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Abstract This paper aimed to produce a bio-based
filament, suitable for 3D printing (fused deposition
modeling), made of surface modified cellulose fiber
and high density polyethylene. The cellulose fib-
ers (CF) were first surface modified and transformed
into a CF-based macroinitiator through an esteri-
fication reaction with the 2-bromoisobutyric acid.
We finally studied the ability of this CF-based mac-
roinitiator to initiate a single electron transfer-living
radical polymerization (SET-LRP) with an hydro-
phobic monomer: the stearyl acrylate. The grafting
of poly(stearly acrylate) onto the cellulose fibers did
strongly increased the adhesion, compatibility of the
modified fibers with the hydrophobic host matrix
(HDPE). Finally, the resulting hydrophobic fib-
ers were extruded with the high density polyethyl-
ene (HDPE) through a counter-rotating twin-screw
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extruder, yielding a bio-based filament suitable for
FDM 3d printing. The successful surface modifica-
tion, such as the correct incorporation of the modi-
fied fibers into the thermoplastic matrix, were char-
acterized through ATR-FTIR, 3C CP-MAS NMR,
FE-SEM, and mechanical testing. Throughout those
characterization techniques, it was concluded that the
fiber surface modification significantly improved the
compatibility of the fibers with HDPE. Finally, the
3D printing properties of the composite were tested
and compared to those of pure HDPE through the 3d
printing of simple objects. It was concluded that the
printability of the composite made with poly(stearyl
acrylate)-grafted cellulose overcomes the problem
(shrinkage, warpage, print fidelity) encountered with
the printing of pure HDPE.
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Introduction

The 3D printing technology, also known as addi-
tive manufacturing or rapid prototyping, has been
initially developed in the early 1980s and had since
then attracted a large interest worldwide. 3D printing
technology can nowadays be used in numerous and
various domains, such as for biomedical applications
(Hutmacher 2000; Mosadegh et al. 2015; Ng et al.
2016; Sing et al. 2017; Mi et al. 2018; Mogali et al.
2018; Li et al. 2018; Yan et al. 2018; Guo et al. 2021),
aeronautics (Airbus 2016, 2017, 2018), automotive
(Volkswagen 2021), or the recycling of industrial
plastics waste via a re-extrusion and printing process
(Mikula et al. 2021). Nowadays, 3D printing is also
used domestically, allowing people to print various
object such as decorative items, or simply repairing
devices or components for hobbies. Fused Deposition
Modeling (FDM) is one of the main method for print-
ing plastics. The FDM process is based on the extru-
sion of a polymer filament through a heated nozzle, in
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order to print a layer-by-layer structure. Through this
layer-by-layer deposition, a complex three-dimen-
sional structure can be 3D printed. The choice of the
polymer used for the 3D printing is crucial for deter-
mining its printability and the final properties of the
object.

The design of Wood Plastic Composite (WPC) has
a great interest in material science over the last 40
years and had been already used in molded process
to produce indoor or exterior building-construction
part (Peltola et al. 2014; Venkatarajan and Athijay-
amani 2021). WPCs are manufacture products made
of wood particle and a host matrix, typically thermo-
plastic or thermoset. In term of wood particle, cel-
lulose flour/fiber were already reported as potential
green reinforcing agent for polymer, yielding bio-
based composite with good mechanical properties
(Suryanto et al. 2014; Chand and Fahim 2021). Cel-
lulose fibers have the advantages to be easily accessi-
ble, biodegradable, renewable, and non-toxic; making
them excellent candidate to address the environmental
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challenge and thus limiting the amount of plastic
waste through the production of bio-based compos-
ite. However, due to its hydrophilic nature, cellulose
fibers have a poor compatibility with the common
hydrophobic thermoplastic matrix. To solve this fiber-
host matrix adhesion problem, several chemical path-
ways have been developed to modify the surface fiber
and thus decrease the hydrophilic nature of the fiber.
Typical reactions are esterification, silylation, acety-
lation or the use of a coupling agent such as maleic
anhydride derivative or methylenediphenyl 4,4'-diiso-
cyanate (Dominkovics et al. 2007; Danyadi et al.
2010; Gregorova et al. 2011; Kaf3el et al. 2018; Seo
et al. 2020).

Single Electron Transfer Live Radical Polymeriza-
tion (SET-LRP) is a powerful, robust and fast reaction
tool to growth-graft polymeric chains with a full con-
trol of the molecular weight (Fleischmann et al. 2010;
Soeriyadi et al. 2011; Levere et al. 2013; Waldron
et al. 2014; Navarro et al. 2016; Navarro and Edlund
2017). Moreover, SET-LRP prove to be viable with a
large variety of monomers (Nguyen et al. 2010, 2013;
Liu et al. 2010; Whitfield et al. 2017). In addition to
this, SET-LRP uses a Cu(0) wire as a catalyst, which
greatly increases the ease of purification (Lligadas
et al. 2017).

Regarding the choice of polymer matrix used in
this paper, High-Density Polyethylene (HDPE) was
selected. HDPE is not commonly used in 3D printing
because of its technical challenge caused by warpage
or shrinkage during printing (AlI3DP 2019). How-
ever, nowadays HDPE is one of the most commonly
use thermoplastics, and exhibit interesting properties,
such as food compatibility and good specific strength.
Despite the numerous advantageous of using this
thermoplastic matrix, HDPE is a hydrophobic poly-
mer, making the adhesion, compatibility of the wood
filler and the host matrix a sensible case.

The aim of this paper is to describe the effect of
grafting a hydrophobic polymer onto the cellulose
fiber surface and therefore increase its compatibility
with the HDPE host matrix. The produce bio-based
composite, a FDM filament, was used to produce
object through 3D printing.

Firstly, a bromine initiator was grafted on the sur-
face of the cellulose fibers to enable the growth of
poly-SA by SET-LRP. Once surface was modified, the
modified cellulose fibers were extruded with HDPE
and a filament suitable for 3D printing was produced.

The 3D-printing capability and the mechanical prop-
erties of the composite were both investigated and
compared to the results obtained with the neat HDPE.

Material and methods
Materials

The solvents used were DMSO at 99% from Alfa
Aesar and 2-Propanol at 99.5% from J.T.Baker. The
cellulose fibers were CW 630 PU/ARBOCEL from
JRS Rettenmaier & Sohne GmbH. Imidazol (99%),
2-Bromoisobutyric acid (98%), and the copper wire
(1.0 mm (0.04 in) diameter, annealed, 99.9% (metal
basis), 25 m) were purchased from Alfa Aesar. CDI
(reagent grade) and Stearyl acrylate (contains 200
ppm monomethyl etherhydroquinone as inhibitor,
97%) were purchased from Aldrich. The polymer
used was SABIC HDPE CC3054.

CF purification

Cellulose fibers were washed in DMSO then sepa-
rated by centrifugation (6000 rpm, 20 min). This pro-
cess was repeated until the supernatant was clear.

Synthesis of the CF-based macroinitiator

0.1 g of cellulose fibers were dispersed in 7 mL of
DMSO. The solution was then degassed with N,
heated at 55 °C and 3 g of imidazole (0.044 mol)
were added to it.

Simultaneously, 4 g (0.024 mol) of 2-bromo-
isobutyric acid were dissolved in 20 mL of DMSO.
This solution (1.2 mol.L™") was also degassed with
N,, then 4 g of CDI (0.024 mol) were slowly added
to it. It was then left for 30 min to 1 h, until the gas
emission stops.

The 2-bromo-isobutyric acid solution was then
slowly poured in the cellulose solution. The resulting
solution was degassed with N,, then left to react over-
night under stirring.

Once the reaction was finished, it was centrifuged
at 6000 rpm for 20 min, then washed by 8 cycles of
dispersion in DMSO followed by precipitation by
centrifugation (20 min, 6000 rpm) and supernatant
removal.
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SET-LRP grafting of SA onto CF

15 mL of a stearyl acrylate (1 mol L™!) solution in
toluene was passed through a column of aluminum
oxide to remove the stabilizing agent. The column
was then washed with 15 mL of solvents to recover as
much monomer as possible. A 6 cm copper wire was
coiled in a spring-like shape. It was immersed in conc.
HCI for 10 min, washed with water, then immersed
in acetone. Finally, it was dried by air-blowing and
used as such. 5 mL of DMSO were degassed using
N, and 100 pL of pure Me,TREN (0.26 mol L™1)
were added to it with a syringe under Schlenk condi-
tions to reach a final concentration of 5 mmol L~
0.1 g of cellulose macro-initiator were dispersed in
15 mL of DMSO. The copper wire and the monomer
were added to the solution, which was then heated to
40 °C and degassed with N,. Once oxygen had been
removed from the solution, 0.2 mL of ligand solution
(5 mmol L") were added and the solution was left
to react overnight under stirring. Once the reaction
was over, the solid product was recovered by removal
of the liquid phase. It was dissolved in toluene and
precipitated with isopropanol. It was recovered by
centrifugation (20 min; 6000 rpm) then centrifuged
(20 min; 6000 rpm) twice in isopropanol. After this,
it was washed though cycles of dissolution in tolu-
ene, precipitation in isopropanol and centrifugation
(20 min; 6000 rpm) until the supernatant was clear
and transparent. Finally, it was dissolved in toluene
and centrifuged at 6000 rpm until obtaining a gel.

CF-based composite preparation and processing
Extruding

The extruder used was a Thermo Scientific™
HAAKE™ MiniLab 3 Mikro-Compounder. It was
first pre-heated at 150 °C. Then, the screw rotation
speed was set at 100 rpm, the polymer matrix and the
cellulose were added into the extruder and they were
let to cycle for 5 min.

Injection molding
The injector molder used was a Thermo Scientific™

HAAKE™ MiniJet II. It was set at the following
parameters: cylinder temperature: 160 °C; mold
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temperature: 80 °C ; Pressure: 400 bar ; molding
time: 4 s.

3D printing

The printer used was an Original PRUSA i3 MK3. A
cube with a 1 cm dimension was printed, using the
default parameters for ABS, with the following modi-
fications: nozzle temperature: 215 °C, nozzle diam-
eter: 0.4 mm, bed temperature: 60 °C, layer height:
0.2 mm, print speed: 20 mm/min, cooling fan (from
the 4th layer): 50%, infill: 15% with a gyroid pattern.

Characterization

All samples'>’C NMR spectra were acquired on a
Bruker 500 Avance III HD spectrometer at Larmor
frequencies of 125 MHz and 500 MHz for *C and
'H respectively. These samples were put into 4 mm
zirconia rotors for magic angle spinning (MAS) at a
rotation speed of 8 kHz. Creeping *C MAS NMR
spectra were recorded with a '*C mutation frequency
of 50 kHz and a contact time of 1.5 ms. These spectra
were acquired by Fourier transform of the FIDs, and
chemical shifts were referenced to pure tetramethylsi-
lane (TMS).

ATR-FTIR (attenuated total reflection Fourier
transform infrared spectroscopy) was performed
using Bruker Vector 33 FTIR Fourier-transform
infrared Spectrometer 118500 PS15. Spectrums were
recorded with 64 scans in the spectral region on
3800—450 cm™!. The spectral resolution is 4 cm™!.

Tensile testing were done according to the EN
ISO 527-1 Norm, using a Zwick-Roell universal test-
ing machine AllroundLine Z050 (with a load cell of
500 N). The size of the samples was 30X 5% 2 mm.
The elongation speed was of 20 mm.min~' for pure
HDPE, and 1 mm/minute for other samples. Each
time, at least 5 samples were measured.

The morphology of modified CF in HDPE was
observed via ultra-high-resolution field emission
scanning electron microscopy (FE-SEM) of the
Hitachi S-800. The dried samples were mounted on
sample supports using carbon tape and coated with a
5 nm layer of Pd/Pt with a Cressington 208 h under
an inert atmosphere.
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Result and discussion

In this paper, a bromide initiator was firstly grafted on
the surface of the cellulose fiber (CF) through esteri-
fication. Then, the cellulose fiber-based macroinitia-
tor (CF-MI) was used to initiate the SET-LRP of the
stearyl acrylate monomer as exposed in Scheme 1.
The SET-LRP was performed in the presence of a
copper wire and a tetradendate tertiary amine ligand
(Me,TREN). Once the polymerization was com-
pleted, the modified cellulose fibers (CF-PSA) were
extruded with the HDPE and the resulting filament
was process through 3D printing.

The initial and unmodified cellulose fiber, the cel-
lulose fiber-based macroinitiator and the poly(stearyl
acrylate) grafted CNF (CF-PSA) were analyzed by
solid state 3C CP/MAS NMR and ATR-FTIR spec-
troscopies. The results are exposed in Figs. 1 and 2.

The main characteristic peaks from the cellulose
can be identified on the NMR spectra (Fig. 1), for
all the samples CF, CF-MI, and CF-PSA. Moreover,
some additional peaks (20 ppm, 56 ppm and few
weaker signals from 100 to 160 ppm) can also be
observed, and were attributed to some residual lignin
present in the fibers. It is to be noted that the peak of
the carbons 4 and 6 are split in two, due to a differ-
ence in chemical shift between crystalline and amor-
phous cellulose (Park et al. 2010). In addition to those
characteristic peaks, the CF-MI spectrum showed the
appearance of a new peak at 171 ppm, respectively
attributed to the carbonyl of the ester group. Those
carbonyl groups can also be observed on the FTIR
spectra (Fig. 2) with the apparition of a new band
localized at 1733 cm™". The solid state '°C CP/MAS
NMR and ATR-FTIR characterization confirmed that

=N > 9 O>\
DMSO, 55°C, 16h HO OH n

Br
P A
/@\/O‘t o' oo
16
E——
MegTREN HO
Cu wire, Ny, 40°C

CF-PSA

the cellulose fiber-based macroinitiator was success-
fully synthesized.

After the synthesis of the cellulose fiber-based
macroinitiator (CFMI), stearyl acrylate (SA) was
grafted onto the surface through SETLRP (CF-PSA).
The CF-PSA NMR spectrum showed a peak local-
ized at 177 ppm attributed to the C12 sites (car-
bonyl bond, ester group) and strong peaks localized
between 40—20 ppm, which are attributed to the car-
bon chain of the SA unit (C13C29). The FTIR spectra
of the CF-PSA (Fig. 2) also showed a large increase
of the C=0 band localized at 1730 cm™', as each SA
monomer grafted on the macro-initiator add an ester
function. In addition to this, the C—H bands around
2900 cm™ ! were much stronger and more distinct, due
to the addition of the long carbon chains from SA.
From the FTIR and NMR spectra, it was concluded
that the grafting of PSA on the surface of the macro-
initiator was successful.

The next step of the composite preparation was
the compounding of the obtained CFPSA with the
thermoplastic matrix HDPE. The compounding was
done with either 10 or 2% (w/w) of CFPSA (respec-
tively labelled CF-PSA ,, @HDPE and CF-PSA,, @
HDPE). The composites were produced with a coun-
ter rotating twin-screw extruder, and the obtained
bio-based filament was either (a) directly 3D print, or
(b) processed into tensile test samples specimen using
injection molding for their mechanical characteriza-
tion. The mechanical properties were characterized
(tensile strength and Young’s modulus) and the cross-
section of the broken specimen was further analyzed
with a field emission scanning electron microscope.
For better comparison, several references samples
were also produced: neat HPDE, HDPE with 10%

@ Springer
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Fig. 1 '3C solid state NMR spectra of CF, CF-MI and CF-PSA
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Fig.2 ATR-FTIR spectra of the unmodified cellulose fibers (CF), the cellulose fiber-based macroinitiator (CF-MI) and the
Poly(stearyl acrylate) grafted CNF (CF-PSA).
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Scheme 2 Coupling reac-
tion between CF and the
maleic anhydride grafted
polyethylene MAPE
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Fig. 3 Tensile testing curves of HDPE (20 mm/min), HDPE
mixed with 10% of unmodified fibers (I mm/min), HDPE
mixed with 10% of modified fibers CF-PSA(lI mm/min),
HDPE mixed with 20% of CF-PSA (1 mm/min) and HDPE
mixed with 7% of unmodified fibers and 3% of MAPE (as cou-
pling agent) (1 mm/min)

of unmodified fibers (CF,y, @HDPE), and finally,
HDPE with 7% of unmodified fibers and 3% of maleic
anhydride grafted polyethylene (MAPE). MAPE was
also selected as it is one of the most widely used addi-
tives, e.g. coupling agent, for increasing the com-
patibility, adhesion between cellulose fibers and a
thermoplastic matrix (Seo et al. 2020). The coupling
reaction between the cellulose fiber and the MAPE
is expose in Scheme 2. The reaction was performed
directly in the counter rotating twin-screw extruder
by simply mixing the cellulose fiber, the MAPE and
the HDPE.

The mechanical properties of the different samples
were investigated by tensile testing and the results are
exposed in Fig. 3. During the characterization, the

m
(0]
m 0 OHO
HO 2 )
o > OH
n
MAPE CF-MAPE

Fig. 4 Broken tensile test samples. From top to bottom: pure
HDPE, CF(7%)+MAPE(3%)@HDPE, CF-PSA(10%) @HDPE

modulus of elasticity (MOE) of the bio-based com-
posite were determined with an elongation speed of
1 mm min~!. The pure extruded HDPE was tested
with an elongation speed of 20 mm min~! as it could
undergo strong thinning and elongation before break-
ing. At the same speed, CFPSA @HDPE broke with-
out any significant deformation after only 4 mm of
elongation. For this reason, the elongation speed was
lowered to 1 mm min~".

The maximal elongation before breaking, as
exposed in Fig. 3 has been taken as a qualitative sign
of the fiber/matrix compatibility. The pure HDPE can
undergo a high strain deformation as shown in Fig. 4,
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Table 1 Mechanical

. MOE (MPa) Yield Strength (MPa)
properties from sample,
obtained by tensile testing, HDPE 800 + 60 21.5+0.5
;f:r‘ri the ENIS0O 527-1 CE-PSA(10%)@HDPE 1037 +41 182+0.2
CF-PSA(20%)@HDPE 1002 +38 17.5+0.2
Fiber(7%) + MAPE(3%) @HDPE 1049+33 18.2+0.2
Fiber(unmodified) @ HDPE 797 +£ 66 16.8+0.2

Fig. 5 FE-SEM picture of
the (top) unmodified cel-
lulose fibers and (bottom)
the CF-PSA.

while the modified cellulose fibers/HDPE composite
cannot sustained such a high strain. However, the fib-
ers increased the stiffness of the composite.

The modulus of elasticity and the yield strength
values of the different samples were listed in
Table 1. The addition of the unmodified fiber to the
HDPE matrix lead to a significant loss of 22% of the
polymer strength while the stiffness of the material
did not improve (MOE remain the same). A similar
strength loss (15%) was observed for the polymer
modified samples: the CF-PSA and the CF-MAPE
(10% wood fiber). However the Young’s modu-
lus increased by roughly 25%, leading to a notably
stiffer material. The increase of the CF-PSA amount
to 20% in the composite, did not have the expected,
estimated result as the stiffness of the material did

@ Springer

not increase, if compare the same sample with 10%
content.

Finally, the mechanical properties of the CF-
PSA and the CF-MAPE were comparable, leading
to a similar increase of the compatibility, adhesion
between the cellulose fibers and HDPE. However,
CF-PSA was produced through SET-LRP, meaning
that the reaction condition, e.g. choice/addition of
the second monomers can be optimized and therefore
new functionality can be introduce onto the hydro-
phobic fiber.

The initial and unmodified cellulose fibers, the
polymer modified fibers (CF-PSA), and the cross-
section of the broken CF-PSA specimen (after tensile
testing), were analyzed with a field emission scan-
ning electron microscope. The FE-SEM pictures are
exposed in Figs. 5 and 6.
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Fig. 6 FE-SEM picture
of a broken (up) HDPE
and (bottom) CFPSA |, @
HDPE test sample

As seen in Fig. 5, the aspect ratio of the cellulose
fibers used in this study was relatively low. This small
aspect ratio could be the reason for the diminution of
the yield strength values and the low gain of Young’s
modulus (for both composites CFPSA & CF-MAPE).
The reinforcing properties of the wood fibers also
depends of their aspect ratio as reported elsewhere
(Peltola et al. 2014).

The modified CF-PSA showed a different surface
(Fig. 5, bottom), as for the CF surface, which one is
fully embedded in the grafted SA polymer.

Regarding the CF-PSA composite samples, it can
be seen from the FE-SEM pictures exposed Fig. 6
that the cellulose fibers were evenly spread within
the composite. Moreover, the modified fiber were not
pull-out from the composite after reaching the frac-
ture point during the tensile testing, since no voids
in the matrix were observed. This showed a good
compatibility of the modified fibers with the HDPE
matrix.

Finally, the last step was to 3D print an object
with our CFPSA(10%)@HDPE composite filament.
The major issues with this step were the difficulties
inherent to the printing of HPDE, such as shrinkage
or warping, leading to the irreversible deformation of
the printed object. The 3D printed object are exposed

in Fig. 7. The printability of the composite could be
performed without warping and with a better layer
adhesion if compared to the printed object made of
pure HDPE.

Conclusion

In this paper, we reported the successful growth
of polySA on the surface of cellulose fiber, which
increased drastically the compatibility of cellulose
to HDPE. The compatibility obtained was evaluated
through mechanical testing and found to be equal to
that of CF-MAPE, which is one of the main methods
to do so. FE-SEM pictures showed a good disper-
sity of the poly-SA grafted cellulose fiber in HDPE.
In addition to this, it was shown that the printability
fidelity was kept for the CF-PSA@HDPE compos-
ite. However, the increase in mechanical properties
was not conclusive: this could be explained by the
low aspect ratio of the cellulose fibers used, which
was too low to yield reinforcing effect, and there-
fore can only act as a filler. Finally, a great strength
from this method is the versatility of the SETLRP:
due to its high compatibility with many categories
of monomers, it is possible to change the polymers

@ Springer
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Fig. 7 picture of cubes
3D-printed respectively
with a composite of
CFPSA(10%)@HDPE (left)
and with pure HDPE (right)

or co-polymers grafted on the surface of cellulose,
leading to many potential properties. This approach
of cellulose surface modification for polymer compat-
ibility could be used in the future as a starting point
for a wide range of composites.
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