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Abstract
Cellulose nanowhiskers as one kind of renewable and biocompatible nanomaterials evoke much interest
because of its versatility in various applications. Herein, the sisal cellulose nanowhiskers with length of
100–500 nm, ultrathin diameter of 6–61 nm, high crystallinity of 74.74 % and C6 carboxylate groups
converted from C6 primary hydroxyls were prepared via a 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO)/NaBr/NaClO system selective oxidization combined with mechanical homogenization. The
effects of sodium hydroxide concentration in alkali pretreatment on the �nal sisal cellulose nanowhiskers
were explored. It was found that with the increase of sodium hydroxide concentration, the sisal �ber
crystalline type would change from cellulose I to cellulose II. The versatile sisal cellulose nanowhiskers
would be particularly useful for applications in the nanocomposites as reinforcing phase, as well as in
tissue engineering, �ltration, pharmaceutical and optical industries as additives.

1. Introduction
A number of new nanomaterials with various excellent properties have been found and prepared in order
to satisfy the development of social industry (Roduner 2006). Among them, due to increasingly serious
environmental problems, nanocellulose with biocompatibility, renewable and sustainable properties have
evoked particular attention and become an advanced raw material which has been widely investigated in
the �eld of electronics (Nogi & Yano 2008), water �ltration (Cao et al. 2013; Cao et al. 2020), medicine
(Aziz et al. 2021), tissue engineering scaffolds (Luo et al. 2019; Ávila et al. 2015), sewage treatment (Ji et
al. 2017), drug delivery materials (Müller et al. 2013), and etc.

Nanocellulose was �rstly reported by Nickerson and Habrle (1947) in 1940s by strong acid hydrolysis,
which has also become one of the most common methods until now. The greatest challenge encounted
in this process was high energy consumption, besides, the e�uent produced would be harmful to the
environment and operational costs might increase regarding the necessity of intensive e�uent
treatments (Zain et al. 2014). In order to lower the energy consumption and protect the environment,
different methods have been applied including biological method (Gupte et al. 2021), enzyme interaction
(Cao and Tan 2004) and TEMPO-oxidation (Saito et al. 2007). Biological method mainly use the vital
movement of some speci�c bacterias such as Acetobacter xylinum (Aryaie et al. 2019) to product
nanocellulose, so this kind of cellulose is also called bacterial nanocellulose (BNC). Some bacterias could
even use toxic compounds generated after industrial activities as carbon source to form cellulose (Marín
et al. 2019). Enzymatic hydrolysis is another interesting pathway to produce nanocellulose (Karim et al.
2017), which mainly used the speci�city of cellulase to hydrolyze the amorphous area in the �ber to
prepare nanocellulose. In contrast, biological method and enzyme hydrolysis did not generate toxic
residues as acid hydrolysis did, which were normally held in mild thermal and pressure conditions,
resulting in a lower energy-intensive process (Fritz et al. 2015) but low e�ciency.

In comparison, TEMPO oxidation method has the advantages of high e�ciency, short time and simple
operation. In addition, there are abundant sodium carboxylate groups on the �bril surfaces of cellulose,
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enabling electrostatic repulsion and/or osmotic behavior to work effectively between the anionically
charged TEMPO-treated nano�brillated celluloses in water (Isogai et al. 2011; Poyraz et al. 2018). A
number of applications have been involved with TEMPO oxidation nanocellulose. Saito et al. (2007)
studied the oxidization of the -OH group at the C6 position of the pulp �ber to a charged carboxyl group to
form a charge repulsion by TEMPO, and then prepared cellulose nanowhiskers (NC) through high-speed
stirring. It not only had low energy consumption, but also prepared completely nano�brillated wood �ber,
which was of great signi�cance to the development of cellulose. Yang et al. (2019) proposed a simple,
effective and low-cost method ("coating" method), directly deposited micron-level 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) to oxidize wood �bers. The resulting �lm showed high total
transmittance of 85 %,high haze of 62 %, a high tensile strength of 80 MPa and excellent thermal
stability.

As a kind of typical non-wood �ber, sisal �bers is often used in lower end �elds. The rational use of sisal
can not only save forest resources and protect the environment, but also develop high value-added
products. And because of its high cellulose content (47–48 %) (Martin et al. 2010) and high crystallinity,
sisal �ber is actually very suitable as a raw material for preparing nanocellulose. To our knowledge, there
was no researchers studying on the preparation of nanocellulose obtained from pretreated sisal leaf �ber
by TEMPO oxidation combined with mechanical method.

Herein, the goal of the present work was to explore the structure and morphology of nanocellulose
obtained from pretreated sisal leaf �ber by combination of TEMPO/NaBr/NaClO selection oxidation
system and mechanical homogenization. The effects of different pretreatment conditions on sisal
nanowhiskers were also explored. Finally, the samples were characterized by Fourier transform infrared
(FTIR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy (SEM)
and UV-vis spectrometer.

2. Experimental

2.1 Raw materials and chemicals
Sisal leaves were collected from sisal planting garden at Wuhan Textile University campus, after
complete drying, the sisal leaves are torn into strips about 1 mm wide. The analytically pure sodium
hydroxide (NaOH), hydrogen peroxide (H2O2), dimethylsulfoxide (DMSO), 2,2,6,6-tetramethylpiperidine-1-
oxyl radical (TEMPO, 98%), sodium bromide (NaBr), sodium hypochlorite (NaClO, 12 wt%) solution,
ethanol and other chemicals were of laboratory grade (Shanghai Aladdin Chemical Regent Inc., China)
and used without further puri�cation.

2.2 Degumming treatment of sisal �bers
In order to remove hemicellulose, pectin, lignin and other non-cellulose components in raw sisal �bers,
and to improve the content of cellulose and utilization value of �ber, degummization of the �bers is
necessary (Fan et al. 2010). Sisal �ber (20 g) were put in 3 wt% sodium hydroxide (NaOH) solution
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(60mL) mixed with 2 wt% sodium silicate (Na2SiO3), then soaked in 90 ℃ water bath for 3 h. Then the
�ber was washed to neutral with puri�ed water and oven dried for 3 h at 60 ℃. In order to remove metal
ions attached to the �bers, the dried �bers were put in a 3 % ethylenediaminetetraacetic acid (EDTA)
solution under 30℃ water bath heating for 1 h, the ratio of material to liquid (w/w) was 1:40, then
washed and oven dried. Then perform alkali oxygen treatment with the sodium hydroxide of 20 g/L,
hydrogen peroxide of 22.5 mL/L, under 95 ℃ water bath heating for 3.5 h with ratio 1:50, then washed
and oven dried for 24 h at 60 ℃ to obtain the degummed �ber.

2.3 Alkali treatment of degummed sisal �bers
The degummed sisal �ber was cut into 0.3 mm powder, and 5 g �ber was weighed after 60-mesh sample
screening. The ground �bers were alkalized by NaOH solutions with selected concentrations of 5, 15 and
25 % at the temperature of 60 ℃ for 4 h, the ratio of material to liquid (w/w) was 1:50. After the
alkalization processes, all the samples were su�ciently washed by deionize water several times and dried
at 60 ℃ for 24 h. And then the �bers were placed in dimethyl sulfoxide solution with a ratio of 1:20, the
�bers were heated in a water bath at 70 ℃ for 3 h. After the reaction, they were su�ciently washed and
dried at 60 ℃ for 24 h for later use.

2.4 Preparation of sisal cellulose nanowhiskers
Preparation of cellulose nanowhiskers was performed according to the procedure described by (Cao et al.
2012). The alkali treated sisal �bers (1.0 g) were dispersed in deionized water (100 g). Then NaBr (0.20 g)
and TEMPO (0.02 g) were both dissolved in the suspension and then stir at room temperature for 30 min.
The reaction was started by the addition of 12 wt% NaClO solution (2 mL) under stirring. The PH was kept
at 10 ~ 10.5 (Isogai et al., 2011) (Isogai et al. 2011), monitored with a PH meter, by adjusting with 1 wt%
NaOH aqueous solution. The reaction was stopped by adding ethanol (5 mL) while no NaOH
consumption, followed by continuously stirring for another 20 min. The �nal product was washed with
deionized water by successive centrifugations (5000 rpm for 10 min) until neutral. The generated
oxidized �ber cellulose slurry (1.0 g) was dispersed in 100 g of deionized water and sonicated for 10 min
at 10,000 rpm with an IKA T25 homogenizer (IKA Works, Shanghai, China), and the recovered supernatant
became the cellulose nanowhiskers aqueous suspension. The suspension was centrifuged at 5000 rpm
for 10 min, and the supernatant was freeze-dried in a vacuum freeze dryer for 48 h to obtain sisal
cellulose nanowhiskers.

2.5 Characterization

2.5.1 Optical transmittance of cellulose nanowhiskers
suspension
Cellulose nanowhiskers suspension was introduced into a quartz cuvette, and the transmittance was
measured from 200 to 900 nm using a UV-vis spectrometer (TU-1950, Beijing Instrument Ltd, China). The
spectrum of a cuvette �lled with water was used as a reference and to correct the transmittance of the
suspension sample.
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2.5.2 Scanning Electron Microscopy (SEM)
The surface morphologies of sisal �bers were observed using scanning electron microscope (JSM-6510
LV & JSM-7800F, JEOL, Japan). Prior to SEM evaluation, the samples were coated with a thin layer of
gold by means of a plasma sputtering apparatus to avoid the charging effect. The SEM images was
captured at different magni�cations with an electron beam accelerating potential of 3 kV.

2.5.3 Fourier transform infrared (FTIR) spectroscopy
Infrared absorption spectroscopy is an important analysis method to study the relationship between
infrared absorption and the molecular structure of substances. As one of the most mature analysis
methods of polymer structure analysis, it is widely used in the research of �bers in the textile �eld. It was
used to determine the chemical functional groups in sisal �bers and chemical changes in functional
groups of �bers before and after treatment to evaluate the e�ciency of each treatment. The powders of
all samples were dispersed on KBr pellets and then performed on a Nicolet iS50, Thermo Fisher, USA. All
the samples were recorded in the range of 4000 − 400 cm− 1 region with 16 scans in each case at a
resolution of 4 cm− 1.

2.5.4 X-ray diffraction (XRD) measurement
In order to investigate the crystallinity of untreated jute, alkali treated jute and jute cellulose
nanowhiskers, the milled sample powders were analyzed at ambient temperature by step scanning on a
X-ray diffractometer (PANalytical Empyrean, Panaco, Netherlands). The samples were scanned in the 2θ
range of 10–45° and a scan rate of 8 °/min. The crystallinity index (CrI) of the material was calculated
using the Eq. 1 (Ajouguim et al 2019; Achaby et al. 2018; Kassab et al. 2019) :

CrI(100%)=(I200-Iam)/I200×100 (1)

where CrI represents the relative degree of crystallinity, I200 is the maximum intensity of the (200) lattice
diffraction at 2θ = 22.8°, and Iam is the intensity of diffraction at around 2θ = 18.6°.

2.5.5 Thermal gravimetric analysis (TGA)
Thermogravimetric analysis was employed to investigate the thermal stability of �bers before and after
treatment. TG analysis of all the powdered samples was performed using a TG 209F1 Libra. Samples of
approximately 5 mg were placed in a platinum crucible under nitrogen atmosphere with a heating rate of
10 ℃/min within the range of 30 to 600 ℃. TG curves show the variation of sample weight and
derivative weight with temperature.

3. Results And Discussions

3.1 Crystalline structure
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Figure 1 presented the X-ray diffraction patterns of sisal cellulose nanowhiskers prepared with different
alkali concentrations and sisal �ber after different treatments. As we could see from Fig. 1 (a) when the
alkali treatment concentration was 5 %, the X-ray diffraction peaks of the sisal cellulose nanowhiskers
appeared at 2θ of 15°, 17°, 22.5° and 35°, which represented the (1–10), (110), (200) and (004) crystal
faces of the cellulose, respectively. It showed typical cellulose ฀structure. However, when the
concentration of alkali treatment reaches 25 %, the X-ray diffraction peaks appeared at about 2θ of 12°,
20°, 22° and 35°, and the corresponding crystal faced of (1–10), (110), (020) and (004) of cellulose,
respectively, showed typical cellulose ฀ structure. At the same time, it could be seen that when the alkali
concentration was 15 %, the X-ray diffraction had both the characteristic peaks of cellulose type฀and ฀,
and the �ber at this time was a mixture of cellulose ฀and ฀, indicating that with the increase of the alkali
concentration, the cellulose in sisal �ber would gradually transform from cellulose ฀ to cellulose ฀, which
was basically consistent with previous studies on this aspect (Yu et al. 2014).

Figure 1(b) showed the X-ray diffraction of degummed sisal �ber, 5 % alkali treated sisal �ber and
TEMPO-oxidated sisal cellulose nanowhiskers, respectively. By comparing the X-ray diffraction patterns
of sisal �ber before and after preparation, it could be seen that the preparation process of cellulose
nanowhiskers had no effect on the basic crystal structure of cellulose. And as the noncellulose
polysaccharides were removed and the amorphous zones were dissolved, the �bers showed increasing
orientations along a particular axes. Calculated according to formula 1, the crystallinity thus went on
increasing in going from the degummed sisal �ber (69.09 %) to 5% alkali-treated sisal �ber (69.97 %), and
subsequently to oxidized sisal cellulose nanowhiskers (74.74 %). The little increasing in the crystallinity
after TEMPO oxidization, which may be due to the increase of water solubility in the disordered area
during centrifugal washing, resulting in partial loss (Saito and Isogai 2004).

3.2 FTIR analysis
Figure 2 showed the FT-IR spectra of sisal cellulose nanowhiskers prepared with different alkali
concentrations and sisal �ber after different treatments. According to Fig. 2(a), the wide absorption peak
of 3000–3500 cm− 1 was generated by the stretching vibration of -OH bond, and there were two weak
absorption peaks in sisal �ber treated with 5 % or 25 % alkali concentration. Zhang and Pan (1995)
believed that the main reason was that there were two kinds of intramolecular hydrogen bonds in the
�ber, and intermolecular hydrogen bonds were relatively complex. Meanwhile, when 5 % alkali was used
to treat the �bers, the two absorption peaks were mainly at around 3250 cm− 1, while when the
concentration reached 25 %, the two absorption peaks were shifted to around 3500 cm− 1, mainly because
the cellulose ฀ adopted the anti-parallel chain mode, the polarity of the chain was low, and the
perturbation to the free stretching vibration of -OH bond was small. 1365 cm− 1 and 1315 cm− 1

respectively represented the bending vibration of -CH and the swinging motion of -CH2. With the increase
of treatment concentration intensity, the strength changed, mainly due to the different hydrogen bonding
environment of -CH2 and -OH in cellulose due to the change of crystalline form of cellulose. The

absorption peak at 1110 cm− 1 was caused by the C-O stretching vibration of the cellulose six-membered
ring framework, and the absorption peak was nearly disappeared with the increase of alkali
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concentration, which was related to the change of hydrogen bond. Another signi�cant difference was that
the absorption peak near 895 cm− 1 gradually increases with the increase of alkali concentration, which
was caused by the different skeleton vibration of C1 atom. The changes of the �ve characteristic peaks
above all indicated that with the increase of alkali concentration, the crystal form of sisal �ber gradually
changed from cellulose ฀ to cellulose ฀, which was consistent with the X-ray diffraction analysis results of
the sisal �ber above.

Figure 2 (b) showed that the basic peak shape of sisal �ber changed little before and after preparation,
only some speci�c groups changed, and most groups only changed in strength. The main changes of the
peaks at 1607 cm− 1 and 1415 cm− 1 were mainly caused by the vibration of the C = O bond of the
carboxyl group formed by the oxidation of the primary alcohol hydroxyl group of the cellulose by the
TEMPO-oxidation system, indicated that hydroxyl groups at the C6 position of cellulose molecules are

converted to sodium carboxylate (Fukuzumi et al. 2009). The wide absorption peak near 3300 cm− 1

represented the stretching vibration of OH bond. The change of the absorption peak indicated that after
the preparation and treatment of nano-cellulose, the content of cellulose was getting higher and higher. At
the same time, the oxidation process of TEMPO-oxidation system was a selective oxidation process,
which only acted on the primary alcohol hydroxyl group of cellulose.

3.3 Thermal performance
Figure 3 showed the TG diagrams of sisal cellulose nanowhiskers prepared with different alkali
concentrations, TG and DTG diagrams of sisal �bers after different treatments. As could be seen from
Fig. 3(a), the thermal stability of sisal nanowhiskers prepared with different sodium hydroxide
concentrations was basically not signi�cantly different, but the initial decomposition temperature of the
�bers also changed a little due to the change of the crystalline form of the cellulose. With the increase of
the concentration of alkali treatment, the initial decomposition temperature of the �ber would decrease,
mainly because the thermal stability of cellulose ฀ was worse than that of cellulose฀, and the increase of
the alkali concentration would make the crystal form of the cellulose transform from the cellulose
amorphous type to the cellulose solid type, which was consistent with the results of the X-ray diffraction
and infrared analysis.

As shown in Fig. 3 (b) and (c), all TG curves, showed a small amount of weight loss between 30 ℃ and
150 ℃, which was mainly due to the reduction of the water chemisorbed on the surface of the �ber or the
water attached by hydrogen bonds between �ber molecules. After the alkali treatment, the initial
decomposition temperature of sisal �ber was signi�cantly increased, which indicated that the non-
cellulose components which were not completely removed in the previous degumming treatment were
removed in the alkali treatment process, and the residual mass of the �nal alkali treatment sisal �ber was
less than that after the degumming treatment, which also indicated this. After alkali treatment, the sisal
�ber began to thermally degrade at 300°C, while the degradation temperature of TEMPO-oxidized sisal
cellulose nanowhiskers started at 220°C. This indicated that the primary alcohol hydroxyl groups on the
cellulose surface were caused by TEMPO oxidation. Oxidation into carboxyl groups would signi�cantly
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reduce the thermal degradation point of cellulose (Fukuzumi et al. 2010), which was basically in line with
the results of previous studies.

It was worth noting that the DTG curve of TEMPO-oxidized sisal cellulose nanowhiskers was very broad,
and it could be seen that the degradation process of sisal cellulose nanowhiskers was mainly composed
of two decomposition stages. The former was due to the thermal degradation point of the sodium
anhydroglucuronate unit, while the latter was signi�cantly lower than that of unoxidized sisal �ber,
indicating the present of more thermally unstable anhydroglucuronate units in the TEMPO-oxidized sisal
�bers, and the crystalline cellulose chain in the DTG peak reduced (Cao et al. 2012).

3.4 Micro-structure
Figure 4 showed the SEM micrographs of the degummed sisal �ber, alkali treated sisal �ber and TEMPO-
oxidated sisal cellulose nanowhiskers and the width distribution of nanowhiskers. As seen from Fig. 4 (a)
and (b), the degummed sisal �ber was a �lament with a diameter of 10–20 µm, while the sisal �ber that
was crushed and screened and then treated with sodium hydroxide and DMSO became thinner and
shorter, with a diameter of about 10 µm, and length between 0.1–0.3 mm, this was due to the alkali
treatment acted on the �bers could contribute to remove hemi-cellulose, surface impurities, and a part of
lignin from the �bers (Meng et al. 2016), as well as the inter-molecular hydrogen bonding, leading to the
decrease of �ber diameter, also DMSO was a kind of strong hydrogen bonding-breaking agent, treatment
further contributed to the breakage of inter-molecular hydrogen bonding and dissolution of interior and
external non-cellulose materials, resulting in a further dimensional diminution of the sisal �bers (Das et
al. 2010; Lin et al. 2014). Figure 4 (c) showed that after TEMPO oxidation reaction combined with high-
speed homogenization, most of the �brils were prepared into nano-sized �ber whiskers. These cellulose
nanowhiksers were rod-shaped, with a width of 6–61 nm (Fig. 4 (d)) and a length of 100–500 nm. At the
same time, it could be seen that some nanowhiskers gather together, which was mainly caused by the
high speci�c surface area of cellulose nanowhiskers and the large number of strong hydrogen bonded
between the �bers.

3.5 Optical transmittance of nanowhiskers suspension
Figure 5 showed the UV-vis transmittance of 0.1 wt% cellulose nanowhiskers suspension and the digital
photographs of the suspensions of the obtained nanowhiskers in a beaker. The transmittance of the 0.1
wt% cellulose nanowhiskers suspension at 900 nm was approximately 90 %, which is consistent with the
experimental results in our previous work (Cao et al. 2012). TEMPO oxidation system treated sisal �bers
could introduce carboxylates along the surface of the whiskers and result in a negative-charged surface
(Lin et al. 2014). Therefore, the stability of transparent suspensions could be interpreted by the anionic
stabilization via the attraction/repulsion forces of electrical double layers (Liu et al. 2015; Kargarzadeh et
al. 2012).

4. Conclusions
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In this study, a stable and transparent dispersion of sisal cellulose nanowhiskers with a widthof 6-60 nm
were prepared from chemically pretreated sisal �bers by TEMPO selectively oxidizedtreatment combined
with mechanical homogenization. At the same time, the effect of alkali treatment concentration in the
pretreatment stage on the performance of preparing cellulose nanowhiskers was analyzed, and it was
found that as the concentration of sodium hydroxide increased, sisal �berscrystalline type would
gradually change from cellulose I tocellulose ฀.When the alkali concentration was 5%, the sisal �ber
appeared as celluloseI. When the alkali concentration was 15%, the sisal �ber appeared as a mixture of
cellulose I and฀,and the concentration was increased to 25%, it was expressed as cellulose ฀. The
preparation of such tunable polymorphic cellulose nanowhiskers will enable cellulose nanowhiskers to
exhibit more expected properties, thereby expanding its application �elds. The in-depth development and
utilization of sisal �ber will not only increase the added value of sisal products, but also protect the
environment and resources.
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Figures

Figure 1

X-ray diffraction patterns of (a) sisal cellulose nanowhiskers prepared with different alkali concentrations;
and (b) sisal �bersafter differenttreatments.
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Figure 2

FT-IR spectra of (a) sisal cellulose nanowhiskers prepared with different alkali concentrations; (b) sisal
�bers after different treatments.
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Figure 3

(a) TG diagrams of sisal cellulose nanowhiskersprepared with different alkali concentrations; (b) TG and
(c) DTG diagrams of sisal �bersafter different treatments.
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Figure 4

SEM micrographs of (a) degummed sisal �ber; (b) alkali treated sisal �ber;(c) TEMPO-oxidated sisal
cellulose nanowhiskers. and (d) width distribution of cellulose nanowhiskers.
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Figure 5

UV-vis transmittance of 0.1 wt% cellulose nanowhiskers suspension prepared from TEMPO-oxidized sisal
�bers. The inset photograph shows light transmittance behavior of the cellulose nanowhiskers
suspension.


