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A B S T R A C T

This work concerns the nanoparticles localization control in a PMMA/PS polymer blend. In this article, a complete study was made on the 
poly(methylmethacrylate)/polystyrene/graphene (PMMA/PS/graphene) polymer blend nanocomposites performed by a melt-blending process at PMMA/PS 
equal proportion (50/50). Graphene nanoparticles were modified via different chemical modification strategies such as Hummers’ oxida-tion (GOxH), hydrazine 
reduction (GOxH-r2) and copolymer functionalization by a “grafting onto” method. The evolution of graphene nanoparticles morphology, chemical structure 
during the melt-blending process were investigated to explain their final localization. Considering GOxH nanoparticles, the in-situ reduction during the process 
was proved by Raman spectroscopy, FTIR and XRD. The stability of the copolymer grafting was also confirmed after melt-compounding by Py-GC/MS. The 
predicted localization by thermodynamics was compared to the real localization determined by STEM images. Functionalized graphene (GOxN-PMMA, GOxH-
PMMA, GOxH-r2-PMMA, GOxH-r2-PMMA-r1) showed a transfer from PS to PMMA, whereas non-functionalized nano-particles (G, GOxH, GOxH-r2) remain in 
PS. Graphene migration mechanisms and polymer blend microstructures were also investigated. Graphene nanoparticles interaction with polymer matrices and 
their impact on viscosity was studied by rheology to assess the final microstructure of the polymer blend nanocomposites.   

1. Introduction

Nanoparticles incorporation in polymer matrix became essential due
to the need to improve polymer properties. Several types of carbon 
particles were attempted to improve electrical, mechanical and thermal 
properties. Graphene displayed interesting results in lots of applications 
such as energy storage, aeronautic, biomedical and appears as a prom
ising 2D materials for the incorporation in polymer matrices [1–6]. Its 
high specific surface area, lightness and mechanical, thermal, electrical 
properties allow the production of performant nanocomposites. 

Nanocomposites preparation is a real challenge, and several methods 
were tested as solvent casting, in-situ polymerization and melt blending 
[7]. At industrial scale, melt blending appears as the most appropriate 
process. Materials are incorporated in an extruder at high temperature 
with high shear force to mix and disperse reinforcing nanoparticles in 
polymer matrices. The interest of this method is the possibility to pro
duce, in continuous cycle, high quantity of nanocomposite. Macosko 
et al. interestingly analyzed and reported the percolation threshold of 
nanocomposites bearing graphene in different matrices and for different 

processes [8]. And, solvent casting and in-situ polymerization methods 
allow to achieve nanocomposites with higher performance and lower 
amounts of graphene than the melt-blending process because higher 
nanoparticles dispersion can be reached. 

While using melt blending scalable process, an interesting way to 
reduce the percolation threshold for graphene nanocomposites is to 
localize the graphene nanoplatelets in one phase or at the interface of a 
co-continuous immiscible polymer blend [9]. This was firstly described 
by Sumita et al. in 1991 [10], then in 1995 by Gubbels et al. [11,12] for 
carbon blacks and more recently, deeply explained by Pötschke et al. 
[13,14] for carbon nanotubes. Pötschke et al. [13,14] interestingly 
summarized the transfer speed of different nanoparticles through the 
PC/SAN interface of a co-continuous blend. Graphene and graphite are 
classified in intermediate and slow transfer, respectively, due to their 
intermediate and low aspect ratio. Mao et al. [15] showed that by 
dispersing an octadecylamine-functionalized graphene (GE-ODA) in the 
PS phase of a co-continuous PS/PMMA polymer blend, it is possible to 
decrease the percolation threshold to 0.5 wt%. The concept of double 
percolation is described by those authors as the localization of the 
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Graphene KNG 180 (Xiamen Knano), Nitric acid (Sigma Aldrich), 

Sulfuric acid (Sigma Aldrich), Potassium permanganate (Sigma Aldrich), 
Hydrogen peroxide (33%) (Panreac), Hydrochloric acid (37%) (Pan
reac), PMMA Altuglas V825T (ARKEMA), PS Edistir (VERSALIS). 

2.2. Synthesis of grafting agent P(MMA-co-HEMA) 

The synthesis of the poly(methyl methacrylate-co-hydroxyl ethyl 
methacrylate) was described in a previous study [20] and consisted of a 
radical copolymerization of methyl methacrylate (MMA) and 2-hydrox
yethyl methacrylate (HEMA) with a molar ratio MMA/HEMA = 95/5. 
Into a 100 mL flask fitted with a condenser, 10 g (0.1 mol) of MMA, 0.68 
g (5.2×10− 3 mol) of HEMA, 0.16 g (9.7×10− 4 mol) of AIBN and 20 g of 
acetonitrile were introduced. Argon was bubbled through the mixture 
for 15 min. Then the mixture was stirred and heated at 80 ◦C for 3 h. 
After reaction, the copolymer (P(MMA-co-HEMA)) was purified by 
precipitation in methanol. The copolymer polydispersity index of 1.47 
was determined by GPC (PMMA standard) with a Mn of 35000 g.mol− 1. 

2.3. Oxidized graphene and polymer functionalized graphene 

Graphene was modified via different chemical treatment strategies 
presented in our previous study [20]. Graphene was treated with two 
strategies called “soft” and “strong” with a first oxidation step based on 
nitric acid and Hummers’ methods, respectively. Then, hydrazine 
reduction was necessary to recover electrical property for the “strong” 
strategy after Hummers’ oxidation. Functionalization consisted in 
grafting the P(MMA-co-HEMA) copolymer (by esterification) on gra
phene oxide. Table 1 lists the powder samples prepared by different 
chemical strategies and Table 2 lists their characteristics. 

2.4. Nanocomposites preparation 

There are two types of final nanocomposite formulations: (1) gra
phene and modified graphene dispersed in a single polymer matrix (PS 
or PMMA) and (2) graphene and modified graphene dispersed in a PS/ 
PMMA blend. Both were processed by solvent casting followed by melt 
mixing. The solvent casting step allows to facilitate the incorporation of 

Table 1 
List of the modified graphene samples, the different treatments used and the type 
of notation chosen. Referred to [20].  

Materials 

G Graphene 
GO-PMMA Oxidized graphene functionalized with P(MMA-co-HEMA)  

Chemical, thermal treatments 
OxH Oxidation using the Hummers’ method 
OxN Oxidation using nitric acid 
r1 Thermal reduction at 250 ◦C 
r2 Reduction using hydrazine hydrate  

Sample examples 
GOxH-r2 Hydrazine reduction of GOxH  

GOxH-r2-PMMA Steps: 
Step 1: Hydrazine reduction of GOxH 
Step 2: functionalization with P(MMA-co-HEMA)  

GOxH-PMMA-r2 Step 1: functionalization of GOxH with P(MMA-co-HEMA) 
Step 2: Hydrazine reduction  

GOxH-r2-PMMA-r1 Step: 
Step 1: Hydrazine reduction on GOxH 
Step 2: functionalization with P(MMA-co-HEMA) 
Step 3: Thermal reduction at 250 ◦C  

nanoparticles at the interface of a co-continuous polymer blend. And it is 
seen to dramatically decrease the percolation threshold. Nevertheless, 
targeting the localization of NPs by controlling the migration and 
dispersion of graphene nanoparticles in polymeric matrices is still a big 
challenge [2]. 

As predicted by the wetting parameter, Shen et al. [16] were allowed 
to localize a reduced graphene oxide (rGOs) at the interface of a co- 
continuous EVA/PLA blend and reduce the percolation threshold to 
0.18 wt%. However, in the literature, the double percolation was mainly 
obtained by playing on the melt process parameters [17]. Mun et al. [8] 
firstly dispersed graphene in the non-preferred PLA phase and then 
added the preferred HDPE phase. By these sequences of mixing the 
graphene was mainly dispersed at the interface of the co-continuous 
PLA/HDPE blend. Then, they were allowed to obtain an ultralow 
percolation threshold at 0.1 %vol. In the same manner, Bai et al. [18] 
dispersed graphene nanoplatelets (GNPs) at the interface of a co- 
continuous PS/PLA blend although the wetting parameter predict that 
GNPs should be localized in the PS phase. To achieve the GNPs trapping 
at the interface, they control the melt-compounding sequences, mixing 
times and shear rates. Kou et al. [19] described almost the same exper-
iments while trapping GNPs at the interface of a co-continuous PLA/EVA 
blend. They also proved that while GNPs leave PLA quickly during initial 
compounding, they are trapped for a long time (2 to 10 min) at the 
interface. This leads to an electrical conductivity of 10−  7 S/cm for a 
percolation threshold at 0.048 wt%. The authors defended that this 
value falls in the range of electrostatic discharge protection materials 
(10−  4–10−  11 S/cm). 

Other parameters than kinetics processing parameters play a key role 
in the dispersion and localization of graphene nanoplatelets in polymer 
blends, such as the polymer viscosity ratio, nanoparticle aspect ratio and 
size, and nanoparticle surface chemistry. 

Graphene chemical modifications are sometimes operated before 
incorporation in a polymer matrix to avoid graphene nanoparticles ag-
gregation and improve graphene/polymer interaction. These treatments 
tend to alter both graphene structure and electrical properties. In this 
case, a compromise between chemical modifications and electrical 
properties has to be found as demonstrated in our previous article [20]. 

In this previous article [20], different chemical treatment strategies 
have been investigated and the electrical conductivity of the nano-
particles has been measured. Generally, the higher the oxidation rate of 
the graphene, the lower the electrical conductivity. This demonstrates 
the necessity to reduce the graphene oxide nanoparticle in order to 
recover interesting electrical conductivity. It was shown that this 
reduction step can be performed by increasing the temperature to 250 ◦C 
or by a treatment with hydrazine. Thermal reduction can then be per-
formed during the melt mixing process if the operating temperature is at 
least equal to 250 ◦C. 

Finally, by analyzing the literature, it can be noticed that the influ-
ence of the chemical surface modification of graphene nanoparticles on 
their localization in a polymer blend, and by extension on the electrical 
conductivity, while using scalable melt mixing process, are rarely 
studied. In the present article, the selective localization of modified 
graphene particles in a polystyrene/poly(methylmethacrylate) (PS/ 
PMMA) blend was studied. Several modified graphene samples, ob-
tained using different strategies as described in our previous article, 
were used [20]. The influence of the modification of graphene chemical 
surface on the localization in the PS/PMMA immiscible polymer blend 
was investigated. The coherence between the real localization and that 
predicted by the thermodynamic coefficient (wetting parameter) was 
investigated. 

2. Materials and method

2.1. Raw materials



the nanoparticles during the melt mixing. The solvent casting consisted 
in a premixing of graphene samples with PS or PMMA matrices using 
THF as a solvent. This step is called “masterbatch” and was performed on 
2.5 g of compound (polymer matrix + nanoparticle). After THF evapo
ration, this masterbatch was added to polymer pellets into a micro
compounder DSM Xplore apparatus during the melt mixing step. The 
mixing parameters were fixed at 80 rpm, 250 ◦C and 4 min of mixing. 
9.5g of polymer pellets were added to the masterbatch to get 12g of 
compound at the end. Polymers in the blend were incorporated at 
equivalent mass (50/50). Final polymer blends (PS/PMMA) nano
composites were filled with 2 wt% of nanoparticles. Table 3 lists the 
polymers and nanocomposites 

Procedure of extraction of nanoparticles was carried out on some 
nanocomposite formulations to characterize nanoparticles after the 
melt-compounding step. Hence, nanocomposite sample prepared as 
explain above, was introduced in THF during 3 days at 50 ◦C to remove 
all polymer matrix (PS or PMMA). Then nanoparticles and liquid phase 
were separated using centrifugation and the solid phase was washed 3 
times with THF and 1 time with acetone. The obtained powder corre
sponding to the graphene particles was dried under vacuum for two 
days. Those samples are named “GOxH extracted”. 

Graphene and modified graphene dispersed in a single polymer 
matrix (PS or PMMA) were characterized by XRD, FTIR, py/GC–MS and 
rheology (refer to Table S1 in the supporting information). Graphene 
and modified graphene dispersed in the PS/PMMA blend were charac
terized by SEM. 

2.5. Characterizations 

FTIR spectra were recovered on a BRUKER Vertex 70 spectrometer to 
evaluate the oxidation state of the treated graphene samples by using 
ATR process. Spectra were obtained with a resolution of 4 cm− 1 at room 
temperature in a wavenumber range between 4000 cm− 1 and 400 cm− 1. 
XRD was used to get information about the structural changes on pris
tine and modified graphenes. The diffractometer used for these analyses 
is a BRUKER D8 Advance apparatus with a Cu K∞ radiation (λ = 0.1542 
nm). Raman spectroscopy was performed with a RENISHAW machine to 
analyze presence of defects in graphene structure before and after 

chemical modifications. The laser source used was 532 nm. 
Contact angle measurements were carried out in order to determine 

surface tension, interfacial tension and wetting parameter to predict 
nanoparticles localization in the polymer blend. Water and diiodo
methane drops were deposited with a controlled volume on the sample 
surface to determine polar and dispersive components, respectively. The 
contact angle between the drop and the substrate was measured using a 
KRÜSS Drop Shape Analyzer DSA30 goniometer apparatus. Each pow
der samples were produced by compression molding. The deposition of 
water and diiodomethane drops was performed three times on different 
sample zones. The dispersive (γd

S) and polar (γp
S) contributions to the 

surface energy of samples were calculated according to Eq. (1) using the 
Owens-Wendt model: 

γL(1+ cosθ) = 2
̅̅̅̅̅̅̅̅̅

γd
Sγd

L

√

+ 2
̅̅̅̅̅̅̅̅̅

γp
Sγp

L

√

(1) 

Pyrolysis–gas chromatography–mass spectrometry (Py-GC/MS) 
analytical setup consisted of an oven pyrolyzer connected to a GC/MS 
system. A pyrolyzer equipped with an electrically heating platinum 
filament (Pyroprobe 5000 from CDS Analytical) was used for the py
rolysis step under helium. Each sample (<1 mg) was introduced in a 
quartz tube between pieces of quartz wool. A coiled probe enabled the 
pyrolysis of the whole. The sample was heated directly at 900 ◦C (during 
15 s) before gases formed during pyrolysis were drawn to the gas 
chromatograph (during 5 min). The pyrolyzer apparatus is connected to 
a gas chromatograph (450-GC from Varian) by means of a transfer line 
heated at 270 ◦C. The GC initial temperature of 70 ◦C was held for 0.2 
min, and then raised to 310 ◦C at 10 ◦C/min. The Varian Vf-5 ms 
capillary column (30 m × 0.25 mm) used for separation was under he
lium (1 mL/min) with a split ratio set to 1:50. After separation, the 
pyrolysis products were introduced to the ion trap analyzer of the 240- 
MS mass spectrometer (Varian) through the direct-coupled capillary 
column. The NIST mass spectral library was used to identify the pyrol
ysis products. 

STEM micrographs were performed with an Environmental Scanning 
Electron Microscope equipped with Energy Dispersive X-ray spectros
copy (ESEM–EDX) (Quanta 200 FEG) from the FEI Company. A STEM 
detector composed of two diodes named (A and B) and 8 positions was 
added to the system. This set up is also called “STEM-in-SEM”. The 
observed composites were prepared by ultramicrotomy at ambiant 
temperature on extruded samples. Nanocomposite slices obtained were 
around 40 nm thick and were placed on a STEM grid support. STEM 
images were realized from two methods: “Dark field” or “Bright field” 
also named DF or BF, respectively. According to the sample position and 
the diode used to receive electrons, DF or BF images can be obtained. DF 
is for diffused electron and BF for transmitted electron. By switching 
from one field to the other, the image contrast is reversed as demon
strated in Fig. S1. Knowing in which field images are performed is 
important in the case of immiscible polymer blend system. In our study, 
bright field were used. Hence, samples were always put in position B and 
the data were collected by diode B. 

Rheological measurements were carried out with a MCR 702 Anton 
Paar apparatus at 250 ◦C in a frequency range from 100 to 0.1 rad/s and 
under nitrogen. The samples were disks of polymer blend filled with 
graphene or modified graphene obtained by injection molding. The 
applied strain was 0.9 % in order to do the frequency sweep in the linear 
viscoelastic domain. 

3. Results and discussion

3.1. Morphology and chemical structure evolution of modified graphene 
particles during the melt-compounding 

3.1.1. In-situ reduction of oxidized graphene during the melt-compounding 
Firstly, XRD diffractogram of GOxH was compared to that of gra

phene and shows a complete modification, with the presence of a peak at 

Materials Layer numbers(1) Defects rate (ID/ 
IG)(2) 

Resistance (Ω)(3) 

G 46–47  0.23 50 
GOxH 9–10  1.03 No signal 
GOxN 44–45  0.27 100 
GOxH-PMMA –  1.25 No signal 
GOxN-PMMA 44–45  0.24 2566 
GOxH-r2 8  1.35 1067 
GOxH-r2-PMMA –  1.38 6113 
GOxH-r2-PMMA- 

r1 

–  – 1203 

(1)The number of layers was obtained by XRD. 

(2)The rate of defects was obtained by Raman spectroscopy. 

(3)The electrical resistance of the powders was obtained by a four probes
installation. 

Table 3 
List of the polymers and nanocomposites.  

Polymers 

PS (Edistir) PS, η0 = 95 Pa.s 
PMMA V825T PMMA, η0 = 1244 Pa.s  

Nanocomposites sequences example 
(G/PS)/PMMA Step 1: Masterbatch of G/PS 

Step 2: Masterbatch mixed with PMMA by melt-compounding  

Table 2 
Physical characteristics of the different powder samples. Referred to [20].  



3.1.2. Stability of the grafted P(MMA-co-HEMA) chains during the melt- 
compounding process 

The grafting of P(MMA-co-HEMA) onto GOxH (leading to GOxH- 
PMMA) was described in our previous article [20]. To verify the pres
ence of the grafted copolymer chains even after the melt compounding 
process, GOxH-PMMA was incorporated into a PS matrix using the 
extrusion process and then the functionalized graphene particles were 
extracted from the polymer using THF, as described previously. 

Considering that graphene sheets were dispersed in PS matrix, the 
detection of methyl methacrylate molecules by Py-GC/MS analysis, from 
extracted GOxH-PMMA particles, can be attributed only to the grafted P 
(MMA-co-HEMA) copolymer chains. The comparison of GOxH-PMMA 
and extracted GOxH-PMMA chromatograms in Fig. 2 shows several 
differences which were attributed to the in-situ reduction of one part of 
the oxygenated groups during the melt-process (as shown previously for 
GOxH). Indeed, this reduction reaction involves modification of chem
ical composition for graphene nanoparticles which modifies their 
decomposition behavior during the pyrolysis step and therefore the 
nature of the obtained products. Moreover, the presence of toluene in 

Fig. 1. (a) XRD of graphene, GOxH, GOxH dispersed in PMMA (GOxH/PMMA disk) and GOxH extracted from the PMMA matrix (GOxH extracted) with the framed 
peak at 26.2◦, (b) FTIR spectra of GOxH and GOxH extracted. 

Fig. 2. Py-GC/MS of GOxH-PMMA and GOxH-PMMA after melt compounding 
with PS matrix and elimination of PS phase. 

10.4◦ for GOxH assigned to an increase of the interlayer distance be-
tween sheets due to the intercalation of functional groups (Fig. 1a). 
Moreover, an enlargement of the peak is also observed, which corre-
sponds to the delamination of graphene sheets. 

Oxidized graphene from Hummers’ method (GOxH) is considered as 
an electrical insulating material [20]. To improve electrical property of 
the final nanocomposite it is necessary to reduce the graphene oxide 
(GO) to recover a graphene-like sp2 conductive structure. Reduction of 
GO can occur at around 200 ◦C [20]. Knowing that the processing 
temperature to produce the nanocomposite based on PMMA and GO or 
GOxH is 250 ◦C, we assume that a large part of the oxygenated groups 
should decompose during the extrusion step. 

In order to confirm this hypothesis, the GOxH particles were 
extracted from PMMA after the melt-compounding step, to analyze the 
arrangement of graphene sheets. 

After melt-compounding at 250 ◦C and THF extraction, a peak at 
26.2◦ similar to the one observed on the graphene diffractogram is 
present. This evolution was attributed to a restacking of GOxH sheets 
due to a reduction reaction in the polymer matrix during the extrusion 
step at 250 ◦C. The elimination of these functional groups and the re-
covery of the sp2 structure led to a reactivation of the Van der Waals 
interactions between π-π bonds of graphene sheets. In Fig. 1a, a broad 
peak is observed for GOxH/PMMA at 20◦ corresponding to the amor-
phous part of PMMA matrix. Three peaks at 21◦, 24◦ and 26.4◦ are also 
present and correspond to different interlayer spacing of graphene 
sheets. These different peaks are probably due to an inhomogeneous 
reduction degree of GOxH nanoparticles that led to different interlayer 
distances. In all cases, this XRD result confirms that there is a thermal 
reduction of GOxH during the melt process that makes the restacking of 
graphene sheets possible. Moreover, FTIR analysis (Fig. 1b) confirms 
also the reduction of GOxH during the extrusion process with the 
disappearance of the large band at 3500 cm−  1 corresponding to –OH 
bonds. The band at 1250 cm−  1 characteristic of C-O bonds does not 
appear also for extracted GOxH. Raman spectroscopy (Fig. S2) 
confirmed as well the reduction of GOxH with a full width at half-
–maximum (FWHM) decrease for the D band (FWHM from 148 cm−  1 to 
126 cm−  1 for GOxH and GOxH/PMMA, respectively) and the G band 
(FWHM from 100 cm−  1 to 82 cm−  1 for GOxH and GOxH/PMMA, 
respectively) [21]. The shift of G band at lower Raman shift, (from 1600 
cm−  1 for GOxH to and 1596 cm−  1 for GOxH/PMMA) also confirmed the 
thermal reduction after melt blending. This point is deeply explained in 
reference [20]. 

Hence, a restacking of GOxH sheets occurs during the melt-process 
and that is due to the elimination of one part of the oxidized groups. 
This can be identified as a partial reduction step. 



the oxidized nanoparticles are more flexible with a wrinkled surface 
which allows polymer chains entrapping and adsorption [30]. Nano
particle higher aspect ratio tends to increase nanocomposite viscosity 
[30] and in our case, aspect ratio of GOxH is higher than the commercial
graphene. Colonna et al. explained that highly expanded and wavy
nanoparticles, as our graphene oxide (GOxH), favors polymer chains
impregnation between flakes which led to viscosity increase all along
the frequency sweep [31].

Regarding the reduction of GOxH with hydrazine (GOxH-r2), PS fil
led with these nanoparticles led to a viscosity decrease compared to neat 
PS or GOxH/PS. After hydrazine reduction, the layer number for GOxH- 
r2 particle is around 8 (Table 2) but a sheet restacking is seen with the 
partially recovered structure of graphene (Fig. S3). This is due to the 
decomposition of one part of the oxygenated groups. This reduction 
reaction results in an interlayer distance decrease which reduces the 
probability of polymer chains intercalation and increases the rigidity of 
the particle. It explains the viscosity reduction for PS compared to 
nanocomposite mixed with GOxH. Nevertheless, since GOxH-r2 is more 
flexible than G and contains more oxygen groups than G, there is more 
surface friction than for graphene particles. This may explain that a 
higher viscosity is obtained for GOxH-r2/PS compared to G/PS nano
composite. About GOxH-r2 in PMMA matrix, the viscosity is lower than 
GOxH/PMMA at low frequencies (<1 rad/s) probably due to the 
restacking of sheets which didn’t permit the impregnation of polymer 
chains between graphene sheets. However, the viscosity is higher than 
the other formulations due to interaction of remaining oxygenated 
groups on GOxH-r2 with the PMMA polymer chains. 

When GOxH-PMMA is used, PS nanocomposite viscosity increases in 
comparison to neat PS matrix but stay lower than that of PS filled with 
GOxH. With the PMMA matrix, viscosity decreases after the incorpora
tion of the functionalized GOxH-PMMA nanoparticles and is also much 
lower than for G/PMMA composite for which the rigidity of graphene is 
the reason of the viscosity drop. The same result was obtained with 
GOxN-PMMA/PMMA (GOxN was oxidized with nitric acid), as its vis
cosity was lower than G/PMMA nanocomposite. Knowing that the 
number of layers of G and GOxN-PMMA is identical (around 45 in 
Table 2), it proves that a lower viscosity for GOxN-PMMA/PMMA 
compared to G/PMMA is due to a different chemical surface of the 
nanoparticles and not to the rigidity or compact nature of the 
nanoparticles. 

Jain et al. [32] described a PP/silica system for which high molar 
mass PP chains were physisorbed at the surface of the silica NPs while 
low molar mass constitutes the surrounding molten matrix. And this 
leads to a viscosity decrease. Indeed, physisorption of high molar mass 
PP results in a reduction in entanglement density in the bulk, therefore 
increasing the flowability or reducing the viscosity. 

Hence, the difference of behavior regarding the incorporation of 
GOxH-PMMA in PMMA or PS can probably be explained by a difference 
of interaction between the macromolecules of PS or PMMA bulk and the 

Fig. 3. Complex viscosities at 250 ◦C of (a) neat and filled PMMA and (b) neat and filled PS. 2 wt% of nanoparticles was incorporated.  

high quantity for GOxH-PMMA was attributed to the trapping of solvent 
molecules between sheets during the functionalization step. Styrene 
molecules are predominant in the chromatogram of GOxH-PMMA after 
extraction. This was attributed to the presence of PS matrix chains that 
were not completely dissolved and eliminated during the extraction 
procedure. 

Hence, a lots of similar products are seen in chromatograms before 
and after extrusion step but their proportions change significantly 
(Fig. 2). Especially, the methyl methacrylate peak proves the stability of 
the copolymer grafting during the melt process. 

3.1.3. Rheological analysis of the different graphenes into PS or PMMA 
matrices 

Rheological behavior and especially dynamic oscillatory experi-
ments, is an interesting tool to characterize the dispersion state of 
nanoparticles into a polymer matrix. 

Fig. 3a and b reports the evolution of the complex viscosity versus 
frequency for each nanoparticle dispersed in each PS or PMMA polymer 
phase. 

Fig. 3a and b shows that PS and PMMA viscosities decrease with 
graphene (G) incorporation. 

Einstein theory [22] described the increase of the viscosity of a 
matrix as a function of the volume fraction of fillers. By extension, non- 
Einstein behavior describes the viscosity drop when adding fillers. The 
“Non-Einstein” like phenomenon takes into account the nanoparticle 
radius and the polymer chain gyration radius [23]. Viscosity reduction 
was often described when graphene or graphite were introduced into 
polymers [16]. In their work, Merkel et al. [24] attributed the decrease of 
the viscosity for a nanocomposite to excluded free volume induced 
around the nanoparticles. Other works explained the viscosity decrease 
of PS when adding graphene or graphite to the π-π interaction between 
the aromatic cycle of styrene units and graphene sheets. Moreover, the 
low surface friction of graphene favors interfacial slippage between 
nanoparticles and polymer matrices and also tend to decrease the vis-
cosity at low filler concentration [25]. This phenomenon was also 
demonstrated with the compact nature of crosslinked PS nanoparticles 
dispersed in a PS matrix which induced reduction of local friction and 
disentanglement of bulk polymer chains [26]. Lower local friction 
resulted in viscosity reduction. For PMMA, viscosity decreases also after 
the graphene incorporation probably due to the same slippage phe-
nomenon (Fig. 3a). The commercial graphene is made of particles con-
taining around 45 layers (Table 2) with a high rigidity and a compact 
nature of stacking sheets [27,28]. This structure favors the slippage of 
polymer chains. Moreover, graphene is known for its lubricant charac-
teristic which can explain the viscosity reduction of polymers [29]. On 
the contrary, with GOxH, viscosities are higher than for neat polymer 
matrices. Hummers’ method decreases the number of graphene layers 
that goes from around 45 for neat graphene (G) to around 9–10 layers 
for GOxH (Table 2); and the rigididy of the particles is decreased. Hence, 



3.2.2. Thermodynamic prediction of the localization of modified graphene 
particles 

In polymer blends, the nanoparticle localization can be predicted by 
determining interfacial tension and calculating wettability coefficient 
(also called wetting parameter) based on thermodynamic prediction. 
Nanoparticles localization was determined according to the Young’s 
equation (Eq. (2)) by obtaining the wettability coefficient: 

ωa =
γnp− PMMA − γnp− PS

γPS− PMMA
(2) 

γnp− PMMA represents the interfacial energy between the nanoparticle 
and PMMA, γnp− PS the interfacial energy between the nanoparticle and 
PS, γPS− PMMA the interfacial energy between PMMA and PS. If:  

• ωa > 1, nanoparticles are located in the PS phase
• ωa < − 1 nanoparticles are located in PMMA phase
• − 1 < ωa < 1 nanoparticles are located at the interface

By using surface energy determined with contact angle measure
ments, the interfacial tension can be calculated. Two methods were 
applied such as harmonic and geometric mean equations. Geometric 
mean equation (Eq. (3)) is preferred for filled polymers whereas, Har
monic mean equation (Eq. (4)) is preferred for neat polymers [38]. As 
some articles describe the use of both equations [39], Table 5 and 
Table 6 compare both. 
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γd

1γd
2

γd
1 + γd

2
+
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1γp
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γ1 and γ2 are the surface energies, γd
1 and γd

2 are the dispersive 
components, γp

1 and γp
2 are the polar components of materials 1 and 2, 

Fig. 4. Water contact angle measurement for different modified graphene samples.  

Table 4 
Surface energy of graphene and modified graphene nanoparticles.  

Materials γd (mN/m) 
(25 ◦C) 

γp (mN/m) 
(25 ◦C) 

γ (mN/m) 
(25 ◦C) 

dγ/dT (mN/ 
m/◦C) 

G  43.88  11.59  55.47 0 
GOxH  40.24  22.15  62.40 − 0.1 [36] 
GOxH-r2 46.53  6.43  52.96 0;-0.1 [36] 
GOxH-PMMA  41.15  5.78  46.93 0 
GOxN  44.95  14.28  59.22 0 
GOxN-PMMA  44.71  0.51  45.22 0 
GOxH-r2- 

PMMA  
43.27  1.00  44.27 0 

GOxH-r2- 
PMMA-r1

45.05  0.02  45.07 0 

PMMA  41.77  1.89  43.66 − 0.077 [37] 
PS  39.35  0.87  40.22 − 0.072 [37]  

PMMA chains grafted at the graphene surface. As in the work of Jain 
et al. [32], GOxH-PMMA dispersed in PMMA leads to physisorption of 
bulk PMMA chains at the surface of the functionalized graphene, 
reducing the entanglements in the bulk and the viscosity. This viscosity 
reduction for GOxH-PMMA in PMMA matrix can also be assigned to an 
autophobic dewetting behavior. This autophobic behavior was 
described by Kwon et al. [33] in the case of silica NPs grafted with high 
density of dopamine-modified poly(ethylene glycol) brush polymer and 
dispersed in a PEG matrix. They explained the rheological results 
(decrease of G’ and G’’ compared to the bare silica for low and moderate 
volume fraction of NPs) by a dewetting of bulk polymer chains that can 
not bridge the NPs due to a high amount of short (molar mass below the 
entanglement molar mass, Me) brushes at the surface of the silica NPs 
[33,34]. This was previously also described by Giovino et al as an effect 
of chain mobility at the particle interface [35]. Whereas in the case of 
GOxH-PMMA dispersed in PS, no physisorption occurs, because there is 
no affinity between the PMMA grafted polymers and the PS chains and 
the viscosity is slightly increased. 

3.2. Evolution of the graphene particle localization in the polymer blend 

3.2.1. Contact angle measurements 
The contact angle measurement technique is a suitable method to 

obtain surface energy of a material. The angle between the deposited 
drop and the surface can change according to the surface chemical 
composition. Effectively, Fig. 4 shows water drop on the surface of 
powder pellets obtained with different modified graphene samples. A 
variation of the contact angle can clearly be observed for these samples. 
In Table 4, relative surface energy of the modified graphene were 
determined thanks to Owens-Wendt method. Due to the oxidation re-
action, graphene oxide nanoparticles are obviously the most hydrophilic 
and this is in accordance with a decrease of the contact angle with water. 
The decrease is mostly pronounced for GOxH due to the large presence 
of oxygenated groups. The soft oxidation by nitric acid method (GOxN) 
shows a less pronounced reduction of the contact angle. The grafting of 
the copolymer chains is also proved by a strong increase of the angle that 
reached 90◦ for GOxN-PMMA. The contact angle for GOxH-PMMA is 
lower than for GOxN-PMMA due to the large presence of oxygenated 
groups due to Hummer’s oxidation and that were not removed after 
functionalization. The change in contact angle between oxidized (GOxH 
and GOxN) and functionalized graphenes (GOxH-PMMA and GOxN- 
PMMA) proves that the oxidized graphene surface become more hy-
drophobic after grafting. Finally, regarding the reduction step (r2 or r1), 
the grafting is maintained after the hydrazine reduction (r2) leading to 
an increase of the contact angle and it is maintained even after the 
thermal treatment step (r1). This is consistent with the previous part on 
the grafting stability proven after melt-compounding. 



respectively. Wettability coefficient at 25 ◦C and 250 ◦C are listed in 
Table 5 and Table 6, respectively, according to Harmonic and Geometric 
mean equations. Localization of nanoparticles was also predicted. With 
the extrapolation at the melting temperature during the process, only 
GOxH-r2-PMMA-r1 is expected to be located at the interface between PS 
and PMMA. 

3.2.3. Impact of graphene particle modification on their real localization 
STEM images were used to characterize the graphene nanoparticles 

localization in the PS/PMMA blend. For the obtained STEM images, the 
lightest regions correspond to PMMA phase, the darkest to the PS phase. 
White parts are holes which were created during the ultramicrotomy 
preparation of the samples. Table 6 is completed with a column 
mentioning the real localization (based on those STEM images) of the 
NPs in the blend after the melt processing. Pristine graphene seems to 

form agglomerates and remains in the PS phase after mixing. About 
GOxH nanoparticles, thermodynamics predicts (Tables 5 and 6) that, 
due to the strong oxidation, the particles should localize in the PMMA 
phase. However, as the GOxH was thermally reduced during the melt- 
blending process (which was confirmed in 3.1.1), the real final locali
zation is in the PS. Indeed, this thermal reduction at 250 ◦C, leads to the 
decomposition of one part of the oxygenated groups which allows the 
recovery of a sp2 structure and the formation of π-π interactions between 
the PS matrix and the graphene sheets. The same localization was 
observed for GOxH-r2, that is localized in the PS matrix and not in the 
PMMA matrix as determined by the thermodynamic predictions. How
ever, wettability coefficient values increase after hydrazine reduction 
(from − 5.82 to − 4.15 for GOxH and GOxH-r2, respectively) which tend 
to a PS location. Hence, hydrazine reduction of GOxH nanoparticles 
allows to recover a part of the graphene-based structure and therefore 
possible π-π interactions between GOxH-r2 and PS. Moreover the 
restacking of graphene sheets (Fig. S3), due to the hydrazine reduction, 
makes difficult the transfer to the PMMA phase. Moreover, if the ther
modynamic prediction for localization of nanoparticles was not totally 
in accordance with the real localization it is probably due to the weak 
precision of contact angle measurement. Effectively, this method is 
sensitive to the roughness of the sample, the environment, and also to 
the porosity of the compressed powder. Moreover, the reliability of 
surface energy measurements by contact angle depends on several 
conditions and can be disturbed by the chemical composition evolution 
of oxidized graphene nanoparticles during the melt process. That’s why 
it is difficult to assert the particle localization only on thermodynamic 
prediction. 

Some studies analyzed the impact of the polymer viscosity ratio on 
particle localization. The conclusion of most articles was that, when 
mixed all together (polymers were first added and then particles were 
added), particles tend to remain in the polymer with the highest vis
cosity, whatever the chemical nature of the particles [38,40]. In our 
case, there are then two explanation for the final localization of GOxH 
and GOxH-r2 in PS: (1) the sequence of mixing (GOxH and GOxH-r2 are 
primarily dispersed in PS and PMMA is further added) plays a key role in 
the final localization because (2) the chemical structure of the nano
particles has a strong impact on the localization since GOxH and GOxH- 
r2 remain in the PS matrix which has the lowest viscosity compared to 
the PMMA phase. 

By grafting with the copolymer chains, both GOxH-PMMA and 
GOxN-PMMA goes through the interface to the PMMA phase (Fig. 5a 
and c). In our previous study [20], the grafting density of GOxN-PMMA 
was determined to be much lower than that of GOxH-PMMA, due to the 
lower number of functional groups created on GOxN than GOxH. The 
lowest grafting rate of PMMA for GOxN-PMMA therefore seems suffi
cient to allow its migration to the PMMA phase during the processing. 
For GOxH-r2-PMMA, one part of the nanoparticles seems to be located in 
the PMMA phase, which is the preferred phase, whereas others are also 
located at the interface. The same observations are performed for GOxH- 
r2-PMMA-r1 particles. GOxH-r2-PMMA and GOxH-r2-PMMA-r1 seem to 
be the most promising nanoparticles for the dispersion in a co- 
continuous PS/PMMA polymer blend to get efficient electrical proper
ties at low graphene amounts. As demonstrated previously by Pötschke 
et al. [14], the localization at the interface of a high aspect ratio nano
particle (platelets, nanotubes) depends strongly on the dimension of the 
nanoparticles (lateral size) and the way they reach the interface (the 
larger the size of sheets, the longer it takes to pass through the interface). 
It was described as the slim-fast mechanism. Indeed, perpendicular 
orientation of sheets at the interface allows to migrate faster into the 
other phase [19]. The heterogeneous distribution in the length of this 
nanoparticle explains that some platelets have a longer stay at the 
interface whereas others (smallest) migrate faster through the interface. 

There are some similarity between thermodynamic prediction and 
STEM images. The localization predictions are consistent with the 
experimental observations for GOxN-PMMA, GOxH-PMMA, GOxH-r2- 

Materials Wettability 
coefficient (from 
Harmonic) 25 ◦C 

Wettability 
coefficient (from 
Geometric) 25 ◦C 

Localization of 
the nanoparticles 

G/PS/PMMA − 5,42 − 9,01 PMMA 
GOxH/PS/ 

PMMA 
− 5.74 − 13.52 PMMA 

GOxH- 
PMMA/PS/ 
PMMA 

− 3.75 − 4.85 PMMA 

GOxN- 
PMMA/PS/ 
PMMA 

1.00 1.15 Interface-PS 

GOxH-r2/PS/ 
PMMA 

− 4.67 − 6.02 PMMA 

GOxH-r2- 
PMMA/PS/ 
PMMA 

0.23 0.24 Interface 

GOxH-r2- 
PMMA-r1/ 
PS/PMMA 

1.68 3.30 PS  

Table 6 
Wettability coefficient at 250 ◦C and prediction of fillers localization in PS/ 
PMMA blend.  

Materials Wettability 
coefficient 
(from 
Harmonic) 
250 ◦C 

Wettability 
coefficient 
(from 
Geometric) 
250 ◦C 

Localization of 
the 
nanoparticles 

REAL 
Localization 

G/PS/ 
PMMA  

− 9.12  − 15.51 PMMA PS 

GOxH/PS/ 
PMMA  

− 5.82  − 13.62 PMMA PS 

GOxH- 
PMMA/ 
PS/ 
PMMA  

− 7.78  − 10.39 PMMA PMMA 

GOxN- 
PMMA/ 
PS/ 
PMMA  

− 3.11  − 3.18 PMMA PMMA 

GOxH-r2/ 
PS/ 
PMMA  

− 4.15  − 5.32 PMMA PS 

GOxH-r2- 
PMMA/ 
PS/ 
PMMA  

− 4.20  − 4.25 PMMA Interface & 
PMMA 

GOxH-r2- 
PMMA- 
r1/PS/ 
PMMA  

¡1.86  ¡0.58 Interface & 
PMMA 

Interface & 
PMMA  

Table 5 
Wettability coefficient at 25 ◦C and prediction of fillers localization in PS/PMMA 
blend.  



PMMA and GOxH-r2-PMMA-r1. For GOxH-r2, GOxH and G, the predicted 
localizations are not in agreement with the obtained microstructures. As 
mentioned previously, it is assumed that this is due to the chemical 
structure evolution of the nanoparticles during the melt-compounding 
or the high rigidity of G. The stability of the copolymer grafting on 
graphene nanoparticles during the mixing showed also a strong impact 
on the localization of the fillers in the PMMA/PS polymer blend which 
makes possible the control of their localization. 

3.2.4. Polymer blend morphology evolution 
With the prospect of producing electrically conductive nano

composites, a co-continuous morphology should facilitate the percola
tion of graphene particles, even for low filler rates. Polymer blend 
morphology depends strongly on polymer viscosity ratio. Moreover, for 
polymer blend nanocomposites, the presence of nanoparticles leads to 
viscosity variation according to the filler quantity. In this case, it is 
important to control the evolution of polymer viscosity due to the 
presence of nanoparticles and to determine the suitable concentration 
for each polymer phase to obtain a co-continuous morphology. The 
understanding of nanoparticles migration during the extrusion process is 

also necessary to control their localization and reach the percolation 
threshold. 

For polymer blends, Paul and Barlow model [41] is a simple model 
that allows the prediction of phase inversion for two polymers A and B if 
their viscosities (ηA and ηB) and volume ratios (VA and VB) are known, as 
described by Equation (5). 

VA

VB
×

ηB

ηA
= X (5) 

IfX <1, the polymer phase B is continuous; X>1, the polymer phase A 
is continuous; X=1, both phases are continuous (co-continuous 
morphology). 

In the case of the 50/50 PMMA/PS, this model predicts that PS would 
be the continuous phase and PMMA the dispersed one, which is in 
accordance with the morphology of the unfilled polymer blend obtained 
(Fig. 6a). When graphene and modified graphene are added it is seen in 
Fig. 5 that some morphologies are changed from matrix/dispersed phase 
to co-continuous. 

Fig. 5. STEM images of nanoparticles/PS/PMMA composites melt mixed at 250 ◦C with a pre-dispersion of nanoparticles in PS matrix by solvent-casting method. 
Nanocomposites of PS/PMMA filled with 2 wt% of (a) G, (b) GOxH,(c) GOxH-r2, (d) GOxN-PMMA, (e) GOxH-PMMA, (f) GOxH-r2-PMMA, (g) GOxH-r2-PMMA-r1. 
Black arrows indicate the presence of graphene nanoparticles and dashed arrows indicate interfacial graphene. 

Fig. 6. STEM micrographs of polymer blend and polymer blend nanocomposites containing all 2 wt% of nanoparticles: (a) Neat PMMA/PS polymer blend, (b) GOxH/ 
PS/PMMA, (c) GOxH-r2/PS/PMMA, (d) GOxH-PMMA/PS/PMMA, (e) GOxH-r2-PMMA/PMMA. Black arrows indicate nanoparticle. 



For GOxH-r2, nanoparticles tend to remain in PS phase. Due to the 
shear force during the compounding step, some sheets are located and 
stacked at the interface (Fig. 8a). The cutting effect by graphene sheets 

can occur [42] (Fig. 8a). The lack of affinity with PMMA leads to an 
encapsulation of GOxH-r2. These nanoparticles are then trapped in small 
PS domains (Fig. 8b). This encapsulation was also proposed by Bai et al. 
[18] as a step migration for graphene located at the interface, before a
transfer to the other phase for longer compounding times. The same
encapsulation mechanism is observed for GOxH nanoparticles (Fig. S4).

About GOxH-PMMA, GOxH-r2-PMMA and GOxH-r2-PMMA-r1, some 
nanoparticles are localized at the interface or in PMMA matrix as gra
phene particles have been premixed in PS phase. Nanoparticles pre
mixed with the PS phase, with which they have the lowest affinity, tend 
to migrate in the preferred PMMA phase. As explained by Macosko et al. 
[19], graphene sheets tend to drain the PMMA/PS interface (Fig. 9). This 
time of migration depends on many parameters such as the contact 
distance between graphene nanoparticles and polymer interface. Effec
tively, nanosheets are transferred progressively in the PMMA phase 
(Fig. 8c). In general, for aggregates and particles with high lateral size, 
the transfer time from PS to PMMA is longer and can lead to an 
encapsulation mechanism. These mechanisms were described in Fig. 9. 

4. Conclusion

In this study the chemical surface of graphene showed undeniably a
strong impact on localization. The in-situ reduction of GOxH which 
changed its chemical composition during the melt-process allowed to 
explain why GOxH nanoparticles remained in the PS phase in PS/PMMA 
blend. On the contrary, nanoparticles grafted with PMMA chains 
(GOxH-r2-PMMA and GOxH-r2-PMMA-r1) were localized in the PMMA 
phase or at the interface of PS/PMMA blends. 

About rheological analysis, the influence of modified graphene 
nanoparticles on complex viscosity evolution is difficult to understand 
since several mechanisms can explain viscosity variations. By gathering 
information from the literature, some mechanisms were associated to 

Fig. 7. Scheme of the morphology evolution in polymer blend nanocomposites.  

3.2.5. Particles localization impact on nanocomposite microstructure 
According to graphene modification strategy and extrusion proced-

ure used, the nanoparticles migration and the evolution of the micro-
structure will be different in the PMMA/PS polymer blend. Neat 50/50 
PMMA/PS polymer blend displays a PS matrix/ PMMA dispersed phase 
microstructure as seen in Fig. 6a and as predicted by Paul and Barlow 
model. 

Native graphene and GOxH stay in the PS phase for different reasons. 
Native graphene remains in PS matrix due to the aggregate formation 
and also probably due to the compatibility with PS via π-π interaction. 
For GOxH, the in-situ reduction was proved in §3.1.1, this phenomenon 
led to decomposition of some oxygenated group which probably allow 
the recovery of affinity with PS matrix. This localization tend to increase 
the viscosity of the PS phase. Hence, the viscosity ratio between PS 
(+GOxH) and PMMA is increased and a co-continuous morphology is 
obtained (Fig. 6b). 

Regarding GOxH-r2 nanoparticles, the reason for their final locali-
zation in PS is also the π-π interaction (Fig. 5c). Hydrazine reduction 
decomposed a large amount of oxygenated groups. This localization led 
also to a co-continuous morphology due to viscosity ratio increase. 

For GOxH-PMMA and GOxH-r2-PMMA, nanoparticles are preferen-
tially localized in PMMA phase, resulting in the formation of larger 
PMMA nodules (Fig. 6d and e). Effectively, nanoparticles with larger 
lateral size stretch the PMMA nodules and induce irregular shapes. This 
phenomenon can also lead to coalescence between these irregular 
PMMA nodules and favors the co-continuity. These mechanisms are 
described in Fig. 7. 

3.2.6. Nanoparticles migration mechanisms during melt blending 



our observations. Indeed, according to the number of layer and inter
layer distance, graphene based nanoparticles can favor slippage phe
nomenon (viscosity reduction) or polymer chains impregnation between 
graphene platelets (viscosity increase). Influence of nanoparticle surface 
chemistry on viscosity was also discussed with functionalized graphene 
as an interesting viscosity variation occurred. The functionalization of 
graphene surface with PMMA copolymer chains dispersed in PMMA 
matrix resulted in a viscosity decrease. In our case, the surface func
tionalization resulted in a decrease of the entanglement density at the 
polymer-graphene interface probably due to a selective adsorption 
mechanism or to an autophobic dewetting. 

For polymer blend morphology, the microstructure of the blend was 
switched from matrix/dispersed phase to co-continuous when NPs were 
added. For the samples for which the NPs were dispersed in the 
continuous PS phase, co-continuity was explained by a viscosity increase 
of the PS phase and a repulsion of the PMMA phases. Whereas, for the 
samples for which the NPs were dispersed in the PMMA phase or at the 
interface, co-continuity was explained by a delay in PMMA phase 
relaxation and a coalescence. 

To produce performant nanocomposites, all aspects must be studied 
from nanoparticle synthesis to the nanocomposite preparation such as 
the nanoparticle properties, the nanoparticle structure evolution during 
the melt process, the morphology of the polymer blend system and also 
the control of the melt process parameters. All of these points will have 

an impact on final nanocomposite morphology and properties. By con
trolling the localization of graphene in a polymer blend, different ap
plications appear. For nanoparticles localized in continuous phase, 
performant nanocomposite for EMI shielding or electrical sensors can be 
produced. For a localization in dispersed phase, dielectric material for 
nano-capacitor applications can be elaborated [43]. 
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Fig. 8. (a) Cutting effect of GOxH-r2 particles, (b) Encapsulation of GOxH-r2 by a PMMA nodule, (c) Progressive transfer of GOxH-PMMA particle in a PMMA domain.  

Fig. 9. Scheme of nanoparticles migration mechanisms.  
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