
ORIGINAL RESEARCH

Production of cellulose nanofibrils from alfa fibers and its
nanoreinforcement potential in polymer nanocomposites

Zineb Kassab . Assya Boujemaoui . Hicham Ben Youcef . Abdelghani Hajlane .

Hassan Hannache . Mounir El Achaby

Received: 7 June 2019 / Accepted: 21 September 2019 / Published online: 30 September 2019

� Springer Nature B.V. 2019

Abstract Alfa fibers (Stipa Tenacissima) were

effectively utilized in this study as a promising

cellulose source for isolation of carboxy-functional-

ized cellulose nanofibrils (CNFs) using multiple

treatments. Pure cellulose microfibers (CMFs) were

firstly extracted by alkali and bleaching treatments.

CNFs with an average nanofibrils diameter ranging

from 1.4 to 4.6 nm and a crystallinity of 89% were

isolated from CMFs by a combination of TEMPO-

oxidation and mechanical disintegration processes.

The morphology and physico-chemical properties of

cellulosic materials were evaluated at different stages

of treatments using several characterization tech-

niques. Various CNF loadings (5–15 wt%) were

incorporated into PVA polymer to evaluate the

nanoreinforcement ability of CNFs and to produce

CNF-filled PVA nanocomposite materials. The tensile

and optical transmittance properties, as well as the

morphological and thermal properties of the as-

produced CNF-filled PVA nanocomposite films were

investigated. It was found that the tensile modulus and

strength of nanocomposites were gradually increased

with increasing of CNF loadings, with a maximum

increase of 90% and 74% was observed for a PVA

nanocomposite containing 15 wt% CNFs, respec-

tively. The optical transmittance was reduced from

91% (at 650 nm) for neat PVA polymer to 88%, 82%

and 76% for PVA nanocomposites containing 5, 10

and 15 wt% CNFs, respectively. It was also found that

the glass transition temperature was gradually

increased from 76 �C for neat PVA to 89 �C for

PVA nanocomposite containing 15 wt%. This study

demonstrates the importance of Alfa fibers as annual

renewable lignocellulosic material to produce CNFs

with good morphology and excellent properties. These

newly developed carboxy-functionalized CNFs could

be considered as a potential nanofiller candidate for

the preparation of nanocomposite materials of high

transparency and good mechanical properties.
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Introduction

For several years, the emergence of concepts such as

circular economy, sustainable development, industrial

ecology and green chemistry are accompanied by the

development of new generations of materials. Among

these materials, fully biodegradable polymer compos-

ites are evolving into high-performance and low-cost

products, while meeting environmental and regulatory

requirements for recycling. Polymer-based nanocom-

posites reinforced with natural nanofillers are attract-

ing more and more attention because of their ultimate

properties that allow access to high value-added

applications (Kılınç et al. 2018). Among the reinforc-

ing nanofillers, nanocelluloses such as cellulose

nanocrystals (CNCs) and cellulose nanofibrils (CNFs)

have attracted significant interest in the last years.

Renewability, sustainability and biocompatibility

make cellulose-based nanofillers the candidate of

choice for a wide range of applications (e.g., pharma-

ceutical, medical, paper manufacturing and packag-

ing) (Trache et al. 2016a, 2017; Ferrer et al. 2017; Joy

et al. 2017; Trache 2018; Goetz et al. 2018; Curvello

et al. 2019; Jose et al. 2019).

Furthermore, the extraction process and the chem-

ical/mechanical treatment of the cellulose are

important for the end applications. In general, pure

cellulose fibers (produced from lignocellulosic mate-

rials) can be chemically and/or mechanically disinte-

grated yielding nanosized cellulose namely CNCs and

CNFs. CNC have high crystallinity with a diameter

ranging from 5 to 25 nm and length less than 500 nm,

while CNFs have relatively low crystallinity and have

very small diameter (from 2 to 5 nm) and length of up

to several microns (Thomas et al. 2018). CNFs

attracted much attention compared to other biopoly-

meric nanomaterials, owing to their superior physico-

chemical properties, especially, the high aspect ratios

(higher than 250), high elastic modulus (up to 145

GPa) and low thermal expansivity (2.7 ppm K-1)

(Koga et al. 2013; Gazzotti et al. 2019). The prepa-

ration of CNFs, from pure cellulose fibers, needs

strong mechanical machining. However, chemical

pretreatments such as TEMPO-oxidation process

could be carried out before mechanical treatment.

The TEMPO-mediated oxidation is used to selectively

oxidize the primary alcohols on the surface of

cellulose fibrils as pretreatment for improving fibril-

lation during the mechanical disintegration in water

(Zhao et al. 2017).

The impact of CNF on physical and chemical

properties of biodegradable polymer matrices such as

Polylactic acid (PLA) and Polyvinyl alcohol (PVA)

has been extensively studied for obtaining environ-

mentally friendly nanocomposite materials (Wang

et al. 2018; Gazzotti et al. 2019). Polyvinyl alcohol

(PVA) is a biodegradable synthetic polymer with
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excellent film-forming properties, flexibility, good

chemical stability, non-toxicity and water-solubility

(Liu et al. 2016; Poyraz et al. 2017; Singh et al. 2018).

However, PVA films have comparatively poor

mechanical properties and high-water vapor perme-

ability, which can limit their use in several applica-

tions. Owing to the presence of hydroxyl groups

(–OH) on its macromolecular chains, PVA can

promote the formation of hydrogen bonds with CNF

functional groups (Wang et al. 2018). Therefore, the

incorporation of CNFs into the PVA matrix is

suitable to achieve good mechanical and thermal

properties without disturbing the transparency and

biodegradability of PVA films (Singh et al. 2018).

Besides, the reinforcement effect of the CNFs depends

on several factors/parameters such as source of the raw

materials, extraction process, and treatment type and

conditions (Brinchi et al. 2013).

Although wood and cotton are the best-known

resources for cellulosic fiber extraction, industries are

steadily looking for alternative resources to meet their

demand for cellulose-based materials. In this context,

the identification of new resources abundant in nature,

with favorable properties is highly relevant (Beloua-

dah et al. 2015; Panyasiri et al. 2018). Various

resources from field crops and agricultural residues

such as rice straw, rice husk, sunflower stalks, alfa

fibers, hemp fibres, sugarcane bagasse, palm tree

rachis fibers, miscanthus fibers, bamboo pulp, spruce

bark, sisal fibers, pineapple leaf fibers, garlic skin, soy

hull, coconut husk fibres, mango seeds, red algae

waste and banana peel waste are being increasingly

employed for extracting cellulose-based materials and

nanomaterials (Boufi et al. 2014; Collazo-Bigliardi

et al. 2018; El Achaby et al. 2018a, b, d).

Alfa fibers, also known as stipatenacissima plant or

esparto, are one of the most important bio-sourced

materials for producing cellulose derivatives due to

their high content of cellulose (44–48 wt%) and large

availability (El Achaby et al. 2018d). In fact, this plant

covers a large area in the North African countries,

especially in Morocco (3,186,000 ha), Algeria

(4,000,000 ha), Tunisia (400,000 ha) and Libya

(350,000 ha) (El Achaby et al. 2018d). Alfa fibers

were already identified as a viable and sustainable

source for the production of microcrystalline cellulose

(Trache et al. 2016b) and cellulose nanocrystals (El

Achaby et al. 2018d) at relatively high yield and good

quality.

In our recent work, CNC with high crystallinity and

excellent thermal stability were extracted from Alfa

fibers using sulfuric acid hydrolysis process and then

used as nanoreinforcing agents to improve the tensile

properties of various biopolymers including chitosan,

alginate and carrageenan (El Achaby et al. 2018d). In

this study, CNFs were extracted from raw Alfa fibers

by alkali, bleaching and TEMPO oxidation treatments

followed by mechanical disintegration process. The

as-produced CNFs were successfully characterized

using several techniques, namely atomic force micro-

scopy, scanning electron microscopy, X-ray diffrac-

tion, thermogravimetric analysis and infrared

spectroscopy. The as-extracted CNFs, at various

weight loadings (from 0 to 15 wt%), were dispersed

into PVA polymer matrix to produce CNF-filled PVA

nanocomposite films using solvent casting method.

The influence of CNF loadings on the properties of the

resulting CNF-filled PVA nanocomposite films,

including, morphology, transparency, thermal, and

mechanical properties were extensively examined.

Materials and experimental details

Materials

The raw Alfa fibers (R-AF) used in this work were

collected from the oriental region of eastern Morocco.

The as-received R-AF (up to 100 cm fiber long and

2 mm in diameter) were cut into1-2 cm long using a

scissor. The PVA polymer (47,000 MW,

98.0–98.8 mol% hydrolysis) was purchased from

Sigma-Aldrich and used as received. TEMPO, sodium

bromide (NaBr), sodium chlorite (NaClO2), glacial

acetic acid solution, sodium hypochlorite solution

(NaClO) and other chemicals were of laboratory grade

(Sigma-Aldrich) and used as received without further

purification.

Extraction of CNFs

Pretreatment

R-AF fibers were washed with distilled water for 1 h at

60 �C under mechanical stirring and then treated three

times with 4 wt% NaOH solution at 80 �C for 2 h

under stirring. The alkali-treated Alfa fibers (AT-AF)

were bleached using a solution of equal parts (v:v) of
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acetate buffer (pH 4.8) (27 g NaOH and 75 mL glacial

acetic acid, diluted to 1 L of distilled water) and

aqueous sodium chlorite (1.7 wt%). This treatment

was performed for 2 h at 80 �C and repeated three

times resulting in cellulose microfibers (CMFs), as

confirmed by SEM observations. For all these treat-

ments, fibers weight to liquid ratio was maintained to

1:20 (g:mL). For characterization, solid AT-AF and

CMF materials were obtained by freeze-drying pro-

cess. In this process, suspensions of AF–AF and CMFs

were frozen using nitrogen liquid and then placed in a

freeze-dryer (Cosmos-80, Cryotec) at - 60 �C for

48 h for complete removal of water. Finally, dry AT-

AF and CMF powders were obtained. The final yield

of the extracted CMFs was determined gravimetrically

and found to be 40% with respect to the initial weight

of R-AF.

The overall steps for AT-AF and CMFs extraction

and digital images of the obtained products are

illustrated in Fig. 1.

TEMPO-mediated oxidation of CMFs

20 g of the as-obtained CMFs were dispersed in 2 L of

deionized water containing 2 g of NaBr and 12.5%

NaClO solution (5 mmol/g). The pH of the mixture

was adjusted to 10 by the addition of 0.1 M HCl

solution. Then, 320 mg of TEMPO reagent was added

to the mixture and the pH of the solution was

maintained at 10 by adding 0.5 M NaOH solution.

The TEMPO-oxidized CMFs (TO-CMFs) were thor-

oughly washed with deionized water and stored at

4 �C in wet form. A small amount of the obtained TO-

CMF sample was freeze-dried for characterization

using the same process described above. The carboxyl

content of the TO-CMF sample was determined at

1640 leq/g, as measured by conductometric titration

according to the method of Saito et al. (2007). For that,

15 mL of 0.1 M HCl was added to 200 mL of TO-

CMF aqueous solution (0.1 wt%), in order to com-

pletely neutralize the negative charges. After 10 min

of stirring, the suspensions were titrated with the

sequential addition of 0.01 M NaOH. The pH and the

conductance were measured 1 min after each addition

of NaOH. The conductometric titration was done three

times, and the reported charge density is the average

value.

Production of CNFs

CNFs were produced from the as-prepared TO-CMF

via mechanical disintegration process. For that, 1 wt%

TO-CMF aqueous suspension was subjected to

mechanical treatment, which consisted in several

passes through a microfluidizer M-110EH (maximum

pressure 1600 bar, Microfluidics Ind., USA). Pair of

400 lm/200 lm chambers was used for the first pass

at pressure B 750 bar. Then two subsequent passes

were carried out using 200 lm/100 lm chambers at

pressure B 1500 bar. This process resulted in the

production of a transparent CNF gel with solid content

of 1.38 wt% (Fig. 1). For CNF characterization, a

small amount of the obtained gel was freeze-dried

using the same process described above. The carboxyl

content of the as-obtained CNFs was found to be

similar to that measured for TO-CMF sample (1640

leq/g), confirming the isolation of carboxy-function-

alized CNF material.

Nanocomposites preparation

CNF-filled PVA nanocomposite films were prepared

by solution casting technique. For that, 1 wt% PVA

solution was obtained by dissolving PVA in distilled

water under stirring for 1 h at 95 �C. The desired

amount of CNFs was added to the PVA solution and

the mixture was homogenized using an ultra-turrax

mixer (IKA, D125 Basic, Germany) at 8000 rpm for

5 min. Subsequently, the PVA/CNF mixtures were

cast onto rectangular plastic Petri dishes

(120 9 120 mm2), and the water was evaporated at

25 cm 2 cm 2 cm

2 cm2 cm2 cm

Fig. 1 Overall steps for CNF extraction and digital images of

the obtained products at different stages of treatments
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ambient temperature for 3 days. Neat PVA film was

prepared following the same procedure without the

addition of CNFs. The nanocomposite films were

coded as PVA-CNF-X, where X indicates the weight

loading of CNF (X = 5, 10 or 15 wt%). The thickness

of nanocomposite films was measured using a hanatek

variable force precision thickness gauge (FT3-V),

which was determined as 77, 75, 80 and 78 lm for

neat PVA, PVA-CNF-5, PVA-CNF-10 and PVA-

CNF-15, respectively. It is worth noting that the

thickness uniformity of films was controlled by the

amount of the solution spilled into the Petri dishes

(100 mL of each solution).

Characterization techniques

The morphology of the studied cellulosic materials

and the cross-section of nanocomposite films were

observed by scanning electron microscopy (SEM)

using a Hitachi S-4800 apparatus operated at 15 kV.

The nanocomposite films were frozen in liquid

nitrogen and cryo-fractured for cross-sectional analy-

sis. All samples were sputter-coated by a thin

conductive carbon layer to help improve SEM

observations.

Atomic force microscopy (AFM) images of CNFs

were recorded using a Dimension ICON apparatus

(Veeco, Bruker). Samples for AFM observations were

prepared by depositing a droplet of a diluted CNF

suspension (0.01 mg/mL) onto freshly cleaved mica

sheets, after being sonicated for 5 min, and allowing

the solvent to dry in air. The measurements were

conducted in tappingmode under ambient temperature

at a scan rate of 1.5 Hz and 512 scanning lines, using a

cantilever with an 10 nm radius spherical tip (Silicon-

tip on Nitride lever SNL-10, Veeco, Bruker). Scanning

areas of 3.5 9 3.5 lm2 and 1.5 9 1.5 lm2 were

analyzed. The obtained AFM images and the dimen-

sions of CNFs were analyzed using Veeco data

processing software (Nanoscope Version 8.0).

Fourier transform-infrared (FTIR) spectroscopy

was performed on a Perkin-Elmer Spectrum 2000

FTIR apparatus equipped with attenuated total reflec-

tion (ATR) accessory. The FTIR spectra were

recorded in 4000–600 cm-1 range with a resolution

of 4 cm-1 and an accumulation of 16 scans.

X-Ray Diffraction (XRD) analysis was performed

on a D2 PHASER diffractometer in Bragg–Brentano

geometry (h–h). ACuKa radiation of wavelength of

1.5418 Å with a slit of 0.1 mm were used. During

operation the electric voltage and current of the X-ray

tube were 30 kV and 10 mA, respectively. The

patterns were scanned through steps of 0.010142�
(2h), between 5 and 45� (2h) with a fixed-time

counting of 0.75 s/step. The crystallinity index (CrI)

of different samples, was calculated using the follow-

ing equation:

CrI ¼ I200 � Iam

I200
� 100

where I200 is the intensity of the (200) plane at around

2h = 22.8�, and Iam is the intensity from the amor-

phous phase at approximately 2h = 18.6� (French and
Santiago Cintrón 2013; El Achaby et al. 2018a).

Thermal degradation behavior of all samples was

performed using thermogravimetric analysis (TGA)

(Discovery TGA, TA instruments). Samples of

5–8 mg were heated up from 25 to 700 �C under

nitrogen atmosphere at a heating rate of 10 �C/min.

The derivative thermogravimetric analysis (DTG),

determined as the first derivative of the TGA analysis,

was also measured for all studied samples to evaluate

the rate of weight change. For neat PVA and its

nanocomposites, the thermal parameters such as T10%
(the temperature corresponding to a weight loss of

10%), Tmax (the maximum temperature in DTG

curves) and the residual char values at 700 �C were

measured to evaluate the thermal degradation behav-

iors of all polymeric films.

Glass transition temperature (Tg) of PVA nanocom-

posites was performed using differential scanning

calorimetry (DSC) (Discovery DSC, TA instruments).

Samples of about 5 mg were heated up from 25 to

150 �C under nitrogen atmosphere at a heating rate of

10 �C/min. The Tg value of each sample was deter-

mined from the obtained DSC curves by a data

processing software (TRIOS, TA instruments) using

the tangent method.

The UV–vis spectroscopy analysis of nanocom-

posite films was carried out using a Shimadzu UV-

2550 UV–vis Spectrophotometer (Kyoto, Japan). The

film samples with a rectangular shape (2 9 4 cm2)

were placed directly in the spectrophotometer test cell

and the air was used as reference. The optical

transmittance of the films was measured in the

wavelength range of 200–800 nm.

Uniaxial tensile tests were carried out using a

universal tensile testing system (Instron 5944, U.K.)
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equipped with a 500 N load-cell and a video exten-

someter. Specimens of 5 mm wide and 80 lm thick

were tested in quintuplicate. The gauge length was set

at 20 mm and the cross-head displacement at 10%/

min. The strain was also measured using the video

extensometer that tracks two contrasting marks on the

specimen. Before testing, all samples were precondi-

tioned for 5 days at 23 ± 1 �C and 50% relative

humidity.

Results and discussion

Extraction and characterization of CNFs

CNFs were successfully isolated from R-AF via

chemical treatments followed by mechanical disinte-

gration. The overall steps for CNF extraction are

summarized in Fig. 1. R-AF were firstly treated by hot

water (step not shown in Fig. 1) in order to clean and

purify the fibers and to remove the hot water extrac-

tives (Trache et al. 2014). Once the dried R-AF were

washed with hot water, they were subjected to an

alkali-treatment to partially remove the non-cellulosic

compounds such as lignin and hemicellulose mole-

cules, resulting in yellow–brown AT-AF fibers

(Fig. 1). These fibers have been partially dissociated

due to the breaking of some alkali-labile bonds

between lignin monomers or between lignin and

polysaccharides (El Achaby et al. 2018c). The

bleaching treatment was carried out to remove the

residual lignin and hemicellulose molecules; in this

process, AT-AF yellow–brown color which is most

likely caused by phenolic compounds or lignin-based

chromophores has been removed resulting in pure

cellulose microfibers (CMFs) with clearly white color

(Fig. 1) (Chen et al. 2017). The yield of CMFs was

determined at 40% with respect to the initial weight of

the starting R-AF. CNFs were prepared by TEMPO

oxidation of CMFs (TO-CMFs) followed by progres-

sive mechanical disintegration. For that, the TO-CMFs

were subjected to mechanical treatment employing a

microfluidizer at high pressure energy, resulting in a

transparent CNF gel with a solid content of 1.38 wt%

(Fig. 1).

Morphological analysis

The effect of the chemical and mechanical treatments

on the morphology of the produced cellulosic fibers

was evaluated by SEM and AFM observations, and the

obtained results are illustrated in Fig. 2. Longitudinal

SEM views of individual R-AF show that the outer

surface of fibers presents small tips distributed in a

regular and homogeneous way and surrounding the

fiber bundle (Fig. 2a, b). These tips represent the

comma-shaped cells found abundantly in the R-AF.

Similar observations were reported in the literature for

untreated R-AF (Mabrouk et al. 2012; Borchani et al.

2015). Generally, individual R-AF consists of several

elementary fibers bonded together in the direction of

their length by lignin and other non-cellulosic mate-

rials (Borchani et al. 2015). The comparison of

different SEM micrographs of R-AF, AT-AF and

CMFs shows clear morphological changes (Fig. 2a–

d). The alkali-treatment resulted in partially defibril-

lated fibers (Fig. 2c), indicating the partial removal of

non-cellulosic compounds (El Achaby et al. 2018d;

Kassab et al. 2019b). The SEM micrograph obtained

for CMFs (Fig. 2d) shows that the bleaching treatment

resulted in the total defibrillation of fibers into

individual microfibers with smaller diameter, which

(c) (d)

(a)  (b)

 1.0 mm 50 µm

(e) (f)

 1.0 mm 1.0 mm

 1.0 mm 10.0 µm

Fig. 2 SEM images of a, b R-AF, c AT-AF, d CMF, e TO-

CMF and f CNF samples
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can confirm the total removal of the no-cellulosic

compounds.

TEMPO-mediated oxidation of CMFs (TO-CMFs)

resulted in the total defibrillation of microfibers, as can

be observed in Fig. 2e. Such oxidation can individu-

alize microfibers by breaking hydrogen bonds between

microfibers and inducing electrostatic repulsions,

while the oxidized microfibers (TO-CMFs) retained

the same macroscopic fiber and fragment morpholo-

gies with respect to unoxidized CMFs (Fig. 2d). The

obtained SEM micrograph of the freeze-dried CNFs

showed self-assembled nanofibrils with a diameter of

hundreds of nanometers and length exceeding tens of

micrometers (Fig. 2f). These dimensions suggest that

the CNF associate with each other into superfine

nanofibrils, due to the agglomeration phenomena

resulted from the freeze-drying process.

AFM images (Fig. 3) confirmed the successful

extraction of CNFs at nanometric scale in diameter. In

fact, CNFs appear like aggregated bundles consisted

of thin wire-like nanofibrils with a diameter of few

nanometers. It was found that CNFs exhibited a widely

distributed diameter, ranging from 1.4 up to 4.6 nm

and length of more than a few microns. Indeed, the

aggregation and entanglement of CNFs do not allow

accurate determination of their lengths. Depending on

the pretreatment involved, the dimensions of CNFs are

usually between 3 and 20 nm in width, 500–2000 nm

in length, and possess an aspect ratio greater than 250

(Koga et al. 2013; Dong et al. 2015). Herein, the

observed narrow diameter (1.4–4.6 nm) of CNFs

might be explained by the relatively high carboxyl

content (1640 leq/g) inTO-CMF material used for

mechanical disintegration, which is higher than pre-

viously reported value (Wei et al. 2012).

Structural and thermal analysis of cellulosic materials

FTIR spectroscopic technique was applied to evaluate

the chemical composition and the surface functional-

ity of materials at different stages of treatments.

Figure 4a illustrates the FTIR spectra of all studied

materials. All the samples show the characteristic

peaks of pure cellulose. The region between 3548 and

3039 cm-1 mainly originated from OH groups (Zhao

et al. 2017), while the peaks at 2847–2910 cm-1 arise

from the C–H symmetrical stretching (Zhao et al.

2017). The C–C and C–O skeletal vibrations gave

prominent band at 1322 cm-1 (Kumar et al. 2014;

Lam et al. 2017). At 1150 cm-1, a peak arises from the

C–O stretching vibration and anomeric carbon of

b-D-glucopyranosyl of cellulose (Liu et al. 2013).

Other peaks due to C–O–C glycosidic ether band and

C–O–C pyranose ring skeletal vibration appear at

1099 cm-1 and 1031 cm-1 (Mandal and Chakrabarty

2011; Zhao et al. 2017). The peak at 895 cm-1

corresponded to the glycosidic –CH deformation with

a ring vibration and –OH bending in b-glycosidic
linkages between glucoses in cellulose. A band at

664 cm-1 is attributed to the out of plane deformation

of C–H functional group (Zhao et al. 2017). R-AF

sample is characterized by a peak at 1729 cm-1

attributed to the acetyl and uronic ester groups of

hemicellulose or the ester linkage of carboxylic group

of ferulic and p-coumaric acids of lignin and/or

hemicelluloses (Trache et al. 2014; El Achaby et al.

2018d). The peaks at 1518 and 1235 cm-1 can be

assigned to the C=C stretching vibrations from the

aromatic ring and C–O out-of-plane stretching vibra-

tion of the aryl group in lignin and hemicellulose

molecules (El Achaby et al. 2018d). Compared to

R-AF spectrum, the peaks assigned to hemicellulose

and lignin molecules disappeared in AT-AF and CMF

spectra (Fig. 4a), confirming the effectiveness of the

-2
0
2
4

H
ei

gh
t (

nm
)

H
ei

gh
t (

nm
)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

-2
0
2
4

4.6 nm

1.4 nm

4.1 nm

1.8 nm

µm

Fig. 3 High- and low-magnification AFM images of CNFs

(top), and two representative height profiles taken along the

indicated lines in AFM image
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alkali and the bleaching treatments for the removal of

such non-cellulosic compounds (Trache et al. 2014; El

Achaby et al. 2018d). The TO-CMF and CNF spectra

show the two characteristic peaks at 1605 cm-1 and

1729 cm-1 representing COO-and COOH, respec-

tively. Hence, confirming the partial oxidation of

hydroxyl groups of native cellulose into carboxylic

groups (Lasseuguette 2008; Wu et al. 2019b).

XRD diffractograms of R-AF, AT-AF, CMF, TO-

CMF and CNF samples were recorded to evaluate the

crystalline structure and the crystallinity index of each

material. As illustrated in Fig. 4b, the XRD patterns

displayed the typical signal of cellulose I structure,

with strong crystalline peaks at 14.8, 16.8, and 22.9�,
corresponding to 1�10, 110 and 200, crystal planes,

respectively (French 2014). The crystallinity index

(CrI) of R-AF, AT-AF, and CMFs is determined as

67%, 69% and 87%, respectively. This increase in CrI

is due to the progressive removal of lignin and

hemicelluloses during the alkali and bleaching treat-

ments. A comparable CrI of about 88% is determined

for the TO-CMFs, which might result from their

natively highly ordered crystalline structure (Wei et al.

2012; Zhao et al. 2017). In fact, the introduction of

carboxyl groups by TEMPO-mediated oxidation did

not deteriorate the internal cellulose crystallites. After

the mechanical disintegration, the resulted CNFs

showed a CrI of 89%, which is comparable to that

measured for CMFs (87%) and TO-CMFs (88%). It is

well known that the high pressure during the mechan-

ical processing of cellulose, may damage the crystals’

structure, resulting in nanosized cellulose fibers with

reduced crystallinity (Wei et al. 2012; Xiang et al.

2016). In this work, the TEMPO oxidation time, the

pressure and the passage numbers in the microfluidizer

were optimal for the isolation of CNFs with relatively

high crystallinity.

Thermal stability of raw and treated cellulosic

fibers was investigated with TGA/DTG analysis.

Figure 5a, b show the obtained TGA and DTG curves

for all studied samples. From these results, the studied

samples exhibited different degradation behaviors,

depending on the applied treatment. The first degra-

dation stage observed for all samples at 50–100 �C is

due the evaporation of the absorbed moisture (Cao

et al. 2012; Trache et al. 2014). The R-AF undergoes

tow weight loss, the first one in the range 160–300 �C
(with a maximum of 265 �C) due to hemicellulose and

lignin degradation, and then the second one in the

range of 300–400 �C (with a maximum of 337 �C)
corresponds to the cellulose degradation (Kadem et al.

2018). AT-AF and CMF samples show only one

degradation peak corresponding to degradation pro-

cesses of cellulose, such as dehydration, decarboxy-

lation, depolymerisation and decomposition of

glycosyl units followed by the formation of a charred
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residue (Trache et al. 2014). This finding indicates the

effective removal of hemicelluloses and lignin, which

makes the cellulose more exposed to thermal degra-

dation (Kadem et al. 2018). Furthermore, the thermal

degradation of R-AF, AT-AF and CMFs started at

approximately 166 �C, 196 �C and 222 �C, respec-
tively. While for the TO-CMF and CNF fibers, the

degradation began at approximately 174 �C and

163 �C, respectively, and showed two peaks around

249 �C and 290 �C in DTG curves. The first degra-

dation (peak at 249 �C) was primarily triggered by

decarboxylation of sodium carboxylate groups intro-

duced via TEMPO-mediated oxidation on the surface

of TO-CMF and CNF fibers. While the second

degradation was associated with the degradation of

the main cellulose chains (Wu et al. 2019a). A minor

difference was observed as a relatively lower thermal

stability for CNFs, though the chemical compositions

of TO-CMFs and CNFs are the same. The smaller

dimensions of CNFs as compared to TO-CMFs can

explain such differences in the thermal degradation of

CNFs and TO-CMFs.

Nanocomposites processing and properties

PVA is a hydrophilic polymer exhibiting abundant

hydroxyl groups, which makes it easy to process in

water (El Achaby et al. 2018c). Furthermore, CNFs

exhibit abundant carboxyl groups inserted on their

surfaces, allowing potential intermolecular hydrogen

bonding (Endo et al. 2013). The aqueous suspensions

of PVA and CNFs were mixed in different composi-

tions by varying the weight content of CNFs (from 0 to

15 wt%), and after water evaporation, transparent

CNF-filled PVA nanocomposite films with thickness

ranging from 75 to 80 lm were obtained.

FTIR analysis of nanocomposites

The chemical structure of the obtained nanocomposite

films was examined using FTIR analysis (Fig. 6). It is

worth noting that all characteristic IR bands typical of

PVA polymer are presented in the spectrum of the

produced pure PVA film (Tadokoro et al. 1956; Liu

et al. 2013; Puangsin et al. 2017; Singh et al.

2018).The incorporation of CNFs into the PVAmatrix

induced small changes in the nanocomposites’ spectra,

which indicates the formation of interfacial interac-

tions between CNFs and PVA components (Qua et al.

2009). In the spectra of nanocomposites, the intensity

of the peak in the region of 1085 cm-1 (C–O
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stretching in PVA) slightly increased after the addition

of CNFs, due to the contribution of C–O stretching

from the cellulosic component (CNF) (Qua et al.

2009). Remarkably, a slight shift of the OH peak

(3274–3295 cm-1) compared to pure PVA’s OH peak

(3270 cm-1) was observed (Fig. 6). Additionally, the

peak at 1085 cm-1 (C–O stretching) observed in neat

PVA spectrum was split into two peaks at 1087 and

1055 cm-1 in nanocomposites’ spectra, which corre-

spond to the asymmetric ring breathing mode of

cellulose and to the C–OH bending vibrations of

alcohol groups present in cellulose, respectively

(Abitbol et al. 2011; Fortunati et al. 2013). As a result,

the shifting and splitting of –OH (3270 cm-1) and

C–O (1085 cm-1) peaks are due to the interaction of

hydroxyl groups of PVA with the carboxyl groups of

the incorporated carboxy-functionalized CNFs (Liu

et al. 2013).

Optical transmittance of nanocomposites

Figure 7 shows the UV–vis transmittance of the

produced neat PVA and CNF-filled PVA nanocom-

posite films. It is well known that PVA is a transparent

polymer (El Achaby et al. 2018c), and this was

confirmed by the high transmittance (91% at 650 nm)

determined in the visible light region (Fig. 7). How-

ever, the transmittance of neat PVA polymer was

slightly decreased with increasing of CNF loading

from 5 to 15 wt%. The transmittance of nanocompos-

ite films reached 88%, 82% and 76% at 650 nm for

PVA-CNF-5, PVA-CNF-10 and PVA-CNF-15,

respectively, indicating that the optical transmittance

level of PVA film was not largely affected by the

addition of CNFs. This is a good indication on the fine

dispersion of CNFs within PVA polymer, resulting in

structured nanocomposite films with high optical

transmittance level (Kassab et al. 2019a).

Thermal properties of nanocomposites

The thermal stability of the prepared neat PVA and

PVA-CNF nanocomposite films was investigated by

TGA/DTG analysis. The obtained TGA and DTG

curves are represented in Fig. 8a, b. The thermal

parameters such as T10%, Tmax and the residual char

values at 700 �C are reported in Table 1. All samples

undergo the same thermal degradation pattern and

exhibited mainly three distinct steps. The first weight

loss at 70–200 �C is likely caused by the evaporation

of weak chemically and physically bonded water

found in neat PVA and PVA-CNF nanocomposite

films (Liu et al. 2013).While, the second weight loss at

200–400 �C can be attributed to the decomposition of

the side chain of PVA (dehydration reaction), the

beginning of CNF degradation and the formation of

volatile products (Liu et al. 2013). Finally, a weight

loss was observed at 400–550 �C corresponding to the

decomposition of main chain of PVA.

It is worth noting that the T10% decreased by

increasing the CNF content (Table 1). This trend

could be attributed to the low thermal degradation

temperature of CNFs, which started to occur at

approximately 200 �C (Fig. 5). However, the Tmax of

neat PVA and its nanocomposites with CNFs (5–15

wt%) was determined at 284, 292, 288 and 298 �C,
respectively, indicating that the Tmax increased with

the addition of CNFs into PVA polymer. This finding

is due the interfacial interaction between the PVA

macromolecular chains with functionalized surface of

CNF fillers, resulting in the restriction of the polymer

chains mobility at the PVA-CNF interfaces (El

Achaby et al. 2016) improving, in turn, the thermal

degradation behavior of the resulted PVA-CNF

nanocomposite films. At the end of each degradation

test, solid char residue remains. The yield of this

residual solid shifted to higher values after the addition

of CNFs, especially for 10 and 15 wt% CNF loadings.

It has been reported that the addition of nanoparticles

would increase the char yield of polymers at high

temperatures (Hamou et al. 2018).

The effect of CNF loadings on glass transition

temperature (Tg) of the obtained nanocomposite films
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was studied using DSC analysis, and the obtained

curves of the first heating are presented in Fig. 8c, and

the values of the Tg of all PVA-CNF nanocomposite

films are summarized in Table 1. From these results,

obviously, the Tg value was shifted to higher temper-

atures with the increase of CNF loadings as compared

to neat PVA. The gradually increase of the Tg suggests

the restriction of PVAmacromolecular chain mobility,

due to the strong intermolecular interaction between

the latter and the CNF (Endo et al. 2013; Puangsin

et al. 2017). The created interactions induce an

increase in the energy required for the Tg to occur

(El Miri et al. 2015; Puangsin et al. 2017; Hamou et al.

2018).

Mechanical properties of nanocomposites

The mechanical properties of the prepared neat PVA

and PVA-CNF nanocomposite films were character-

ized by uniaxial tensile tests. The measured tensile

modulus and tensile strength are presented in Fig. 9.

From the obtained results, it was found that the

modulus and the strength were significantly increased

with increasing the CNF content from 0 to 15 wt%

(Fig. 9a, b). Indeed, when 5 wt% CNFs was added, the

modulus and strength were increased by 25% and 33%

compared to neat PVA, respectively.

Furthermore, the relatively high CNF content (15

wt%) resulted in a remarkable increase of the tensile

modulus and strength with regard to neat PVA; an

increase of 90 and 74% was observed for the modulus

and strength when 15 wt% CNFs was added. This

enhancement was attributed to the high aspect ratio

and high crystallinity of the as-produced CNF

nanofiller that can control PVA macromolecular chain

movement during the deformation process (Cho and

Park 2011; Guo et al. 2013; Puangsin et al. 2017).

Furthermore, during the preparation of PVA-CNF

nanocomposite films, strong hydrogen bonds could be

formed between the functional groups presented on

the surface of the CNFs (carboxyl and hydroxyl

groups) and the hydroxyl groups in PVA chains (Wu

et al. 2019c). These new bonds probably have replaced

the original hydrogen bonds formed between the PVA

chains, and hence strong nanofiber/matrix interface

was developed (El Achaby et al. 2018d). Similar trend

was reported for PVA-CNF nanocomposites (Li et al.

2014), where the mechanical properties increased with

the increase of CNF content from 2 to 6 wt%;

however, for CNF content greater than 6 wt%, the

modulus and the tensile strength exhibited a declining

trend, which was explained by the agglomeration

phenomena of CNFsmaking the nanocomposites films

more brittle (Li et al. 2014). The same trend was also

reported in our previous work for CNC extracted from

the same source (Alfa fibers), in which the incorpo-

ration of CNC up to 8 wt% showed improved tensile

properties of various biopolymers such as alginate, k-
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carrageenan and chitosan matrices (El Achaby et al.

2018d).

Morphology of nanocomposites

SEM micrographs of the cryo-fractured cross-section

of neat PVA and its nanocomposite film containing 10

wt% CNFs are illustrated in Fig. 10. It is worth noting

that the cross-section of the neat PVA film appears

smooth and uniform, while an increase in section

roughness was detected with the presence of CNFs.

This can be attributed primarily to the presence of

strong interactions between CNF surfaces and PVA

macromolecular chains (Endo et al. 2013), which is

responsible for the improvement of the tensile prop-

erties of the produced nanocomposite films.

Conclusions

The successful extraction of carboxy-functionalized

cellulose nanofibrils (CNFs) from Alfa fibers (Stipa

Tenacissima plant) was achieved, demonstrating the

opportunity for the potential use of these natural fibers

that are largely abundant in many countries. The

physico-chemical characterizations confirmed that the

applied pre-treatments (alkali and bleaching) were

suitable for the removal of non-cellulosic compounds,

resulting in the production of pure micro-sized cellu-

lose fibers. After subjecting the cellulose fibers to

TEMPO-mediated oxidation followed by mechanical

disintegration, carboxy-functionalized CNFs were

isolated with diameter ranging from 1.4 to 4.6 nm

and length of up to several microns. The as-produced

CNFs exhibited a crystallinity of 89%, which is found

to be very high compared to that obtained from other

sources. The nanoreinforcement potential of the as-

extracted CNFs was evaluated using PVA as

Table 1 The onset temperature (T10%), the maximum temperature (Tmax), the residual weight percentage and the glass transition

temperature (Tg) of PVA nanocomposite films at different CNF loadings (0, 5, 10 and 15 wt%)

T10% (�C) Tmax (�C) Residue at 700 �C (%) Tg glass transition

Neat PVA 257 284 4.5 76

PVA-CNF-5 250 292 4.9 83

PVA-CNF-10 237 288 8.3 86

PVA-CNF-15 239 298 7.9 89
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polymeric matrix. Increases of 90% of tensile modulus

and 74% of tensile strength was observed for PVA

nanocomposite containing 15 wt% CNFs, respec-

tively. The optical transmittance was reduced from

91% (at 650 nm) for neat PVA polymer to 88%, 82%

and 76% for PVA nanocomposites containing 5, 10

and 15 wt% CNFs, respectively. The addition of CNFs

also increased the glass transition temperature from

76 �C for neat PVA to 89 �C for PVA nanocomposite

containing 15 wt%. The obtained results indicated that

the extracted CNFs exhibit a high ability to reinforce

PVA polymer. Consequently, Alfa plant, which is a

fast-growing perennial plant, cellulose-rich, inexpen-

sive and renewable, has been proposed as a viable

source for cellulose nanofibrils production. Besides,

the extracted CNFs from Alfa fibers, with excellent

properties, can be considered as a potential candidate

to produce nanostructured polymer nanocomposites

with enhanced properties.
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