H) and methoxy-proton signals at 
3.77 ppm (9H). The integrals of both signals can be used to calculate the 
degree of grafting. However, using the signal at 3.77 ppm gives more 
accurate results because a more precise baseline can be drawn. By 
inserting the integrals in Eq. (1), the degree of grafting is calculated in wt 
%. The relative degree of grafting in % refers to the amount of VTMS 
used in relation to the degree of grafting that has been achieved. Table 4 
shows the calculated response results of each sample of the DoE. 

3.2. Design of experiments 

Statistical design of experiments is a powerful method for designing 
experiments with the aim of obtaining valid and objective conclusions 
[31]. The face centered central composite design in combination with 
the response surface method was applied to determine the influence of 
the independent variables on the response variables. Table 4 summa-
rizes the FC-design including the response variables determined per 
serial number. The variables coded with � 1 and þ1 represent the low 
and high settings of the design, respectively. Coding 0 stands for the 
center point setting of the variables. To improve the accuracy of the 
design, a total of 6 replicates were performed with the center-point 
setting. Each set of replicates (r) provides r - 1 degrees of freedom for 
the pure error. 

The design was built around the center point setting. Care has been 
taken to ensure that every experimental setting is experimentally 
feasible and can be used to produce reliable data for exploring the design 
space. Since the competitive reactions to grafting are cross-linking and 
β-scission, too much peroxide would lead to cross-linking of the EPM or 
it would cause chain scission, which in turn would significantly reduce 
the molecular weight [32]. Another competitive reaction to grafting is 
the homopolymerization of VTMS. Excessive addition of VTMS would 
promote homopolymerization and thus affect the response [33]. The 
center point setting of the peroxide (1.5 g/h) corresponds to 0.005 mol 
DTBPH. As illustrated in Fig. 1a, one molecule of DTBPH decomposes 

Table 4 
Experimental data for response surface analysis of the face-centered central composite design with three level factor settings for the three factors.  

Serial no. Factor pattern Independent variable Response variable 

A B C A: VTMS feed (g/h) B: DTBPH feed (g/h) C: ΔT of heating segments (K) Grafting degree (wt%) Relative Grafting (%) 

1 � 1 � 1 � 1 20 0.5 � 20 0.14 9.16  

2 þ1 � 1 � 1 100 0.5 � 20 0.30 4.24  

3 � 1 þ1 � 1 20 2.5 � 20 0.81 53.46  

4 þ1 þ1 � 1 100 2.5 � 20 1.84 25.78  

5 � 1 � 1 þ1 20 0.5 20 0.19 12.43  

6 þ1 � 1 þ1 100 0.5 20 0.43 6.06  

7 � 1 þ1 þ1 20 2.5 20 0.95 62.77  

8 þ1 þ1 þ1 100 2.5 20 2.25 31.61  

9 0 0 0 60 1.5 0 1.40 31.68  

10 0 0 0 60 1.5 0 1.41 31.96  

11 0 0 0 60 1.5 0 1.50 33.98  

12 0 0 0 60 1.5 0 1.41 32.09  

13 � 1 0 0 20 1.5 0 0.79 52.38  

14 þ1 0 0 100 1.5 0 1.59 22.30  

15 0 � 1 0 60 0.5 0 0.39 8.79  

16 0 þ1 0 60 2.5 0 2.05 46.48  

17 0 0 � 1 60 1.5 � 20 1.08 24.44  

18 0 0 þ1 60 1.5 20 1.33 30.16  

19 0 0 0 60 1.5 0 1.44 32.58  

20 0 0 0 60 1.5 0 1.51 34.25  
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into four radicals. The center point setting of the VTMS (60 g/h) cor-
responds approximately to 0.4 mol. So there is about a twentyfold excess 
of VTMS molecules compared to the radicals that are present. For the 
temperature profile, care was taken to ensure that the center point 
setting is high enough to allow DTBPH to decompose completely in the 
extruder. As the NMR experiments show, even without purification of 
the product (with the exception of vacuum drying to remove unreacted 
VTMS) only traces of by-products could be detected in the reaction 
products. However, the signals are in the non-quantifiable intensity 
range, so that we have not performed any further purification of the 
product. 

As Table 3 shows, the fivefold half-life time of DTBPH at 200 �C is 
about 30 s. The measured residence time in the entire extruder was 150 
s at the center point setting. The residence time in the last three cylinder- 
blocks is therefore sufficient to allow DTBPH to decompose completely. 
In order to be able to see the influence of the temperature as clearly as 
possible, the low level setting for the factor “temperature” was defined 
such that the DTBPH could not completely decompose in the extruder. In 
addition, the temperature has been set so that in all temperature profiles 
the temperature at the inlet of the grafting chemicals did not exceed the 
boiling point of VTMS. 

Table 4 shows that the grafting degrees range from 0.14 wt% (no. 1) 
to 2.25 wt% (no. 8). The low setting of all factors provides the lowest 
degree of grafting whereas the high setting of all factors results in the 
highest degree of grafting. The relative grafting degrees range from 
4.24% (no. 2) to 62.77% (no. 7). Here, the high setting of all factors 
provides a relatively low relative grafting degree of 31.61%. Accord-
ingly, only about one third of the amount of VTMS used is grafted with 
these experimental conditions. The highest relative grafting degree is 
achieved at the low level of VTMS and the high levels of DTBPH and 
temperature. Response surface analysis was used to calculate the most 
efficient grafting settings in terms of chemical usage and graft yield and 
is discussed in the next section. 

3.3. Results of the statistical analysis for the response variables 

The data of the response variables were not transformed before 
performing the ANOVA. Experiment no. 15 was not used to calculate the 
model, because in this experiment the grafting degree had a significantly 
lower value than predicted by the model and thus caused a significant 
lack of fit. This experiment was carried out after a barrel change. 
Probably the temperature of the EPM was too high after this change and 
there was an increased polymer feed by the melt pump which resulted in 
a lower degree of grafting. The fit statistics of the models show how well 
the statistical models describe the experimental data. With a coefficient 
of determination (R2) close to 1, both models show a high goodness of 
fit. The term R2

adj describes in the same way as R2 how well the 
regression model describes the data but for R2

adj the number of variables 
relative to the number of available data points is also considered. By 
adding useless (i.e. non-significant) variables the R2

adj would decrease. 
Because in both models the R2

adj is almost identical to the R2, there are 
no unnecessarily added variables. For the grafting degree, R2

adj is 
0.9860 as compared to R2 which is 0.9906. For the relative grafting 
degree, R2

adj is 0.9686 as compared to R2 with a value of 0.9808. This 
means that all variables are required to describe the data set properly 
and the model is not over-fitted. The term R2

pred describes how well the 
regression model is suited for making predictions with new data. In both 
models, R2

pred does not differ significantly from R2. For the grafting 
degree, R2

pred is 0.9635 as compared to R2 which is 0.9906. For the 
relative grafting degree, R2

pred is 0.9156 as compared to R2 with a value 
of 0.9808. This shows that both models are robust and produce reliable 
predictions. The observed results show that the experimental factors 
have an influence on both the response grafting degree and the relative 
grafting degree. 

Table 5 presents the results of ANOVA for the grafting degree and 
relative grafting degree. As can be seen, both models are statistically 

highly significant with a p-value < 0.0001. The lower the p-value, the 
higher the significance of the variable for the model. The F-value is 
calculated by dividing the model mean squares for each effect by the 
residual mean squares. Therefore, a low error (residual mean squares) 
leads to a high F-value. Accordingly, high F-values show an alternative 
statistical value to assess the significance of a variable for the model. The 
pure error is low in both models, which means that there is little vari-
ance in the replicates. 

With decreasing significance the factors B (DTBPH feed), A (VTMS 
feed), the quadratic model terms A2 and C2, AB (VTMS feed * DTBPH 
feed) and C (temperature difference of the heating segments) have an 
influence on the grafting degree. The peroxide feed has nearly twice as 
much positive influence on the grafting degree as the VTMS feed. The 
model shows that there is a positive interaction effect (AB) between the 
VTMS feed and the DTBPH feed. As can be seen in the interaction plot in 
Fig. 4 a) at a low DTBPH feed VTMS has very little influence on the 
grafting degree, whereas at a high DTBPH feed the VTMS feed has a very 
large positive influence. This can be explained by the fact that at low 
DTBPH feed, few radical sites are formed on the polymer backbone, so it 
does not matter whether there is a lot or little VTMS for grafting. 
Conversely, at high DTBPH feed, many radical sites are formed and 
therefore the amount of VTMS has a high influence. Even if the tem-
perature shows a positive effect in the model, it has a relatively small 
influence on the degree of grafting compared to the other factors. Within 
the defined limits of the DoE, the relatively large temperature difference 
of 40 K plays a minor role, which means that energy can be saved from a 
process engineering point of view and a grafting with high yield can still 
be achieved. The quadratic term B2 is not significant for the model. The 
correlation between the variables and the response can be described as a 
second degree quadratic polynomial. The response model for grafting 
degree (G) is: 

G ðwt%Þ ¼ 1:45 þ 0:3542A þ 0:5978B þ 0:0988C þ 0:2407AB

� 0:2963A2 � 0:2851C2 (2) 

The order of significance for the response of the relative grafting 

Table 5 
ANOVA for response surface quadratic model.  

Source Degree of 
freedom (df) 

Sum of 
squares 

Mean 
square 

F- 
value 

p-value 

Response: grafting degree [wt%] 
Model 6 6.64 1.11 211.79 <0.0001 
A- VTMS feed 1 1.25 1.25 239.98 <0.0001 
B- DTBPH feed 1 3.17 3.17 606.58 <0.0001 
C- ΔT of 

heating 
segments 

1 0.0976 0.0976 18.68 0.0010 

AB 1 0.4636 0.4636 88.69 <0.0001 
A2 1 0.2766 0.2766 52.92 <0.0001 
C2 1 0.2561 0.2561 48.99 <0.0001 
Residual 12 0.0627 0.0052 – – 
Lack of fit 7 0.0510 0.0073 3.12 0.1143 
Pure error 5 0.0117 0.0023 – – 
Total 18 6.70    
Response: relative grafting degree [%] 
Model 7 4448.38 635.48 80.24 <0.0001 
A- VTMS feed 1 1004.14 1004.14 126.79 <0.0001 
B- DTBPH feed 1 2651.39 2651.39 334.79 <0.0001 
C- ΔT of 

heating 
segments 

1 67.35 67.35 8.50 0.0140 

AB 1 282.65 282.65 35.69 <0.0001 
A2 1 36.51 36.51 4.61 0.0549 
B2 1 46.15 46.15 5.83 0.0344 
C2 1 86.40 86.40 10.91 0.0070 
Residual 11 87.12 7.92 – – 
Lack of fit 6 81.10 13.52 11.24 0.0089 
Pure error 5 6.02 1.20 – – 
Total 18 4535.49     
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degree is as follows: The DTBPH feed has the highest influence, followed 
by the VTMS feed, the quadratic model term C2, the interaction effect 
AB, the quadratic terms B2 and A2 and finally the temperature difference 
C. DTBPH feed and temperature difference show a positive effect, 
whereas VTMS feed and interaction AB have a negative effect. According 
to this, there is an optimal range within the selected limits of this DoE in 
which a high degree of grafting is achieved combined with a high 
relative degree of grafting. The interaction plot in Fig. 4 b) shows that 
also in this case the relative degree of grafting is almost independent of 
the VTMS feed at low DTBPH feed. In contrast, at high DTBPH feed, the 
relative degree of grafting is strongly dependent on the VTMS feed. Also 
in this model temperature has the lowest influence on the relative degree 
of grafting. The response model for relative grafting degree (RG) is: 

RG ð%Þ¼ 33:01 � 10:02A þ 17:81B þ 2:60C � 5:94AB þ 3:96A2

� 5:10B2 � 6:09C2

(3) 

Fig. 5 depicts the three-dimensional response surface plots, on the 
left for the response grafting degree and on the right for the response of 
the relative grafting degree each at the center point setting of the 

temperature difference. It can be seen that the design points are well 
located on the response surfaces. The square terms pull the surfaces 
down at their design boundaries. As the interaction plot in Fig. 4 a) has 
already shown, at a low DTBPH feed the VTMS feed has little influence 
on the degree of grafting. Here, the optimum for a high degree of 
grafting is to be found rather in the medium VTMS feed range. With 
increasing DTBPH feed the influence of the VTMS feed increases as well. 
The optimum here is found at the high VTMS feed setting. This corre-
lation is caused by the interaction of both variables. 

The response surface for the relative grafting degree demonstrates 
that at low and high DTBPH feed rates the relative grafting degree de-
creases with increasing VTMS feed. It can also be seen that with a low 
VTMS feed the relative grafting degree increases more with an 
increasing DTBPH feed than with a high VTMS feed. The highest relative 
grafting degree is reached at low VTMS feed and high DTBPH feed. 
However, at this design point, a low degree of grafting is achieved 
compared to the high VTMS feed setting. 

Fig. 4. Interaction between the factors A and B in relation to response a) grafting degree and b) relative grafting degree with low (black) and high (red) settings for 
the DTBPH feed. 

Fig. 5. 3D response surface plots of the variables affecting the responses a) grafting degree and b) relative grafting degree with factor temperature on center 
point setting. 
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3.4. Model validation and optimization for the most efficient grafting 
process 

For model validation, the grafting degrees 1.0 wt%, 1.5 wt% and 2.0 
wt% were targeted and at the same time an optimization with regard to 
efficiency was performed. The objective was to use the calculated 
models to achieve the desired degree of grafting with the highest 
possible relative grafting degree. For this purpose, a desirability function 
was implemented in the results of the experiment using the Design 
Expert software. As temperature profile the center point setting was 
chosen, because this setting allows the access to all three degrees of 
grafting. Fig. 6 shows the ramp reports of the three validation experi-
ments with the respective calculated settings of the variables. 

The experimentally determined values for the grafting degrees 1.0 wt 
%, 1.5 wt% and 2.0 wt% were 0.91 wt%, 1.41 wt% and 2.14 wt% 
respectively. These obtained values prove that very valid predictions can 
be made with the two established quadratic models. The experiment 
with the lowest desirability also achieves the grafting degree with the 
highest deviation from the predicted value. The minor differences to the 
predicted values are caused by the slightly varying feed of the melt 
pump. Here, the best possible care was taken to keep the feed as constant 
as possible. However, both the heating jacket of the barrel and the 
heating bands of the Teflon hoses are self-regulating and only heat up in 
pulses after a short cooling phase, which leads to very small feed vari-
ations. Nevertheless, the achieved values can be considered as highly 
satisfactory for a continuously operated process, which is by nature 
exposed to minor process fluctuations. 

4. Conclusion 

Peroxide-initiated grafting of VTMS onto a low molecular liquid 

ethylene propylene copolymer was successfully performed on a semi- 
industrial via reactive extrusion. It was demonstrated that there is a 
correlation between the independent process variables (VTMS and 
peroxide concentrations, and extruder temperature) and the dependent 
response variables grafting degree and relative grafting degree. A syn-
ergistic interaction between VTMS concentration and DTBPH concen-
tration was identified as statistically significant and a causal 
understanding of the extrusion process was achieved based on the 
identification and quantification of the relevant factor influences which 
determine the grafting outcome. Within the experimental range studied, 
it was possible to precisely control the grafting degree in the range of 
0.14 wt% to 2.25 wt%, while at the same time optimising the process 
conditions with regard to the grafting efficiency relative to the amount 
of applied VTMS. 
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