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In materials research, polymer nanocomposites have
attracted great attention worldwide from both academic
and industrial points of view. The material properties of
polymers can be enhanced dramatically by incorporating
nanoelements from renewable resources depending on
their biological origin (e.g., cellulose, starch, and chitin).
We have used as the reinforcing phase, in this work, cellu-
lose nanowhiskers (CNWs) and nanofibrillated cellulose
(NFC) to prepare nanocomposite films by casting/evapo-
ration using natural rubber (NR) latex as the matrix. Our
interest is focused, in this work, especially on the investi-
gation of the chemical bonds of the NR matrix and the
chemical links of nanowhiskers added to the matrix and
therefore the physical and chemical interactions which
could happen between the reinforcement and the matrix.
Many techniques have been used to explore the interface.
Among these techniques, attenuated total reflectance/
Fourier transform infrared spectroscopy (ATR/FTIR),
which is employed in this work. It is exhibited that some
differences are observed in FTIR spectra of nanocompo-
site films when adding cellulose nanoparticles into NR
matrix. Overall IR spectroscopy clearly demonstrated that
the interfacial adhesion in the case of NR-NFC nanocom-
posite is higher than that of NR-CNW one which was
explained by the presence of residual lignin at the NFC
surface that play the role of “compatibilizing” agent that
enhance the adhesion between the NFC and the NR.
POLYM. COMPOS., 2018. © 2018 Society of Plastics Engineers

INTRODUCTION

In recent years, enormous efforts have been made to
develop, characterize, and utilize bio-based materials, and
bio-based nanocomposites belong to the new generation of
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biobased materials [1,2]. Cellulose is the most abundant
biomass on the earth and its use in the preparation of bio-
based nanomaterials has gained a growing interest during
the last 10 years. It is one of the best natural materials to
generate nanofillers for producing nanocomposites with
good performance, including the chemical compatibility
between nanofiller and the polymeric matrix that plays a
major role in both the dispersion of particles in the matrix
and the adhesion between these phases [3]. In this study,
nanofibrillated cellulose (NFC) and cellulose nanowhiskers
(CNWs) were used as reinforcing phase to prepare nano-
composite films by casting/evaporation using latex of natu-
ral rubber (NR) as matrix. The choice of the matrix was
dictated by the fact that it is a natural polymer, often rein-
forced with nanoparticles and available as latex [4].

In the nanocomposites, CNWs and NFCs are nanoscale
cellulose fibers that can exert significant effect on the
matrix polymer due to their different composition, shape
and size.

One of the goals of this article is to compare their mor-
phologies, crystalline structure and outline the major fac-
tors that might be influencing the interactions with latex
(NR) matrix and the resulting reinforcing effects on the
matrix polymer. Numerous studies have been carried out
using various cellulosic nanofibers for polymer reinforce-
ment [5-7]. These studies dealt with the thermal, mechani-
cal and dielectric behavior of NR-NFC and NR-CNW
nanocomposites. By studying two different types of fibers,
it was found that the interfacial adhesion is higher for
NR/NFC nanocomposite compared with NR/CNW. In fact,
residual lignin and hemicelluloses surrounding NFC
increase the tensile modulus and decrease the deformation
at break. These impurities thus improve the interfacial
adhesion between fibers and matrix. Moreover, it has been
noted that the storage modulus is higher and the damping
factor tané is lower for NR-NFC compared with NR-CNW.

Check for
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In spite of all previous studies, a greater clarity is still
needed on the reinforcing effects of different cellulose
nanofibers. attenuated total reflectance/Fourier transform
infrared spectroscopy (ATR/FTIR) spectroscopy is a com-
plementary technique that can provide a sensitive, rela-
tively quick, non-destructive means of probing molecular
structure in our nanocomposite films [8—11]. Such tech-
nique is used here to examine the above-mentioned proper-
ties of nanocellulose fibers and nanocomposites.

Furthermore, ATR/FTIR is convenient for analysis of
conformational dependence, and intra- and inter-chain
interactions [12]. In fact, it is well known that the different
surface properties between the nanofiber and the NR
matrix, that is, the former is highly polar and hydrophilic
while the latter is, generally, non-polar and relatively hydro-
phobic, impose the modification of the fibers surface or the
addition of compatibilizing agents, in order to improve the
fiber/polymer compatibility and their interfacial adhesion. In
this context, lignin which contains both polar and nonpolar
groups [13] and located at the NFC surface, acts as a cou-
pling agent linking hydrophilic cellulose with the hydropho-
bic NR matrix, and thus, it can enhance interfacial
compatibility between the fibers and polymer matrix. So, we
draw attention in this article to the reinforcing efficiency of
nanocellulose in the nanofibers/matrix interfacial adhesion.
The results from this study show clearly that for the same
nanocellulose concentration, distinctions between short rigid
CNWs and long relatively tough NFCs in terms of their
reinforcing effects, thus providing a practical supervision for
the progress of polymer nanocomposites containing cellulose
nanofibers. A comparative study will be interesting and
informative for determining the nanocomposite which has
the best adhesion properties.

EXPERIMENTAL

Materials

NR extracted from tropical trees of the species of Hevea
Brasiliens. It was provided by Michelin (Clermont Ferrand
France). It contained spherical particles with diameter about
1 pm and its concentration was about 31 wt%. The density
of dry NR, pxg, was 1 g cm™' with >97% of cis-
1,4-polyisoprene.

Cellulose is among the most abundant materials in
nature; its structure is composed of b-D-glucopyranose
repeating units linked by (1-4)-glycosidic bonds. The NFC
and CNW were extracted from the rachis of date palm tree
as described elsewhere [14]. CNWs and NFCs show sub-
stantially different sizes as seen in the Transmission elec-
tron microscopy micrographs for CNWs and NFCs [5,15].
CNWs are rigid cellulose rods with an average width less
than 10 nm and an average length of 100-400 nm while
NFCs are flexible filaments with an average width of
8-12.5 nm and an average length of 700-1,100 nm. NFCs
are obtained by mechanical treatment (the bleached
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cellulose was disintegrated by pumping through a micro-
fluidizer processor [Model M-110EH-30]) whereas it is a
chemical process that leads to the formation of CNWs
(chemical treatment [hydrolysis] is applied to remove the
amorphous regions of the cellulose polymer). Then, the
resulting nanoparticles (CNW/NFC) were used as reinfor-
cing phase to prepare nanocomposite films using latex of
NR as matrix, following the protocol given by Bendahou
et al. [15]. The mixture was stirred using a magnetic stirrer
for 8 h and then placed in a rotary evaporator for degas-
sing, to avoid the presence of air bubbles in the dry films.
It is then poured into a Petri dish covered with Polytetra-
fluoroethyle (PTFE) and placed in a ventilated oven at
40°C for 2-3 days depending on the filler content in the
film. Further drying of the films was performed for 12 h
under vacuum at 40°C.

On the basis of this investigation, the matrix NR and vari-
ous nanocomposites based on both NFC NR-NFCI1, NR-
NFC2.5, NR-NFC7.5, NR-NFC10, and NR-NFC15 and
CNWs NR-CNW1, NR-CNW2.5, NR-CNW5, NR-CNW7.5,
and NR-CNW15 were investigated, where the digits indicate
the nanoparticle content, in weight.

ATR/FTIR Measurements

The measurements were realized in the Walloon Agricul-
tural Research Center (Cra-w) Belgium. All ATR/FTIR
spectra were recorded on a Vertex 70-RAM II Bruker spec-
trometer (Bruker Analytical,Madison, WI) operating with a
Golden Gate TM diamond ATR accessory (Specac Ltd,
Slough, UK). FTIR/ATR spectra [4,000-500 cm_l] were
collected with resolution of 4 cm™" by co-adding 256 scans
for each spectrum at room temperature. The OPUS 6.0 soft-
ware for windows of Bruker Instruments was used for
instrument management.

RESULTS AND DISCUSSION

Vibrational Analysis of the NR Matrix

FTIR/ATR spectrum (4,000-600 cm™!) of NR matrix is
illustrated in Fig. la. The assignments of the observed
modes in this spectral region are reported in Table 1. All
reported peak values were based on the maximum peak
height of the unfitted spectra. Curve fitting and fitted fre-
quency values labeled * were performed as per Bresson
et al. [16]. We can note that the position of the peaks of NR
matrix spectrum is similar to those described stufly by dif-
ferent authors [17-19]. On the IR spectrum (see Fig. 1a), we
distinguish four well defined spectral regions: 3,500-2,600,
1,800-1,500, 1,500-1,200, and 1,200-600 cm™".

Region 3,500-2,600 cm™'. In this spectral region, we
observe the affected modes of alkyl stretchable region alco-
hol OH (3,500-3,100 cm™") and W(C-H) stretching region
(3,100-2,600 cm_l). In The CH stretching region, we

DOI 10.1002/pc
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FIG. 1. IR spectra of (a) NR matrix and (b) cellulose in the spectral range 600-4,000 cm™" [Color figure can

be viewed at wileyonlinelibrary.com]

observe several peaks at: 3,042, 2,988, 2,962, 2,932, 2,913,
2,881, 2,852, 2,725 cm™' [20]. Four peaks dominate in
intensity the spectrum: 2,962, 2,932, 2,913, and 2,852 cm™!
assigned to CHj3 symmetric stretching modes for the first
three and CH, antisymmetric stretching modes for the last.

For the spectral region 3,500-3,100 cm™', we observe a
wide peak which can be used to adjust by three Lorentzian
functions centered at 3,450, 3,350, and 3,140 cm™'. The
appearance of these modes in this IR spectrum is the signa-
ture of the presence of water in our NR sample.

TABLE 1. Observed FTIR/ATR bands and their assignment of NR and cellulose.

NR Cellulose ASSIGNEMENT

NR Cellulose ASSIGNEMENT

Zone 1,200-800

814% (w) p(CH»)
841 (s) p(CH3)
864* (sh) o(CH,)
889* (w) 895* (w) p(CH,)
930%* (w) p(CH3)
982* (sh) o(CH,)
1,013 (m) 014 (m) Y C-0)
1,036* (sh) 1,030 (m) U(C-O)/v(C-0)
1,048 (m) v C-0)
1,055 (m) v(C-0)
1,065%* (sh) v C-0)
1,080 (m) UC-C)
1,100%* (sh) 1,107 (m) vC-0)
1,126 (m) v(C-O)
1,140% (sh) UC-C)
Zone 1,800-1,500
1,511% (sh) 8(H,0)
1,543 (m)
8(H,0O)
1,564* (sh)
8(0-H)
1,586%* (sh)
8(H,0)
1,595 (m)
8(0O-H)
1,634 (s) C=0)
1,653* (sh) 8(0-H)
1,664 (s) C=0)

Zone 1,500-1,200

1,202 (m) UC-0-C)
1,220% (w) 1,232 (m) 7(CH,)
1,246* (w) 1,255% (w) 7(CH,)
1,307 (m) 1,314 (s) 8(CH)/ 8(OH)

5(CH)
1,322 (m) 1,337 (m) 5(OH)

8(CH3)
1,360 (m) 1,372 (m) 8(CH,) + 8(CH)
1,376 (s)

1,401% (sh) 1,405% (sh) 8(CH,)
1,434% (sh) 1,426 (m) 8(CH,)
1,450 (s) 1,454* (sh) 8(CH,)

Zone 4,000-2,700

2,725% (w) W(C-H)
2,852 (s) 2,851 (m) V(CH,)

2,881% (sh) Vao(CH,)
2,913 (m) 2,901% (sh) Ve (CHy)
2,932 (m) Vy(CH3)
2,962 (s) V(CH3)

2,988* (sh) Vy(CHs)
3,042% (w) Vas(CHs)
3,140% (w) U=C-H)

3,160% (sh) WO-H)

3,271 (s) w(O-H)

3,325 (s) WO-H)

V(O-H)

3,350% (w) v(O-H)
3,450* (sh) 3,424% (sh) WO-H)

w, weak; m, medium, s, strong; sh, shoulder; v, Str, stretch; 8, bending deformation; <, twisting; p, rocking; s, symmetric; as, antisymmetric, *, fitted values.
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IR spectra of (a) NR matrix and (b) cellulose in the spectral range 1,500-1,800 cm™ and (c) NR

matrix and (d) Cellulose in the spectral range 1,200-1,500 cm™" fitted by Lorentzian curves.

Region 1,800-1,500 cm™'. In this spectral zone
(Fig. 2a), we observe a wide peak with a maximum at
1,664 cm™' and three shoulders at 1,634, 1,586, and
1,544 cm~!. The peaks at 1,664 and 1,634 cm ™ 'are assigned
to Y(C=C) stretching modes whereas the modes at 1,586 and
1,544 cm™! correspond to 6 (H,0) deformation revealing
the presence of water which is connected to the hydroxyl
groups (-OH) of the lipid present in our sample [5].

Region 1,500-1,200 cm™'. In this spectral zone
(Fig. 2c), we observe numerous more and less defined
peaks. The number of adjusted components by Lorentzian
functions is important. This spectral region is dominated by
the CH, CH,, and CH3 deformations (1,500-1,300 cm_l)
and the CH, twisting modes (1,300-1,200 cm_l) [20]. Two
peaks have an important intensity: 1,450 cm™" assigned to &
(CH,) deformation and 1,376 cm™' assigned to & (CHs)
deformation.

Region 1,200-600 em~.  In this spectral zone (Fig. 1a),
we observe four intense peaks at 1,126, 1,080, 1,048, and
841 cm™'. The first three peaks are assigned to the C-C
stretching modes whereas the last peak corresponds to the
CH; rocking mode [20].

Vibrational Analysis of The Reinforcement (Cellulose)

The attribution of various bands of the cellulose bands
spectrum has been the subject of numerous studies. The
works of Marechal and Chanzy describe in detail the differ-
ent bands forming a spectrum of cellulose [21].

Figure 1b shows our FTIR spectrum of cellulose. The
main absorbance peaks obtained for cellulose are as follows:
the broad band at 3,200-3,355 cm™! which corresponds to
the stretching vibration of OH groups of cellulose. In gen-
eral, this group can come from lignin, hemicelluloses, cellu-
lose and pectin. In this spectral region, we observe a wide
band with two visible peaks at 3,325 and 3,271 cm™!. In the
spectra region 3,100-2,700 cm_l, the bands at 2,901 and
2,851 cm™" characterize the methylene C-H asymmetric and
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symmetric stretching vibration, respectively [22]. In the
spectral region 1,800-1,500 cm~! we observe in Fig. 2b a
wide band centered at 1,595 cm™" attributed to the bending
mode of the absorbed water [23]. In the spectral region
1,500-1,200 cm_l, we observe in Fig. 2d numerous more or
less intense peaks. The absorbance at 1,337 and 1,314 cm™!
are assigned to the bending of hydroxyl group —OH in cellu-
lose [24,25]. In the spectral region 1,200-600 cm™', the
bands at 1,202, 1,055, and 1,030 cm™! are assigned to the
elongation of C-O bonds in alcohol and other functions
[20,24,26].

In comparison with the NR IR spectrum, we can note
the existence of vibrational modes characteristics of each
of both elements constituting the NR reinforced by the
cellulose:

* For NR, we have the ¥(C=C) stretching modes at 1,664 and
1,634 cm™" and p(CH3) rocking modes at 841 cm™,

* For cellulose, we have more vibrational signatures: the v(O-H)
stretching modes at 3,325 and 3,271 cm™!, the 6(0O-H) bending
modes at 1,595, 1,337, and 1,314 cm™! and v(C-0) stretching

modes at 1,202, 1,055, and 1,030 cm™L

Vibrational Analysis of Nanocomposites

Now due to incorporation of different amounts of cellu-
lose nanofibres into NR matrix, some differences can be
observed in FTIR spectra of nanocomposites films.

In the Spectral Region 3,500-2,600 cm™'. In Fig. 3a
and c, where both spectra were normalized on the mode at
3,035 cm™!, we present the FTIR spectra of NR-CNW and
NR-NFC nanocomposites according to the rate of cellulose
reinforcement inside the NR matrix. The adjustment was
made by curve fitting with software Origin 7 using a com-
bination of lorentzian functions, according to reinforcement
rate between 1 and 15% of cellulose.

The assignments of the observed modes in spectral
region 4,000-800 are reported in Table 2 for NR-CNW
samples and in Table 3 for NR-NFC samples. All reported
peak values were based on the maximum peak height of
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the unfitted spectra. Curve fitting and fitted frequency
values labeled * were performed as per Bresson et al. [16].
When compared with pure NR which exhibits a broad
stretching peak centered at 3,350 cm™', the peaks of NR-
CNW and NR-NFC corresponding to the v(O-H) stretching
modes are much sharper and stronger, indicating higher
densities of the hydroxyl groups on the surfaces of CNW
and NFC [27].

In general on the Fig. 3a and c, we have four adjusted
components by Lorentzian functions between 3,100 and
3,600 cm™!, ascribed to intramolecular and intermolecular
hydrogen bonding [28,29]. According to the rate of cellu-
lose reinforcement, we observe that the intensity of the
v(O-H) stretching modes for NR-NFC samples evolves in a
more important way than for the case of the NR-CNW
samples. We can note a similarity between the NR-CNW
15% spectrum and that of NR-NFC 7.5%. Table 4 is a
summary of changes in functional group band intensity for

NR-CNW and NR-NFC. Moreover, for the NR-NFC 15%,
we remark a shift of peaks towards higher IR frequencies
which comes along with a very important increase in inten-
sity. These phenomena indicate important effects of the cel-
lulose nanofibers on the NR matrix through hydrogen
bonding, and lesser effects in the case of NR-CNW in com-
parison with NR-NFC structure.

In addition, we observe a strong variation of intensity
between the peaks at 3,035 and 3,350 cm™', corresponding
respectively to asymmetric = C-H stretching vibration related
to NR matrix and O-H stretching vibration which character-
ize the hydrogen bonds that can take place between NR
matrix and cellulose nanofibers or nanowhiskers. Figure 4b
and d shows the intensity ratio /3 93513 350 = I=c-m) /L, (c-om)
according to the percentage of cellulose for NR-CNW and
NR-NFC respectively. We note that for NR reinforced with
CNWs, we have a little influence of reinforcement rates, so
there are no hydrogen bonds between 1 and 7.5% of CNW

TABLE 2. Observed FTIR / ATR bands and their assignment of NR reinforced by CNWs (NR-CNW).

NR-CNW 1% NR-CNW 2.5% NR-CNW 5% NR-CNW 7.5% NR-CNW 15% Assignement
Zone 1,500-1,200
1,206* (sh) 1,207* (sh) 1,207* (sh) 1,203* (sh) 1,202% (sh) WC-0-C)
1,245 (w) 1,257 (m) 1,245 (m) 1,244 (m) 1,241 (m) T(CH,)
1,285 (w) 1,284 (w) 1,283 (w) T(CH,)

1,313 (w) 1,307 (m) 1,308 (m) 1,309 (m) 1,314 (m) 8(CH)/ 8(OH)

1,323* (sh) 1,325% (sh) 1,328* (sh) 1,336* (sh) 8(CH)
1,360 (m) 1,359 (m) 1,359 (m) 1,358 (m) 1,358 (m) 8(CHs)
1,375 (s) 1,375 (s) 1,375 (s) 1,375 (s) 1,375 (s) 8(CHs)
1,403* (sh) 1,403* (sh) 1,403* (sh) 1,403* (sh) 1,403* (sh) 8(CHs) + 5(CH)
1,432 (m) 1,434% (m) 1,433* (m) 1,435% (m) 1,433* (sh) 8(CH,)
1,447% (s) 1,451% (s) 1,448% (s) 1,451% (s) 1,448 (s) 8(CH,)
Zone 1,800-1,500
1,541 (m) 1,538 (m) 1,521% (w) 1,521% (sh) 1,541 (m) 8(0-H)
1,576 (m) 1,568 (m) 1,547 (m) 1,544 (m) 1,577 (m) 5(0-H)

1,620 (m) 1,585 (m) 1,596 (m) 8(0-H)
1,644% (sh) 1,645 (m) 1,638 (m) 1,642 (m) 1,634 (m) UC=C)
1,663 (m) 1,664 (m) 1,662 (m) 1,664 (m) 1,663 (m) wuC=C)
Zone 4,000-3,000
3,035 (m) 3,037 (m) 3,038 (m) 3,038 (m) 3,038 (m) U(=C-H)
3,200* (sh) 3,100* (sh) 3,201* (sh) 3,290 (m) 3,287 (m) V(O-H)
3,284 (m) 3,300 (m) 3,290 (m) 3,346% (w) 3,343 (m) V(O-H)
3,350% (w) 3,395% (w) 3,400 (m) 3,400 (m) 3,400 (m) V(O-H)
3,503* (sh) 3,505* (sh) 3,515% (sh) 3,510% (sh) 3,520% (sh) WO-H)
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TABLE 3. Observed FTIR/ATR bands and their assignment of NR reinforced by NFC (NR-NFC).

NR-NFC 1% NR-NFC 2.5% NR-NFC 7.5% NR-NFC 10% NR-NFC 15% Assignement
Zone 1,500-1,200
1,203% (sh) 1,203 (sh) 1,203* (sh) 1,187% (sh) Y(C-0-C)
1,223 (w) 1,243 (m) 1,241 (m) 1,238 (m) 1,244 (m) ©(CH,)
1,287 (w) 1,284 (w) 1,280 (w) 1,280 (w) ©(CHa)
1,313 (w) 1,311 (m) 1,315 (m) 1,315 (m) 1,311 (m) 8(CH)/ 8(OH)
1,322% (sh) 1,331% (sh) 1,336* (sh) 1,336* (sh) 8(CH)
1,358 (m) 1,359 (m) 1,360 (m) 1,360 (m) 1,357 (m) 8(CH,)
1,375 (s) 1,375 (s) 1,375 (s) 1,375 (s) 1,376 (s) 5(CH;)
1,403* (sh) 1,402% (sh) 1,403* (sh) 1,403* (sh) 1,413%* (sh) 8(CH;) + 8(CH)
1,432% (m) 1,434% (m) 1,434% (m) 1,430% (m) §(CH,)
1,451% (s) 1,451% (s) 1,451% (s) 1,451% (m) 1,449% (s) 8(CH,)
1,462* (sh) 8(CH,)
Zone 1,800-1,500
1,513 (w) 1,512 (w) 1,513% (w) 1,513* (sh) - 8(0-H)
1,540 (m) 1,530 (m) 1,543 (m) 1,544 (m) 1,539 (m) 5(0-H)
1,550 (m) 1,550 (m) - - - 5(0-H)
1,582 (m) 1,590% (sh) 1,590 (m) 1,590 (m) - 5(0-H)
1,610* (m) 1,610% (m) 1,615% (m) 1,615% (m) 1,610* (m) UC=C)
1,631 (m) 1,632 (m) 1,632(m) 1,634(m) 1,632 (m) UC=C)
1,648* (sh) 1,650(m) 1,647 (m) 1,647(m) - YC=C)
1,663 (m) 1,664 (m) 1,664 (m) 1,664 (m) 1,663 (m) UC=C)
1,710 (s) Y(C=0)
1,737 (m) Y(C=0)
1,766%(sh) YC=0)
Zone 4,000-3,000
3,034 (m) 3,037 (m) 3,022%* (sh) 3,022% (sh) 3,035% (sh) v(=C-H)
3,230* (sh) 3,230% (sh) 3,230% (sh) V(O-H)
3,294 (m) 3,290 (m) 3,282 (m) 3,280 (m) 3,282 (m) v(O-H)
3,345%(w) 3,350 (m) 3,350 (m) 3,350 (m) 3,350 (m) v(O-H)
3,415% (w) 3,405% (w) 3,400 (m) 3,400 (m) 3411 (m) V(O-H)
3,510% (sh) 3,480* (sh) 3,500% (sh) 3,500% (sh) 3,480* (sh) v(O-H)

w, weak; m, medium, s, strong; sh, shoulder; v, Str, stretch; 8, bending deformation; t, twisting; p, rocking; s, symmetric; as, antisymmetric, *, fitted

values.

and with the increase of percentage of cellulose to 15% we
observe a decrease of intensity ratio from 1.2 to 0.6 marking
that we have more hydrogen bonds when adding more of
CNW. The situation is different for NR reinforced with NFC.
There is a rapid change with two bearings marking the
increase of hydrogen bonds with the % of cellulose. Indeed,
the smaller the intensity ratio, the greater the contribution of
the hydrogen bonds, and henceforth the better adhesion
NR/NFC. This result is in very good agreement with the pre-
vious characterizations realized to these materials, by means
of Scanning Electron Microscopy (SEM), water uptake tests,
Dynamic Mechanical Analysis (DMA) [5,15] and by dielec-
tric spectroscopy, in which the authors found that entities
(residual lignin and hemicelluloses) surrounding NFC limit

water infiltration at filler—matrix interface, increase the tensile
modulus, decrease the deformation at break, and increase the
storage modulus E. Moreover, CNWs produce more inter-
faces with NR, and thus the trapped charges at interface are
more important for CNW-based nanocomposites. Therefore,
the interfacial polarization appears more intense and in terms
of conductivity these entities restrict the interfacial pathway
for charge carriers and limit their motion so charge carriers
movements could be easier at the NR-CNW interfaces
[6,14,30,31]. All these characterizations confirmed the con-
clusion that the interfacial adhesion in the case of NFC/NR
nanocomposite is higher than that of NR/CNW one. Figure 4
is a schematic illustration of both the NR-NFC and NR-
CNW interfaces. It is well known that CNWs and NFCs

TABLE 4. Summary of changes in functional group band intensity for NR-CNW and NR-NFC.

NR-CNW NR-NFC
Group Location (cm™) 1—5% 5—-15% 1-2.5% 25-7.5% 7.5—15%
Y=C-H) 3,035 - - - _ _
UO-H) 3,284 - IR - T !
UO-H) 3,350 - IR - T !

/T, weak;| | /T 7, moderate, | | | /T T T, strong changes; —, no change (stable).
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show substantially different shapes, composition and sizes.
As observed, NFC surface is covered by residual lignin and
hemicelluloses while CNW surface is free from these entities
and contains only cellulose chains. The reasons for the chan-
ged interfacial adhesion cannot be dissociated from the nature
of the surfaces involved. Thus, the surface strongly condi-
tions the possibilities of chemical or physical bonds repre-
senting adhesion to the interface between two materials. In
fact, lignin present in the NFC surface contains [32] polar
(hydroxyl) groups and nonpolar hydrocarbon and benzene
rings, it is expected to be able to improve the adhesion
between the two components of the composite, acting as a
compatibilizer between hydrophilic natural fiber reinforce-
ment and hydrophobic matrix polymer [33]. Some attempts
to utilize lignin as a compatibilizer in various polymeric sys-
tems have been documented in different works [34—36].

In addition, the area within the peak is a very important
parameter to be considered in this context. Figure 5a and b
shows the area within the peaks at 3,035, 3,284, and
3,350 cm™! as a function of % of CNW and % of NFC,
respectively. For NR-CNW, between 1 and 7.5%, the area
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remains practically stable for all peaks. Then, after 7.5% of
CNW, we observe a fast rise of these areas for both peaks
located at 3,284 and 3,350 cm™' corresponding to v(O-H)
stretching modes. The evolution of this Area is agreed with
the previous observation made within intensity ratio varia-
tion in the case of NR-CNW. This result confirms again
that we have more hydrogen bonds when adding more of
CNWs. For NR-NFC, we have also a fast rise of area for
the same peaks but from 2.5% of NFC. This rise indicates
the significant interactions between the matrix NR and
NFC from a low rate of reinforcement compared with NR—
CNW and therefore the better adhesion NR/NFC.

In the Spectral Region 1,800-1,500 cm™'. Figure 6a
and b, where both spectra were normalized on the mode at
1,664 cm™', show respectively the FTIR spectra of the
composites NR-CNW and NR-NFC. For NR-CNW sam-
ples, the IR spectra in this spectral region can be separated
in two parts: between 1,800 and 1,610 cm™! and between
1,610-1,500 cm™". The first part corresponds to two vibra-
tional modes at 1,650 and 1,664 cm™' associated only to
C=C stretching vibration of NR matrix whereas the second
part reveals the §(O-H) bending modes due to the cellulose.
For NR-CNW 1%, NR-CNW 2.5%, and NR-CNW 15%,
these two parts have similar intensities whereas for NR-
CNW 5% and NR-CNW 7.5%, the v(C=C) stretching
modes are more intense than the 6(O-H) bending modes.
For the NR-NFC samples, the changes are more spectac-
ular. Until NR-NFC 10%, we remark the same distribution
of IR spectra in this spectral region in two parts between
1,800 and 1,610 cm™" and between 1,610 and 1,500 cm™".
The first part corresponds to four vibrational modes at
1,610, 1,631, 1,650, and at 1,664 cm™", the first two peaks
are associated only to C=C stretching vibration of lignin
[37] whereas the last two peaks are assigned to C=C
stretching vibration of NR matrix. Moreover, for NR-NFC
15% (see Fig. 6b), we can distinguish three vibrational
parts: a new part between 1,800 and 1,700 cm™" assigned
to the carbonyl stretching mode v(C=0). From Table 3, we
can note three additional modes at 1,765, 1,737, and

®) 450] |—=—3035cm" v(=*C-H)

400] |[—*—3284cm” v(O-H)
- —de— 3350 ¢cm” v(0-H)
> 3504 »
3
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% of NFC

FIG. 5. Variation of Area under the peaks located at 3,035, 3,284, and 3,350 cm™! as a function of reinforce-
ment rate for (a) NR-CNW and (b) NR-NFC nanocomposites.
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1,710 cm™', with very important intensities. Nevertheless,
the NR and the cellulose do not possess C=0 carbonyl group
in their structures. These C=0O stretching modes in the NR-
NFC 15% IR spectrum can be explained by the presence of
both hemicelluloses and fatty acids at the surface of NFC lig-
nin [37]. The residual lignin, hemicelluloses, and fatty acids
give the hydrophobic character to the NR-NFC contrary to
the NR-CNW which has an hydrophilic character as we said
previously, the CNW surface is free from these entities and
contains only cellulose chains. This result is correlated with
the dielectric one in which the authors found that water relax-
ation of NR-CNW nanocomposites seems more intense com-
pared to NR-NFC nanocomposites and it was explained also
by the difference in the structure and composition of both
nanoparticles and in particular by the presence of residual lig-
nin, hemicelluloses, extractive substances and fatty acids at
the surface of NFC that limits, comparatively, the hydrophilic
character of the nanofiller [14,24,38].

In order to show the impact of lignin and to evaluate the
intensity contribution of the cellulose into NR —matrix we
present in Fig. 7 the intensity ratio I; s30/1; 650 = IVc=c)y/
IVic=cy as the mode at 1,630 cm™" is related only to the
lignin present at the NFC surface and in opposite the mode
at 1,650 cm™" is related only to the NR matrix. From Fig. 7,
we observe that intensity ration quickly rise between 2.5
and 10% of NR-NFC and for NR-NFC15%, we note an
important decrease of this intensity ratio. This result con-
firms that lignin plays an important role in the NR-NFC
adhesion mechanism.

8 POLYMER COMPOSITES—2018

In the Spectral Region 1,500-1,200 cm™'. In this spec-
tral region, we observe several wide peaks assigned to
6(CH), 6(CH,), 6(CH3), and 6(O-H) deformation modes
(see Fig. 8a and b, where both spectra were normalized on
the mode at 1,310 cm_l).

From Tables 2 and 3, we can distinguish four particular
modes at 1,450, 1,375, 1,310, and 1,203 cm™! correspond-
ing respectively to 6(CH,), 6(CHj3), (6(CH)+6(0-H)) defor-
mation modes and v(C-O-C) stretching mode. Concerning
the intensity of these modes, as observed in Table 5 we
remark that their intensities seem to be constant more or
less as function of reinforcement rate in the case of NR-
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0,90 4

]1 630"1650
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0,80

T | A | T T L] rrrrrTy T T T T T
0123456 78 910111213 141516
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FIG. 7. Intensity ratios I, 630/I1 650 as a function of reinforcement rate for
NR-NFC nanocomposites.
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CNW whereas for NR-NFC, a significant variation of
intensity is observed .

In order to evaluate these changes, the intensity ratios
13.310/11,375 = 16cnywbcony) / 1S(cnzy and 17 203/1; 375 = Lo
o-cy / Id«cn3y as a function of reinforcement rate were
described in Fig. 9a and b for NR-NFC. These intensity
ratios can be served to evaluate the intensity contribution of
the cellulose into the NR-CNW and NR-NFC matrix
because the modes at 1,310 and 1,203 cm™! are assigned to
0(O-H) deformations existing only for the cellulose and in
opposite of the mode at 1,375 cm™" corresponding to the
6(CHj3) bending mode existing only for NR—matrix. All the
intensity ratios quickly rise between 2.5 and 10% of NR-
NFEC. For I, 3,01, 375, the intensity ratio passes from 0.45 to
1.05 for NR-NFC, from 0.10 to 1.40 for I; 593/1; 375 Whereas
for NR-CNW these two intensity ratios do not practically
vary. For NR-NFC 15%, we note an important decrease of
these two intensity ratios. This result indicates the
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IR spectra of (a) NR-CNW and (b) NR-NFC nanocomposites in the spectral region from 1,200 to

contribution of the C-O stretching of the aryl group in lignin
[39] and the absence of this contribution for NR-CNW is
due to the acid hydrolysis treatment which removes the
amorphous regions (hemicellulose and lignin) of the fiber
leaving intact the crystalline fraction [30,39,40].

In the Spectral Region 1,200-600 cm™". In this spectral
zone, we note in the Fig. 10a three particular modes: two
vibrational modes characterized the cellulose at 1,058 and
1,030 cm™! assigned to v(C-OH) stretching mode and one
mode at 841 cm™" corresponded to p(CH3) rocking mode
existing only for NR—matrix. Figure 10b and c, where both
spectra were normalized on the mode at 841 cm™', show
respectively the FTIR spectra of the composites NR-CNW
and NR-NFC. From these figures, we can distinguish two
vibrational parts: between 1,200 and 900 cm™! dominated
by the cellulose vibrational modes and between 900 and
800 cm™' dominated by the NR p(CHj;) rocking mode at

TABLE 5. Summary of changes in functional group band intensity for NR-CNW and NR-NFC.

NR-CNW NR-NFC

Group Location (cm™) 1—2.5% 2.5—5% 5—7.5% 7.5—15% 1—2.5% 2.5-7.5% 7.5—10% 10—15%
p(CH3) 841 - - - - - - ! -
UC-0) 1,058 7 ! T " ! 7171 1 1
Y(C-0) 1,030 T ! T " ! T T 1
8(CH3) 1,375 - - - - - - - -
8(0-H) 1,310 " 1 T i ! T 7 1
8(0-H) 1,203 ! ! T 1T 1 T il 1
UC=0) 1,710 0 0 0 0 0 0 0 T
UC=0) 1,737 1] 0 0 0 0 0 0 T
UC=0) 1,765 0 0 0 0 0 0 0 T

/T, weak;| | /T 7, moderate, | | | /T T T, strong changes; —, no change (stable).
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841 cm™'. For NR-CNW, we observe a change for the first
part only for NR-CNW 15% with the appearance of two
resolved peaks assigned to v(C-OH) stretching mode at
1,058 and 1,030 cm™". According to the percentage of rein-
forcement, these two parts have similar intensities. In oppo-
site, for NR-NFC nanocomposites, from 7.5% of cellulose,
we observe an inversion of intensity between both parts:
the first part increases significantly in intensity. A summary
of changes in the intensity of these functional group band
is presented in table 5 for NR-CNW and NR-NFC.

In order to evaluate these intensities, we introduce in
Fig. 1la—c three intensity rations: I; gss/lss; = Ivc-oy /
Lipcnsys 11,030/1s41 = Luc-oy / Lipcnsy and 1503011058 =
Lc-0y / Lyc-0y- For NR-CNW, these three intensity ratios
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Intensity ratios (a) Ij 203/l 375 and (b) I 310/]1 375 as a function of reinforcement rate for NR-CNW

do not seem to change whereas for NR-NFC we observe a
very strong increase for the two ratios 1; ps¢/lss; and 1; 030/
Ig,; until 10% of reinforcement (from 1.0 to 4.0) then a
decrease of these ratios for NR-NFC 15% (from 4.0 to 2.0).

Similar behavior was observed using dielectric analysis;
[6] the interfacial polarization strength increases with fill-
ing, the number of free charges trapped at the interface
increases with the filler content. From a critical NFC rate
(between 2.5 and 7.5 wt%), the interface become suffi-
ciently charged, and the interactions between the dipoles
become more important and then this is reflected by a
decrease in the polarization intensity indicating a rigid
interface. We observe the same phenomenon from the
study of the intensity ratios I; gss¢/lss; and I; p30/Is4; as a
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FIG. 11.
NR-CNW and NR-NFC nanocomposites.

function of NFC rate, but we observe a threshold value at
10% of NFC. For NR-NFC, the intensity ratio I; 3¢/I; ss
does not seem to change, so these two peaks evolve in
intensity in the same way according to the percentage of
cellulose. Thus, these two peaks are assigned to the vibra-
tional behavior of the cellulose. Other studies on NR-CNW
appear important [41-44].

SUMMARY AND CONCLUSION

In this work, we have investigated infrared spectra per-
formed on NR isolated from Hevea Brasiliens and its com-
posites using CNWs and NFC extracted from the rachis of
date palm tree, by means infrared spectroscopy at room tem-
perature and in the spectral range 4,000-600 cm™'. In the
spectral regions 3,500-2,600, 1,800-1,500, 1,500-1,200, and
1,200-600 cm™", many vibrational modes were found to be
important witnesses of structural changes when adding cellu-
lose nanoparticles into NR matrix. These vibrational changes
are manifested by shifts in frequency, significant variations in
the intensity and the appearance or disappearance of vibra-
tional modes from a precise value of reinforcement rate. In a
general way, the NR-NFC is much more sensitive to the
vibrational changes according to the percentage of cellulose
into the NR-matrix than the NR-CNW samples. In the spec-
tral range 3,500-2,600 cm_l, the study of the intensity ratio
I5.035/13 350 = Ly=c-m /l«c-om) according to the percentage of
cellulose for NR-CNW and NR-NFC shows a reduction of
this ratio from 7.5% of cellulose for NR-CNW whereas for
NR-NFC this decrease begins with a lower percentage of cel-
Iulose. This phenomenon is explained by the difference in
the structure of both nanoparticles and in particular by the
presence of residual lignin and hemicelluloses at the surface
of NFC that limits, comparatively, the hydrophilic character
of the nanofiller. In the spectral range 1,800—-1,500 cm™, this
presence of lignin is confirmed by the appearance of the C=0
stretching mode for the NR-NFC 15% IR spectrum. In the

DOI 10.1002/pc

% of reinforcement
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Intensity ratios (a) I} gss/Iga1, (b) Iy 030/Isa1, and (c) I; o30/1) ossas a function of reinforcement rate for

spectral range 1,500-600 cm™", the studies of four intensity

ratios (I7,310/11,375, 11,209/11,575, 11,05¢/Is41, and 17 030/Is4;) have
permitted us to show an important impact on the vibrational
behavior according to the percentage of cellulose for NR-NFC
samples: we observe a strong increase from 1 to 10% of rein-
forcement then a decrease for 15%. All these results confirm
our dielectric analysis on the same samples for which it had
been established that the lignins play the role of “compatibiliz-
ing” agent that enhance the adhesion between NR matrix and
the NFC. Overall, the objectives of this work were focused on
the understanding of the incorporation effect of cellulosic
nanoparticles with different forms and mass fractions on the
vibrational properties of the nanocomposite materials.
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