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Abstract

The surface properties of nanofillers and surfateffacial interactions between fillers and
matrix play crucial roles in the control of the pesties of composites, especially considering
hybrid materials used in biomedical, electronic anérgy applications. In the present work,
we investigate the surface properties of monotfilad bi-filler composites of poly (lactic
acid) (PLA) with graphene nanoplatelets (GNP) andltimvalled carbon nanotubes
(MWCNTSs) prepared by melt extrusion method. Zetdeptal, contact angle (surface
energy), Raman spectroscopy, and atomic force stomy were used to evaluate the
interaction between PLA matrix, GNP and MWCNTSs jgée, and also to characterize filler-
polymer composite properties at the surfaces offithe The effect of filler loading in the
GNP/PLA and GNP/MWCNT/PLA composite films surfacgeerties was investigated using
surface Zeta potential by streaming and Contadeamgasurements. The results suggest that
the surface characteristics of the composite filaydne synergistically tuned by incorporation

of GNPs and MWCNTSs with controlling the filler cemts and filler combinations.

Keywords: Carbon nanotubes, Graphene nanoplates, Polyc(lacid) polymer, Contact
angle, Wettability, Surface roughness, Surfacegnésoelectric point, Interfacial interaction,

Raman analysis.



1. Introduction

Surfaces are inherently high-energy sites, andaasfillers present high surface areas
their surface energy is particularly high. When tlamofillers are added to a polymer matrix
their surface energy may result in strong intedhaanteractions with the polymer, which
determine the improvement of nanocomposite prageriil]. The surface properties of
nanofiller and polymer are particularly importamt predict the dispersion of filler and
interfacial interactions in polymer nanocompositesyever results focused on estimation of
surface characteristics of the nanocomposites baselde surface characteristics of the fillers
and its distribution in the polymer matrix are tgneeported, mainly when graphene and CNT
are used. Moreover, surface properties of the fm@hocomposites are important to be
characterized, since they govern the compatibdftyhe nanocomposites with other surfaces
(materials, microorganisms, cells, etc.), affectprgperties and consequently applications,
such as wettability/gas permeation in packagingpraowed friction of materials for
tribological application [2], cell adhesion in baopatible materials [3] and microorganism
proliferation in antimicrobial materials) [4], amdc. Especially concerning biomedical fields,
most of the PLA applications in the biomedicaldi@lre supported by its intrinsic biosorption
property, which are govern by wettability and soefeenergy. Therefore, a control of the
surface properties by the insertion of carbonace@mmfillers could contribute to improved
biocompatibility and/or osteointegration, by tunitige hydrophobicity of the polymer with a
controlled presence of nanofilleZeta potential is a physicochemical parameter etiic
significance in portraying the surface electricadperties of charged media, and it is a useful
parameter for determining electro-kinetic surfacepprties of both pristine and modified
surfaces. The zeta potential can be determinedffeyeht electro-kinetic measurements such
as streaming potential, electro—osmosis, sedimentapotential, electrophoresis and
isoelectric point (IEP). The induced electrokinetifect depends on driving force and the

nature of solid and liquid phases [5]. Experimdyptdahe Zeta potential for a solid surface is
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measured via a streaming potential, which occurbolping fluid through a channel. It is pH
dependent due to the acid/base properties of tHfacgs, and the pH at which the surface
charge is zero is called the isoelectric point JIBRd is typically used to quantify or define
the electro-kinetic properties of a surface.

Analyte adsorption and charge transfer are inteafgrocesses that are very sensitive
to the surface charge at the graphene-liquid iaterfand the capability tune the isoelectric
point is hence fundamentally important [6]. Howeuie zeta potential of hanocomposites
films of filler/ polymer is still poorly known becse of the difficulty to interpret streaming
potential experiments.

Moreover, the presence of graphene derivatives nigwk to affect the surface
properties of polymer composites, particularlyvtsttability, e.g., the incorporation of small
loadings of GNP are able to considerably changesthitace wettability of PLA composite
films [7] or when graphene oxide is used as fifiar polyvinyl alcohol (PVA) to tune the
surface properties of the nanocomposite [8]. Resafl contact angle for carbon nanotubes
(CNT) and different polymers, such as polypropyldfé), polyethylene glycol (PEG),
poly(methylmethacrylate) (PMMA), polyvinylidene f@iude (PVDF) are reported in the
literature. Among the reported values, significahtferences are observed for similar
composite systems, making it difficult for a comerg conclusion.

Wettability measurements in co-operation with stefaeta potential by streaming
measurements could provide a complementary approactvestigate the surface/interfacial
properties of composite systems [9-13]. Wettingnanofiller by surrounding polymer media
IS necessary in order to transfer the unique ptmseof the nanofiller to the matrix polymer.
The interfacial interactions and the percolatioeshold of nanofillers are determinant for the
nanocomposite properties [14-16]. If the interfeceveak, the composite has low strength and
stiffness, but high resistance to fracture, while strong interface interactions result in a

brittle material with high strength [15]. Evolutioaf properties around the percolation
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threshold of carbon nanotubes in polymer nanocortgmsrelated to the interfacial
interactions was reported [14]. However, there isead for further research in this area
related to the effects of filler types and filleamgbinations.

Therefore, herein we report on surface propertiesacterization of poly (lactic acid)
(PLA)-based nanocomposites incorporating graphanemiatelets (GNP) and mixed filler of
GNP and multi-walled nanotubes (MWCNTSs) with vagyifiller ratios. The effect of filler
types and filler loading on surface properties amposite films were studied by measuring
the isoelectric point and contact angle and calmgahe surface free energy of composites
films. The significance of this study is relatediwapplication of a new strategy to tune the
surface properties of PLA matrix by concentrati@ariation and combination of GNP and

MWCNT fillers.

2. Experimental details

2.1. Materials
The poly(lactic) acid (PLA) polymer used in thisidy was Ingeo™ Biopolymer PLA-
3D850 (Nature Works) with MFR 7-9 g/10 min (210Z16kg), peak melt temperature ~180

°C, glass transition temperature ~ 60 °C. Ingeo™8%D is a grade developed for
manufacturingog 3D printer filament. Graphene nanoplatelets (GNRE)pted as nanofillers
were supplied from Times Nano, China, having conunaécode (TNGNP). Multiwall carbon
nanotubes (MWCNTS) were purchased from Nanocyl $&&lgium). In this study, we have
used the Nanocyl 7000 series produced via the ytatatarbon vapor deposition process,
without any further purification. The specific faeg¢s of the used carbon nanofillers are

collected in Table 1.

Table 1. Characteristics of GNPs and MWCNTSs usd®LiA nhanocomposites

Characteristics GNPs MWCNTSs
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(TNGNP) (Nanocyl 7000)

Purity, wt.%

Number of layers / Thickness, nm
Diameter/medium sizeim
Length,um

Outer diameter, nm

Aspect ratio

Transition Metal oxide, %
Surface area, fiy

Volume resistivity, ohm.cm

>99,5 >90
<20/ 4-20 -
5-10 -
- 1.5
- 9.5
500 ~157
- <1
- 250-300
4.10 10*

2.2. Preparation of nanocomposites

Nanocomposites were prepared by melt extrusiorr@t-1180°C, using a twin-screw

extruder (COLLIN Teach-Line ZK25T) at screw spedd4® rpm. Masterbaches of 9 wt%

GNP/PLA and 9wt% MWCNT/PLA were initially prepareahd further diluted with PLA by

extrusion to produce mono-filler composites withrywag filler contents from 1.5 to 9 wt.%

GNP. The bi-filler composites (GNP/MWCNT/PLA) with wt.% and 9 wt.% total filler

content and GNP: MWCNT ratios of 1:1, 2:1, 3:1 d&d were fabricated by mixing the

composites 9 wt% GNP/PLA and 9 wt% MWCNT/PLA witleat PLA in appropriate

amounts. Disk shape samples of diameter 1 cm aic#n#ss 100 um for surface Zeta

potential measurements and square shape samplesizgt2x2 cm and thickness 100 pum for

Contact angle measurements were prepared by r&sipge

2.3. Experimental methods

The surface zeta potentials were determined bwrsireg potential measurements that

are surface sensitive [17]. Zeta potentigl gnalysis was performed as a function of pH to
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determine the isoelectric point (IEP). The isoeleqioint of the flat surface of the neat PLA
and nanocomposites with incorporating varying anohGNP and MWCNT in PLA matrix
were measured at room temperature by SurPASS @ltewttic analyzer (Anton Paar GmbH,
Austria). All measurements were conducted with djnstable-gap cellhe required pH value
in the samples was adjusted by adding an apprepiabunt of 0.05M HCI or 0.05M NaOH.
The zeta potential measurements were carried daeipH value range of 2 — 6. For each pH,
the zeta potential measurement was repeated 4 éintkthe average value was taken.
Wetting experiments have played an important fmleinderstanding of surface properties
of graphene and its hanocomposites [18]. The cbatagle measurement is one of the most
popular methods used to quantify the wettabilityhef surface. The contact angle (CA) of the
liquid droplet on the flat film surface was measlby using a DSA100 — KBSS goniometer
(Kruss, Hamburg, Germany) for two different liquidiili Q water and ethylene glycol, with
varying surface tension at 20 °C to determinateSindace Free Energy (SFE). Table 2 shows

the surface free energy for the two liquids usethis study.

Table.2. Surface free energy of the liquids usethimstudy at 20C in mJ/nf

Liquids Surface energy, [mJfin
14 y? yP
Mili Q water 72.8 21.8 51
Ethylene glycol 47.7 21.3 26.4

The used liquids were deposited onto the film ksessile drop method [19]. The fitting
used for each drop was determined from at leashtiwmeasurements performed for each
sample. An image of the drop is recorded with aerarand transferred to the drop shape
analysis software. Data were collected with Advaboep shape software, frokRUSSThe

program performs a contour recognition based ongteg-scale analysis of the image. The

7
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data is then fitted to a geometrical model to tbetour. Ellipse calculation method [20] was
chosen to calculate the contact angle during tmesasurements. All measurements were
made in static contact angle mode.

The surface energyy) values were calculated using Owens, Wendt, anellf&s method

[21,22].

The values of the contact angles (water and etkyigycol) were used to calculate the surface

energy {) using the following equation [23]:
Ys =v$ +v5 (1)

wherey;, is the SFEy? is the dispersion component of SFE afids the polar

component of SFE.

Componenty? andy? of the examined materials may be calculated from:

p
4
YEG(cOoSOgg+1)— (%)yw (cosBy,+1)

Yw
p
d p (Y
2(41’56‘ VEG(%))
w

(yH°* =

(2)

2705 Yw(cosOpa+1)-2 [vin
(v:) " = (3)
whereyg is the dispersive component of SFE of the examimederials,y? is the polar
component of SFE of the materials examingg, is the free SFE of ethylene glycol?. is
the dispersive component of ethylene glycol surfanergy,yg is the polar component of
ethylene glycol SFEy,, is the SFE of watey,? is the dispersive component of water SFE,
is the polar component of water SHE; is the contact angle of ethylene glycol ahgdis the

contact angle of water.
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The polar component is the sum of polar, hydrogeductive, and acid-base interactions,
while the dispersive component accounts for van \d&als and other non-site-specific
interactions [24-26].

Raman spectroscopy analyses of PLA/ GNP and RENP/ MWCNTs films were
performed on a microscope coupled to a spectrosBapean scattering, Witec UHTS 300,
using a 532 nm laser with 1.5 mW power intensityhat following conditions: filler single
spectra, magnificatin: 50x, integration time 0.532 nm excitation laser at room temperature.
The system with its Raman capability combines aligigfficient Raman spectrometer with a
high resolution confocal optical microscope. Prdsfen samples with thicknesses of about
0.1 mm were tested. Band fitting was performedgi€ngin Pro software.

For analysis of the structure, morphology and axef roughness, the bright field
transmission electron microscopy (TEM) analysis #mel atomic force microscopy (AFM)
were performed. The FEI TECNAI G12 Spirit-Twin (L&Bource) TEM instrument was
equipped with a FEI Eagle-4k CCD camera and opegatith an acceleration voltage of 120
kV. The analysis was performed on sections obtaateom temperature by using a Leica
EM UCG6/FC6 ultra-microtome. The sections were pllaoa 400 mesh copper grids. The

AFM analysis was performed using QScopeTM 250/480ument.

3. Results and discussion
3.1. Mono-filler GNP/PLA composites

3.1.1. Zeta potential measurements

The investigation of surface energy of graphere aarbon nanotube — based composites
interface is of great importance because it isngfioinfluenced by the wettability of those
nanofillers from the matrix polymer [26, 27]. Therface properties of the PLA-based

nanocomposites, as varying the filler types andteris were evaluated by zeta potential
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measurements. Figure 1 presents zeta potentiaeswas a function of pH for mono-filler

GNP/PLA nanocomposites with varying GNP contenmpared to the neat PLA.

_25_- F - - Referent PLA .

1l © 1,5wt% GNP/ PLA >

30| ®  3wt% GNP/ PLA S

{| & 6wit% GNP/ PLA ~
-35 4| -&— 9wt% GNP/ PLA

Zeta Potential, £ (mV)

T T T T T T T T T T T T T T
2.5 3,0 35 4,0 4.5 50 55 6,0
pH

Fig.1. Zeta potential versus pH factor of moncefill GNP/PLA composites, as varying the

graphene content.

The isoelectric point (IEP), that is the pH atazeeta potential of the films, was
observed at pH = 2.6 for the neat PLA, and it iases gradually to pH=3.6 by increasing the
GNP content from 1.5 to 9 wt.%. The values of messUEP and zeta potentid]| [for

GNP/PLA composites are summarized in Table 3.

Table 3. Isoelectric point (IEP) and zeta poterjtjalof mono-filler GNP/PLA composites

with varying GNP contents from O to 9 wt%.

Sample Isoelectric Zeta potential
point [pH] limits,
Kl mv
Neat PLA 2.5 1.7 to -33.59
1.5wt%GNP/ PLA 2.9 1to-12.06
3wt%GNP/ PLA 2.9 1.24to0-11.28

10
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6Wt%GNP/ PLA 3.3 0to-13.22

IWt%GNP/ PLA 3.7 0.9t0-21.53

Above 6 wt% GNP content, the increases of botR Hhd Zeta potential become
stronger compared to that at lower filler conteffthis may be associated with particle-
particle interactions, which obviously dominate ogelymer—patrticle interactions and lead to
formation of a percolated network of interconnedeaphene platelets in the hydrophilic PLA
polymer. Percolation occurs when there are enouagticfes to form a consistent network by
physical contact of electrons through thin layefrsnatrix separating the inclusions. As the
graphene amount in GNP/PLA composite increasesfiltbes particles form a continuous
path for dissipation of energy (electrons transfégmough the volume of the sample.
Therefore, the increase of the absolute valuesetd potential from 13 to 22 mV above 6
wt% GNP, as well as the increase of the IEP from2p&ifor PLA to 3.6 for 9 wi% GNP/
PLA may be associated with electrical percolatiae tb the formation of spatial structure of
conductive graphene platelets in the polymer matkiich facilitates the electron transfer.
Our previous studies on rheological behavior [28] @xd electrical properties [29] of the
same GNP/PLA composites also pointed that the faron appears above 6 wit% graphene

content.

3.1.2. Contact angle measurements

Contact angle measurements investigate wettalahty surface tension, and they are
used to calculate the surface free energy (SFH)eofilms, incorporating graphene and carbon
nanotubes [30, 31]. Contact angle data for the t®a&b liquids (water and ethylene glycol)
applied for the mono-filler system GNP/PLA are pdtin Figure 2. Calculated Surface free

energy and its polar and dispersive componentpr@sented in Figure 3. The average values

11
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of all surface characteristics for the mono-fil@NP/PLA composites are summarized in Table
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Fig.2. Contact angle vs. GNP content for mono+ilBNP/PLA composite for the two test

liquids: (a) water; (b) ethylene glycol.
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content for the mono-filler GNP/PLA composites.

10 Table 4. Contact angle for two liquids (a2) and surface energy components of mono-

11

filler GNP/PLA composites.

Sample Contact AngleS] Surface energy, [mJ/m”"2]
Mili Q water Ethylene glycol Ys v4 A

12
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Neat PLA 80.8+0.5 72.6+0.6 31.1+¥1.1 4.2 26.9

1.5wt%GNP/ PLA 82.3+0.2 71.6+0.1 29.5+0.4 5.2 24.3
3wt%GNP/ PLA 83.4+0.3 71.5+0.3 28.5+0.6 5.7 22.8
6Wt%GNP/ PLA 84.0+0.2 71.5+0.6 28.1+0.6 6.0 221
9wt%GNP/ PLA 84.2+0.1 71.4+0.1 27.9+0.3 6.0 21.9

It can be observed that with increasing the GNRtant to 6 wt% and 9 wt%, slightly
higher water droplet contact angle values’Y&4e obtained, in comparison with the neat PLA
(81°). This may be associated with a hydrophobic cbation of the GNP filler, around and
above the percolation threshold. In agreement thiéhliterature, the composites obtained in
our study present contact angle values near taipper hydrophilicity limit of 0° <6 < 90°

[32, 33], corresponding to a moderate wettabiligttdecreases with the addition of GNPs.

The contact angle values for ethylene glycol wdreua 16 lower than that of water.
The 6 values slightly decrease (from 73° to 71°) witk #ddition of only 1.5% GNP, but it
reaches a plateau with further increasing the GbiRenit to 9 wt.%. Results show that the
wettability of GNP/PLA composite surfaces to orgahquids is much higher than this to
water.

The two different liquids (water and ethyleneagly, with known polar and disperse
components (Table 2), were used to calculate thiacifree energy from the contact angle
measurements of the PLA and the composite film& Vdriation of the surface free energy
against the filler contents is given in the Fig@reshowingy, (surface energy) and its polar
(vy?) and dispersiveyf) component of the mono-filler GNP/PLA compositeinpared to the
neat PLA. Looking at the data (Fig. 3 and Tablewh,can note that there is a small gradual
decrease of the surface energy)( by increasing the GNP content. The decrease is
mainly caused by a slight reduction in the polamponent, which involves a strongly

polarized interaction of hydrogen bonds, indicatiogless polar groups at the surface of the
13
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film. This may be associated with a slight increasfe the interfacial polymer-filler
interactions, by increasing the GNP content. Ondtier hand, the dispersive component,
which corresponds to the Van der Waals forcedjghtly increasing, which indicates a small

increase in particle-particle interactions withreesing the GNP content.

3.2. Bi-filler GNP/MWCNT/PLA composites
3.2.1. Zeta potential measurements

Figure 4 presents the zeta potential curves asuractibn of pH for bi-filler
GNP/MWCNT/PLA nanocomposite films with 6 wt.% (FMg@) and 9wt.% (Fig.4b) total filler
content, with varying the GNP: MWCNT fillers ratiof 1:1, 2:1, 3:1 and 5:1. Table 5
summarizes the IEP an{ palues for the bi-filler composites compared lte tmono-filler
ones with the same total filler content.

In general, the addition of small amounts of 1 WCNTs as a secondary filler to GNP

decreases significantly the IEP values and inceette absolute Zeta potential values, when

compared to the mono-filler GNP/PLA composites wita same total filler content.

@ e % 5.(0)
(L Py Bl s s 50 sxspenans o et w0 S o *
| " \(\1.A 0 _.%}\._4} _______ A
S e — NRae A T
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=-15 o N e 8154 SO &S
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§ 20 N N e £20]
DO- ~ N \ oa-25 ~ ~_
o -25 - S = o 30 IF - Referent PLA T~
2 a0 - ReRrGnlPLA s O (82 T 3wt GNP/Gwt% MWCNT/PLA S

M 1,5wt% GNP/, 5wt% MWCNT/PLA ~ -35 & 4.5wt% GNP/4,5wt% MWCNT/PLA h
| ® 3wt% GNP/3wt% MWCNT/PLA T~ | @ 6wt GNP3wth MWCNT/PLA
“351 5 4.5wi% GNP/ 5wi% MWCNT/PLA -A0 DO 7.5wi% GNP Swith MWENT/RLA
T T T T T T T
2,5 3‘0 3,5 4,0 415 5’0 5'5 6,0 2,5 3,0 3,5 4,0 4,5 5,0 5,5 6,0
pH pH

Fig.4. Zeta potential in function of the pH for t6&P/MWCNT/PLA composites, as varying
the filler ratios (with increasing of MWCNTS), aital amount of filler: §) 6wt% and (b)

Owt%.

14



With increasing the amount of MWCNTSs and decregsmegpectively, the amount of
GNPs in the 6wt% and 9wt% GNP/MWCNT/PLA bi-filleomposites, the IEP increases
gradually due to the electron cloud that makestmeotubes negatively charged, while tje |
values increase. In our previous study [29], theeqation threshold was observed below 3
wt% filler content in those bi-filler composite$ierefore, the percolated network is definitely
formed in the 6wt% and 9wt% GNP/MWCNT/PLA bi-fileomposites.

It worth noting that for these measurements, PLAs wiged only as a guideline for
comparison with the nanocomposites, since; in theloe zeta potential values of the neat
PLA and the nanocomposites are not comparable auket dominant filler effect. This is
mainly due to the measuring cells of (solid) suefaeta potential that receive a liquid flow
through, producing a pressure gradient and a cheggaration at the solid/liquid interface,
where the streaming potential is the electricapoese to the shift in the surface charge.
Consequently, two main factors influence the outepithe native surface charge, which in
the case of a non-conductive polymer like PLA issthyoderived from its chemical structure
composed of available electron pairs from both exyyof the ester group formed (a non-
ionogenic group); and i) the variation of the nmatés conductivity (only for
nanocomposites), since the increased electronadilety at the material surface creates a
negative potential. Altogether, the electron-ricdmsionogenic groups from PLA drag the zeta
potential down and only at quite low pH the IEPdached. However, the addition of the (also
electron-rich) fillers changes the availability tifese groups and increases the repulsion
forces, decreasing the zeta potential. At this tpdime filler effect on the zeta potential
becomes dominant, and the increase of electronuctindy produces the main variation of

isoelectrical point and zeta potential range.
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Table 5. Isoelectric point (IEP) and zeta poterjtjalof the bi-filler GNP/MWCNT/PLA

composites with varying filler ratios, comparedhte mono-filler GNP/PLA composites of 6

and 9 wt% filler.

Isoelectric Zeta potential
Sample

point [pH] limits [|, mV
Pure PLA 2.5 1.7 to -33.59
6% GNP/PLA 3.3 0to-13.22
4.5wt% GNP/ 1.5wt%MWCNT/ PLA 2.7 1.7 to -27.96
3wt% GNP/ 3wt%MWCNT/ PLA 2.9 2.4t0-19.72
1.5wt% GNP/ 4.5Wt%MWCNT/ PLA 3.1 0.6t0 -16.34
9% GNP/PLA 3.7 0.9t0-21.53
7.5Wt%GNP/ 1.5Wwt%MWCNT/ PLA 2.5 2.3t0-20.95
6Wt%GNP/ 3wt%MWCNT/ PLA 2.75 1.3t0-17.52
4.5Wwt%GNP/ 4.5wt%MWCNT/ PLA 2.8 0.81t0 -15.59
3wt%GNP/ 6wt%MWCNT/ PLA 3.4 1.53to-15.78

3.1.2. Contact angle measurements

The water and ethylene glycol contact angle dataiodd from the bi-filler system of

6wit% GNP/ MWCNT/ PLA are plotted in Fig. 5, and ttedculated Surface free energy and

its polar and dispersive components are presemtdedg 6. The average values of all surface

properties for the bi-filler systems are summariredable 6.
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Fig.5. Contact angle in function of GNP/MWCNT ratio bi-filler composite at 6 wt%
GNP/MWCNT/PLA, for the two test liquids: (a) watdh) ethylene glycol. The single end

points refer the neat PLA and the mono-filler GNEXRomposite.
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Fig.6. Calculated surface free energy from contaotgle results for 6 wt%
GNP/MWCNT/PLA bi-filler composites, with varying ¢hfiller ratio, compared to PLA and

6wt% GNP/PLA.

Table 6. The contact angle (at°®) and surface energy components of bi-filler cosies,

GNP/MWCNT/PLA.
Sample Contact Angles] Surface energy, [mJ/m"2]
Mili Q water Ethylene glycol Ys ve VA
Neat PLA 80.84+0.47  72.65+0.61 31.05+1.04.17 26.88
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6wWt% GNP/ PLA 84.0+0.2

4. 5wt%GNP/ 1.5wt% 85.55+0.12

MWCNT/ PLA

3wt%GNP/3wt% 84.15+0.17

MWCNT/PLA

1.5wt%GNP/ 4.5wt% 83.71+0.21

MWCNT/ PLA

Owt%GNP/ PLA 84.2+0.1

7.5wWt%GNP/1.5wt% 86.23+0.41

MWCNT/ PLA

6Wt%GNP/ 3wt% 85.6+0.08

MWCNT/ PLA

4.5Wwt%GNP/4.5wt% 84.91+0.24

MWCNT/ PLA

3wt%GNP/ 6wt% 83.97+0.04

MWCNT/ PLA

71.5+0.6

62.58+0.75

64.48+0.4

69.4+0.29

71.4+0.1

64,97+0,15

65,02+0,03

67,17+0,49

68,42+0,15

28.1+0.6 6.0 22.1

27.77+£1.032.9 14.87

27.88+0.640.41 17.47

28.04+0.27.01 21.03

27.9+0.30 6.0 21.9

26,97+0,781,51 15,47

27,18+0,141 16,18

27,26+0,79,04 18,22

27,8+0,2 7,72 20,08

The bi-filler composites seem to present the samnddncy, as the previous results with

the mono-filler ones. The water contact angle ot%vW:GNP/MWCNT/PLA film increased

about 5°, comparing to the pristine PLA films, slmgva higher hydrophobic effect. The

water droplet rests on the surface of bi-filler gmsites and spreads to form a contact angle

that indicate wettability by water with moderatedhgphilic characteristics [33] (Fig. 5a)he

static aqueous contact angle values (84-86°) stemgethat the GNP/MWCNT/PLA

nanocomposites have slightly lower wettability ca@mgal to that of the neat PLA (81°). The

lowest water wettability was observed for the beficomposites with the highest MWCNT

content.
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Importantly, the contact angle of ethylene glyaqlid drastically decreases (to 63°) by
adding a small amount of 1.5% MWCNTSs as a seconfiiéey compared to the mono-filler
GNP/PLA composites (72°), at the same total filentent. However, further increase of the
MWCNTs amount in the bi-filler composites, leadsatoincrease of the contact angle values
to about 69° (Fig. 5b). The results confirm mucktdrewettability of bi-filler composites by
the organic liquid, compared to the neat PLA amditfono-filler one at the same filer content.

The variation of surface free energy against thierfiratios for the bi-filler 6wt%
GNP/MWCNT/PLA composite is given in the Fig. 6, whishows surface energy,) and its
polar ¢) and dispersiveyf’) component. Results for the bi-filler composites eompared to
that of neat PLA and the mono-filler 6wt% GNP/PL@ne can see that the surface energy of
the bi-filler composites is insufficiently changeath varying the filler ratio, however, adding
a small amount of 1.5% MWCNTs as a secondary filexduce a strong increase of the
dispersive component and a respective decreaskeopdlar components, compared to the
mono-filler one.

These findings are confirmed for the bi-filler comsges at 9 wt% total filler contents.
Contact angle data for the two test liquids ardtetbin Fig. 7, and average values are shown
in Table 6. The water contact angle of 9 wt% GNP/@MI/PLA film increase of about-6
and the ethylene glycol contact angle decreasedt&3pcomparing to the pristine PLA film,

similar to the values obtained for the 6 wt% Hiefilsystems.
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Fig.7. Contact angle in function of GNP/MWCNT ratfar bi-filler composites with 9 wt%
filler content, for the two test liquids: (a) watéb) ethylene glycol. The single end points

refer the neat PLA and the mono-filler GNP/PLA casige.
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Fig.8. Calculated surface free energy from contaogle data for bi-filler 9 wt%
GNP/MWCNT/PLA composites, as varying the fillericgatcompared to neat PLA and 9wt%

GNP/PLA.

The variation of surface free energy against falezontent for the 9 wt% bi-filler
composites is given in the Fig. 8, which showsgheace energyy() and its polary?) and
dispersive ¥¢) component. Results are compared with the neat &hd\ mono-filler 9wt%
GNP/PLA (the single end points). The changes ifaserenergyy;) were not so significant,
however, the addition of small amount of 1.5% MWGQGNM the bi-filler composites caused
about 2-folds reduction in the polar component.sTindicates the formation of a strongly
polarized interaction of hydrogen bonds, betweeA Bhd the two fillers, and that less polar
groups are available at the surface of the filmer€fore, stronger interfacial and inter-particle
interactions are obtained in the bi-filler compesitGNP/MWCNT/PLA, compared to the
mono-filler systems GNP/PLA. In contrast, the dispe component increases twice in the
bi-filler systems with the smallest MWCNT conteiiis5-3 wt%), which may be associated

with a stronger interconnection of GNP and MWCNTtipkes.
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3.3. Raman spectroscopy

With the intention to prove our findingRaman spectravere used to evaluate the interaction
between PLA and, GNP and MWCNTs particles. The Rarspectra of the graphene
nanoplates (GNP) as a powder and after extrusi®"LAYGNP nanocomposites are shown in

Fig.9.

2D!

9wt% GNP/ PLA ~A~A

I E 6wt% GNP/ PLA :
_AJ:L A
T - -

Intensity [a.u]

1,5wt% GNP/ PLA

m

GNP filler ;
., W

T T T T T
1200 1500 1800 2100 2400 2700 3000
Raman shift [cm™ ]

Fig.9. Normalized Raman spectra of mono-filler -APIGNP composite (pressed films),

as varying the filler contents.

The GNPs were identified by the positions of theDGnd 2D bands, as well as the ratios of
intensities between bands D and @/Id) and 2D and G {b/lg), which are summarized in
Table 7 for the different amounts of GNP in PLA matThe intensity ratios (/Ig) values
are often used to estimate the number of defedsaproximated number of layers in carbon
materials. For one to four-layer graphene sheéis, ratio decreases with increasing the
amount of filler. This can be understood as indincathe recovery of damaged graphene at
higher amount of filler. The observation of the Bnlds increase indicated that defects were
introduced into the graphene in nanocomposites &érusion. This may be caused by
damage to the filler during extrusion, or by theeraction between PLA and graphene. Our
results show that the extrusion methods had afgignt effect on the number of defects. The

D band was considerably increased at low conceotratf 1.5 wt.% GNP (highest D band).
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With increasing of the amount of GNP filler to 9wt%e D band intensity decreased,

therefore the defects were considerably decreased.

Compared to the Raman spectra of the neat GNR, fihe Raman spectra of GNP/ PLA
showed an obvious shift to lower values (redshift)e strong G band redshift could be an
indication of stress effect caused by the stronigraction between GNP and PLA matrix. In
general, the position of G and 2D bands in the asi@s was shifted to higher values by
increasing the filler contents, namely: the posgif G and 2D bands were, respectively;
1588 cnt and 2663 ci for 1.5Wt%GNP/ PLA; 1578 cthand 2700 cril for 6wt%GNP/
PLA; and 1581 cimand 2708 cit for 9wt%GNP/ PLA. The 2D band, which is a second
order D band, also differed in band position anapgh where a more intense and sharper 2D
band represents few layers’ graphene. As the numbdayers increased, the 2D band is
shifted to lower wavenumbers (Fig. 9), this indiegtthat by increasing the filler content in
the GNP/PLA composites, the number of layers in GiNE&eased due to the worsen
dispersion of nanofiller in the PLA matrix by exdran.

The position of the D band, G band and 2D band tfa bi-filler composites are

summarized in Figure 10 and Table 7.
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Fig.10. Normalized Raman spectra of the bi-fill&lAP GNP/ MWCNT composite films,
as varying the filler combinations and total amoohtéwt.% (a) and 9wt.% (b) filler

contents.

For the bi-filler composites (GNP/ MWCNT/ PLA) withcreasing amount of fillers, a
D band intensity decrease was observed, which leteck to defects in structure. Our
observation indicates that the interaction betwkiégrs and polymer matrix is not strong
enough to affect the physical structure of fille@omparing the bi-filler composites, the
formulations with 4.5wt% GNP/ 1.5wt% CNT/ PLA anbw®t% GNP/ 1.5wt% CNT/ PLA
presented the lowest/ls ratio, i.e. less structural defects. Moreover,stdering the Jo/lg
ratios, all the systems presented only few laykss(than 10 layers) graphene dispersed in

PLA matrix.

Table 7. Data from Raman characterization of nampusites in form of pressed films

D band |G band | 2D D G 2D
Sample in form ofPosition | Position band Intensity| Intensity| Intensity| Ip/lg |20/l
pressed films cm? cm®  |Position
cmt

L5wt% GNP/ 1339 1588 2663 13756 100 30.66 1.380.31
PLA
1357 1578 2700 33.87 100  25.60 0.38.26

1357 1581 2708 9.68 100 47.80 0.10.50

6wt% GNP/ PLA

9wt% GNP/ PLA

1.5Wt% GNP/

4.5Wt% CNT/ 1339 1583 2692 gg12 100 9.25 0.890.09
PLA

3wt% GNP/ 1354 1583 2714 26.53 100 21.26 0.20.21
6wt% CNT/ PLA

4.5Wt% GNP/

1.5wt% CNT/ 1354 1583 2719 9190 100 20.05 0.920.20
PLA

7.5wt% GNP/

1.5Wt% CNT/ 1349 1586 2708 15405 100 20.59 0.540.21
PLA

1359 | 1586 | 2723 19.40 | 0.08| 0.12

7.19 ‘ 100

GNP filler
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1341 | 1580 | 2684 | 128.00| 100 24.30 | 1.28| 0.24

CNT filler

3.4. Microstructure of nanocomposites

With the intention to prove our findings, differansualization techniques were applied in
order to identify incorporating the fillers to tipelymer matrix and to verify the morphology
and surface roughness of the surface of investigdtas. The morphology of the mono-filler
and bi-filler composites was visualized using traission electron microscopy. Figure 11
presents the TEM micrographs of 9 wt% mono-fillerNEBPLA and bi-filler
GNP/MWCNT/PLA systems with varying the ratio ofldils. In the 9 wt% GNP/PLA
composite (Fig. 11a), the GNPs are visible as laggomerates of a micron length. When a
small amount of 1.5 wt% MWCNTs was added (Fig. 1¥b single nanoplatelets are
visible, which attract the MWCNTSs, but most of 8&IPs remain in large agglomerates. The
best exfoliation of GNPs and finest dispersion oWWRINTs is achieved in the bi-filler
composite 6%GNP/3%MWCNT/PLA, having twice higher BBNontent than MWCNTSs
(ratio 2:1) (Fig 11c). While, at equal ratio 4.5%%GNP/ 4.5 wt% MWCNT/PLA (Fig. 11d),
as well as at higher amount of MWCNTs than GNPg fmesented here), a homogeneous
dispersion of the MWCNTSs is visible, hiding the GNAFrom TEM images it could be
concluded that by increasing the MWCNTs contentthe bi-filler composites, better
dispersion and higher inter-particle interactioretween the two anisotropic fillers were
achieved. Thus, the addition of MWCNTs as a seagnfiler to GNPs, in proportions 2:1
and 1:1 (GNP: MWCNT), built up a hybrid structurewveell dispersed and interpenetrated
nanofiller particles, which are percolated and fantonductive network in the insulating

polymer matrix.
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Fig.11. TEM micrographs of 9wt% mono-filler and fitier systems with different ratio of
GNPs and MWCNTSs: (a) 9wt% GNP/PLA; (b) 7.5Wwt%GNBtt%MWCNT/PLA; (c) 6wt%

GNP/3wt%MWCNT/PLA; (d) 4.5wt%GNP/4.5Wwt%MWCNT/PLA.

AFM images were recorded on different zones in wawoeele in order to be representative
for the total sample surface topography. The serfemughness of the neat PLA, 6wt%
GNP/PLA, 3wt% GNP/3wt% MWCNT/PLA and 4.5wt% GNPA1tS MWCNT/PLA was

verified by statistical AFM estimations. The averagughness (Sa) and standard deviation
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have been calculated. Sa is the average deviatom the mean surface plane. The average

values of all measured systems are summarizedidle Ba

Table 8. The average roughness and standard aeviEtimeasured composites: neat PLA,

GNP/PLA and GNP/MWCNT/PLA

Samples Sa (Average Roughness), Standart Deviation,
nm %

Neat PLA 577.4 208.03
6wt% GNP/PLA 530.57 47.32
3wt% GNP/3wt% 414.40 12.44

MWCNT/PLA
4.5wt% GNP/1.5wt% 410.27 130.28
MWCNT/PLA

In Figure 12 the AFM 3D images and line profilexaeled for neat PLA and 6wt%
GNP/PLA surfaces. The surface topography of PLAngesa after additions of GNP fillers

and new surface features are revealed.
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Fig.12. Example AFM 3D images aride profiles recorded for neat PLA (a) and 6wt%
GNP/PLA (b) surfaces.

It is evident from Table 8, that the bi-filler GNNWCNT film surface is much more
smooth than the reference PLA and the mono-fillBiPG°LA surfaces if compare the AFM
roughness. The neat PLA surface showed the higlvesage roughness (Sa) and a relatively
high standard deviation. By incorporating the GNBw roughness of the mono-filler
composite films decreases by 9%, compared to taeieA. While, the incorporation of the
second filler MWCNTSs, the average roughness deeschy around 29%, compared to the
neat PLA. This can be associated with better déggerand more homogenous

GNP/MWCNT/PLA nanocomposites compared to the GNR/Rlono-filler systems.

4. Conclusions

Measurements of zeta potential and contact angte wsed to evaluate the polymer
nanocomposite surface energy of the films. Enhaeoérof the surface properties of PLA
nanocomposites by adding of GNP and MWCNT additivas achieved.

With increasing the GNP content above 6 wt%, tlelectric point and zeta potential
values increased, due to the formation of a petedlanetwork of conductive graphene
nanoplatelets. Concerning the bi-filler compositesh increasing the amount of MWCNTSs
and decreasing, respectively, the amount of GNies|EP increases gradually, while the zeta
potential values decrease, which is associatedanmitetter dispersion and some stronger inter-
particle interactions in the hybrid composites withher MWCNT contents.

The surface free energy of the films could be sssfedly tuned by controlled
incorporation of GNP and mixed GNP/MWCNT fillershd& increasing of GNP content in

both mono-filler and bi-filler composites leadsaadecrease of polar component, while the
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dispersive component increases. The results adaiegd with increased interfacial polymer-
filler interactions, as well as enhanced particetiple interactions by controlling the
GNP/MWCNT ratios.

The structure of nanocomposites visualized by TEMrographs confirmed that the
bi-filler composites GNP/MWCNT/PLA have much bettdispersion and inter-particle
interaction, rather than the mono-filler GNP/PLAut Ibhis is strongly dependent on the filler
ratios. The best GNP exfoliations and the finest ®N\NV dispersions were obtained for the
systems with GNP: MWCNT ratios of 2:1, 1:1 and IfZzompare the AFM roughness, the
bi-filler GNP/MWCNT film surface is much more smbothan the reference PLA and the
mono-filler GNP/PLA surfaces, this associated vi#tter dispersed and more homogenous
bi-filler GNP/MWCNT/PLA nanocomposites compared twithe mono-filler GNP/PLA
systems.

By increasing the filler content in the mono-fill&\P/PLA composites, the number
of layers in GNP increased, as determined by Raamafysis, whuch is associated with the
worsen dispersion in the PLA matrix. For the biefil composites, the 3:1 and 5:1
GNP/MWCNT formulation show less defects in the stce.

The obtained results can find various technologiggdlications in controllable tuning
of the surface properties of PLA based nanocompdisits by varying the filler contents and

suitable combinations of graphene and carbon naeetu
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HIGHLIGHTS

» Surface properties of mono-filler (GNP/PLA) and bi-filler (GNP/IMWCNT/PLA)
composites based on poly (lactic acid) (PLA) polymer with graphene nanoplatelets
(GNP) and multiwall carbon nanotubes (MWCNTS) were investigated as varying the
amount and ratios of thefillers.

» The MWCNTSs added to GNPs affect differently the Isoelectric point (IEP) and Zeta
potential depending on the filler ratios, this indicating for variations in the bi-filler
dispersion.

» Better dispersion and more homogenous bi-filler GNP/IMWCNT/PLA nanocomposites
having stronger interfacial and inter-particle interactions were obtained compared to
the monofiller GNP/PLA systems.

* The hybrid fillers, GNPS'MWCNTS, depending on the filler ratios are proposed as a

new way for synergistically tuning of surface properties of the PLA films.
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