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Due to the environmental appeal that has grown in recent years, the use of agricultural wastes and plant fibers 
to develop new biodegradable materials is increasing quickly. In this context, nanocomposites reinforced with 
cellulose nanocrystals (CNCs) obtained from Bromelia (Neoglaziovia variegate) fibers have stood out as promising 
materials. Despite CNCs used to be separated from a cellulosic matrix in a good way with inorganic acids, the 
use of acidic ionic liquids (IL) has been arising as a safer and greener approach. Several authors have proposed 
the aprotic IL [BMIM][HSO4] as an excellent alternative media to CNCs separation, and in previous work, 
we have proven that the cheaper protic IL [2-HEA][HSO4] is valid for the same purpose. In this work, CNCs 
were separated from cellulose previously extracted from bromelia through the processing with H2SO4, [BMIM]
[HSO4], and [2-HEA][HSO4]. A variety of techniques, like thermogravimetric analysis (TGA), Fourier transform 
infrared (FTIR) spectroscopy, X-ray diffraction (XRD), electrophoretic light scattering (ELS), transmission 
electron microscopy (TEM) and atomic force microscopy (AFM) were used to CNCs characterization. The rod-
like and spherical nanoparticles showed good thermal stability, and this could allow their incorporation into 
a polymeric matrix. Nanoparticles isolated with protic ionic liquid showed more excellent crystallinity when 
compared with nanoparticles with aprotic ionic liquid. 
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Introduction

With the concern and policies aimed at the 
environment, there has been great worldwide 
interest in developing technologies enabling 
products that cause less environmental impact [1].

In this context, vegetable fibers have been 
widely used as sources of cellulose nanocrystals 
(CNCs) to act as reinforcements in polymer 
matrices due to factors associated with cost, rigidity, 
renewability, abundance, and biodegradability [2-
4]. Neoglaziovia variegate fibers are an excellent 
example of the mentioned characteristics and have 
a high cellulose content [5].

CNCs are highly crystalline cellulose 
nanoparticles with a high aspect ratio (L/D) 
and are very rigid. It is necessary to remove the 
amorphous region of the cellulose by a hydrolysis 
reaction, maintaining the crystalline domains to 
obtain them  [4,6]

They can act as reinforcement in polymeric 
matrices in small quantities, improving mechanical 
properties [7].

Hydrolysis from sulfuric acid is the best-known 
and widely used procedure. The method using 
aprotic ionic liquid to separate the crystalline 
phase of the amorphous region from cellulose 
is still little reported in the literature [8-10] and 
explores microcrystalline cellulose as a source.

However, the use of protic ionic liquid to 
obtain CNCs from renewable sources has not been 
reported in the literature. It can be an alternative to 
the aprotic ionic liquid since it can be synthesized 
easily, has a lower cost, and is safer, reusable, 
and less corrosive than inorganic solid acids 
[10]. Currently, ionic liquids have applications in 
treating biomass residues  [11-14]. 
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In this work, cellulose nanocrystals (CNCs) 
were obtained from bromelia (Neoglaziovia 
variegate) fibers from processing with sulfuric 
acid and ionic liquids: (1-butyl-3-methylimidazole 
hydrogen sulfate (aprotic) and 2-hydroxyethyl 
ammonium hydrogen sulfate (protic). 

Using nanoparticles mixed with polymers 
has aroused interest in developing polymeric 
nanocomposites from CNCs, mainly from 
plant fibers, as reinforcement material for high-
performance materials  [15]. 

Other research route at stake for developing 
more environmentally friendly materials is the 
study of biodegradable polymers in detriment 
to those of complex degradation, whose main 
applications include sectors such as food 
packaging/ agriculture and the medical field  [16-
20].

The present study aims to separate and 
characterize CNCs from Neoglaziovia variegate 
fibers using conventional and alternative ways 
(ionic liquid processing).

 
Materials and Methods

 
Materials

Chemicals 
Sulfuric acid (H2SO4), purity 95-

99%, was supplied from Vetec and used to 
prepare the solution 55% (v/v). 1-butyl-3-
methylimidazolium hydrogen sulfate ([BMIM]
[HSO4]), purity > 95.0%, was supplied by 
Sigma-Aldrich and used as received without 
further purification. 2-hydroxyethyl ammonium 
hydrogen sulfate ([2-HEA][HSO4]) ~30% 
(m/m) was synthesized from sulfuric acid and 
monoethanolamine, purity >90.0%, supplied by 
Neon.

Fibers 
Bromelia fibers were collected in Araci, Bahia, 

Brazil. After washing, drying, and bleaching 
processes, the material was used to separate 
CNCs.

Methods

Separation of CNCs 

H2SO4 Processing
Bleached bromelia fibers were hydrolyzed at 

50oC for 2 h under mechanical stirring at 1,150 
rpm. For each gram of bleached material, 10 
mL of H2SO4(aq) 55% (v/v) was used. After the 
hydrolysis, 300 mL of water at 8°C was added to 
the system to quench the reaction. The resulting 
suspension was centrifuged several times to 
separate residual acid from precipitate, which was 
washed with distilled water at 4,400 rpm for 10 
min to reach the CNCs dispersion in the water. 
The turbid suspension containing CNCs was 
submitted to dialysis for some days until pH 7 was 
reached [21,22]. Following this step, the purified 
suspension was stored in a refrigerator and named 
CNCSA (Cellulose Nanocrystals obtained with 
Sulfuric Acid).

 
Ionic Liquids Processing 

Hydrolysis methodology was adapted with 
some modifications from [10]. Note that reaction 
conditions differ from H2SO4 processing due to the 
specific physical features of the ILs, mainly viscosity, 
and acid strength. The reaction was performed in a 
becker at 70 C for 1,5 h under mechanical stirring 
at 580 rpm. For each gram of bleached material, 
9 g of each IL was used separately. Following this 
step, 20 ml of water at 8°C was added to the system 
to quench the reaction. Centrifugation and dialysis 
were carried out in the same way described before. 
The purified aqueous suspensions containing CNCs 
were stored in a refrigerator and named CNCAPIL 
(Cellulose Nanocrystals obtained with Aprotic 
Ionic Liquid) and CNCPIL (Cellulose Nanocrystals 
obtained with Protic Ionic Liquid), respectively 
related to [BMIM][HSO4] and [2-HEA][HSO4].
 
Characterization 

TEM, AFM, TG, FTIR, XRD, and Zeta 
potential characterized cellulose nanocrystals.
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Transmission Electron Microscopy (TEM) 
was carried out in aqueous suspension, which 
was dripped onto 400 mesh copper grids covered 
with formvar film. Uranyl acetate solution 2 wt% 
was used as contrast. TEM micrographs were 
recorded in a JEOL microscope, model JEM-1230, 
operating at 80 kV, and Tecnai equipment, model 
G2-20. AFM micrographs were recorded in a 
Vecco e Cypher microscope, model Dimultimode 
V e ES Asylum Research. TG was performed 
in Shimadzu® equipment; model TG-A50 was 
analyzed from 25 to 800 °C at a heating rate of 
20°C min-1 under a nitrogen flow of 100 mL min-1. 
FTIR analysis was carried out using a Shimadzu 
spectrometer, model IR Prestige-21, transmittance 
mode, wavelength range of 4000-800 cm-1. X-ray 
diffraction (XRD) was carried out in a Shimadzu 
X-ray diffractometer, model XRD-6000, angle 
range of 5°-50°. Dynamic Light Scattering (DLS) 
was conducted to determine the Zeta potential in a 
Zetasizer Nano ZS equipment with water at 25 °C.

 
Results and Discussion

 
Transmission Electron Microscopy (TEM)

A drop of each CNCs suspension was examined 
using TEM to confirm the separation of CNCs from 
bleached bromelia. Figure 1a shows CNCSA as rod-
like nanoparticles, confirming them as cellulose 
nanocrystals. A bundle of particles is formed due to 
the preferential hydrogen bond formation between 
single nanoparticles instead hydrogen bonds with 
the hydrophobic substrate used to cover the cupper 
grid where the drop was added onto. Several other 
natural fibers, for instance, licorice, banana, palm; 
Calotropis procera, Macauba, and gravatar fiber, 
can provide similar rod-like CNCs [5], [23,24] that 
make separation of bundles of rod-like CNCs from 
‘caroá’ with an aspect ratio of 16±5. The images of 
CNCAPIL and CNCPIL, both materials produced 
by ionic liquid processing, show nanoparticles with 
different shapes and sizes. While the first ones are 
rod-like, spherical morphologies were achieved 
using the protic ionic liquid.  

Figure 1b shows that [BMIM][HSO4] is an 
efficient medium to separate crystalline domains 
of cellulose (CNCs) from their amorphous 
domains under the tested conditions. The 
particle morphology of CNCAPIL is rod-like, 
as CNCSA, and all particles are on a nanometer 
scale, as reported by other authors  [8,10]. Despite 
CNCSA and CNCAPIL being made both of rod-
like nanoparticles, in CNCAPIL, the particles 
are less bonded to each other, which maybe 
a consequence of big ionic groups added into 
cellulose by [BMIM][HSO4] over the reaction. 
Measurements of length, diameter, and aspect 
ratio of nanoparticles in image software are 
better to be done with single nanoparticles 
than a bundle of nanoparticles, suggesting an 
advantage for the use of ionic liquid processing 
[8] also successfully separated CNCS from 
microcrystalline cellulose using [BMIM]
[HSO4] at 120 oC and 24 h of time reaction. The 
results presented in the current study and those 
from the literature suggest that [BMIM][HSO4] 
improves energy and time-consuming reaction 
compared to H2SO4 processing. 

Figure 1c shows spherical nanoparticles for 
CNCPIL instead of rod-like morphology of 
CNCSA and CNCAPIL. The most probable 
reason to explain the spherical formation 
pathway under the conditions used for [2-HEA]
[HSO4] processing is a self-assembly process of 
small cellulosic fragments around the rod-like 
nanoparticles during the drying. According to 
Lu and colleagues [25], self-assembly decreases 
particles’ surface area, allowing a decrease in 
their free energy. [2-HEA][HSO4] is probably 
inefficient in inserting charged groups on 
cellulosic chains so that particles can interact by 
the side by hydrogen bonds.  

Table 1 shows the dimensions of CNCs, 
but CNCPIL measurements were impossible 
due to the difficulty of identifying the particles 
individually. On average, particle size for CNCSA 
was evaluated to be 252 nm in length and 20 nm in 
width, values which provided a high aspect ratio 
near to those reported by [24,26].  
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Figure 1. TEM images of CNCSA (a), CNCAPIL 
(b) and CNCPIL (c).

a

100 nm

b

200 nm

c

Tand and colleagues [10] found that processing 
of microcrystalline cellulose with [BMIM][HSO4] 
at the temperature range of 70°C-100°C led to the 
formation of rod-like nanocrystals with diameters 
in the range of 15-20 nm and lower average aspect 
ratio than 28 (the average found in the current study 
– Table 1). It means the modifications made to the 
methodology of [BMIM][HSO4] and the features 
of cellulose from bromelia fibers can provide 
CNCs with an aspect ratio fourfold. The massive 
importance of the aspect ratio of discontinuous 
phase (reinforcement) in nanocomposites comes 
from the percolation network between the phases 
at the interface, the zone responsible for the 
mechanical improvements achieved compared to 
the pure phases [27].

Nanostructures of high aspect ratios can 
strongly improve the mechanical properties of 
the matrix due to improvements in mechanical 
stress at the interfacial zone [28], so both CNCSA 
and CNCAPIL samples have the potential as 
mechanical reinforcements in nanocomposites. 
 
Atomic Force Microscopy (AFM)

AFM measurements were carried out to confirm 
the particle size and morphology by other technique. 
Figure 2 shows AFM images of CNCs. Although 
no dissimilarities were observed when compared 
to TEM images - dimensions and morphology of 
CNCs were the same for both techniques. Figure 2c 
provides further details about the CNCPIL sample, 
which could not be apparent by TEM image: the 
spherical particles are made of small fragments. 
This observation agrees with the spherical pathway 
based on  Gallardo-Sánchez and colleagues, and Lu 
and Lo Hsieh [29,30]. These results suggest that 
different mediums based on hydrogen sulfate anion 
allow the separation of different types of CNCs 
with a wide range of applications.

 
Electrophoretic light scattering (ELS) 
It is not enough to separate CNCs from a 
cellulosic source; they must keep their dimensions 
on the nanometer scale. ELS measurements 
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were carried out to evaluate the stability of 
suspensions. The negative values of Zeta potential 
for all samples confirm the presence of negatively 
charged groups at the surfaces of CNCs over 
the reaction, such as sulfate and hydrogen 
sulfate. According to the electrostatic model, 
the electrostatic repulsion between particles 
charged with the same signal is the main reason 
to keep the nanoparticles isolated and stabilized 
by water molecules. So, as much negative, the 
Zeta potential is, the more stable the sample is. 
According to the literature [29], [31] ideal 
suspensions with Zeta potential higher than 30 mV 
must be stable so CNCs do not tend to aggregate 
into more considerable microscopic fragments. 
Based on the values shown in Table 2, none of the 
samples meet the stability criteria; however, the 
values agree with those found by other authors.
[29]. CNCPIL was the less stable suspension, and 
this result deals with the discussion about spherical 
pathway formation in this sample.

Thermogravimetric Analysis (TGA)

Thermal degradation of cellulose involves 
chemical reactions such as depolymerization, 
dehydration, and decomposition of glycosyl units, 
processes strongly dependent on the surface area 
of particles and the charged surface groups. TGA 
measurements were carried out to evaluate the 

Table 1. Length, diameter, and aspect ratio of CNCs.

Sample Length (nm) Diameter (nm) Aspect Ratio

CNCSA 252.00 ± 127.94 20.00 ± 14.56 35.09 ± 29.73

CNCAPIL 147.39 ± 60.82 5.55 ± 2.81 27.97 ± 3.87

Figure 2. AFM images of CNCSA (a), CNCAPIL 
(b) and CNCPIL (c).

a

b

c

200 nm
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Table 2. Potential zeta of CNCs.

Sample Zeta Potential (mV)

CNCSA -21.1 ± 0.5
CNCAPIL -23.5 ± 0.4
CNCPIL -20.3 ± 0.2

thermal behavior of each sample and understand 
the influence of each kind of processing (Figure 
3). Sample CNCSA was thermally stable until 
232°C, with a weight loss of 3 %. DTG profile 
shows two events: the first at a maximum 
temperature of 55°C related to humidity loss 
[32], and the second related to the degradation of 
sulfated cellulose present on the surface of CNCs. 
These regions are more susceptible to thermal 
degradation when compared to the uncharged bulk.   
Sample CNCAPIL was thermally only until 214°C. 
DTG profile shows three events: Besides the events 
related to moisture (below 100°C) and degradation 
of sulfated cellulose by pyrolysis (214-380°C with 
maximum degradation temperature until 306°C) 
[9,32], a third event above 600 °C appears related 
to carbonaceous matter [24]. This event is absent 
in CNCSA because of the abundance of sulfated 
groups over the surface.

CNCPIL was the less thermally stable sample, 
holding on until 205oC. DTG profile shows the 
same three events (at 70-100oC, 205-389oC, and 
684-773oC) already discussed for CNCAPIL. 
Despite the less charged surfaces for CNCPIL, 
AFM images suggest smaller particles when 
compared to CNCSA and CNCSAPIL, so small 
particles tend to have a higher specific surface 
area, increasing the exposure area over the heating. 
However, the thermal stability of CNCPIL is 
enough to allow its incorporation at formulations 
based on thermoplastic matrices because the most 
usual range of processing temperature for these 
materials is around 200°C [33].

Fourier transform infrared spectroscopy (FTIR) 
FTIR measurements were carried out to confirm 
the presence of sulfate groups at the surface of 

CNCs and their nature of water affinity. Figure 4 
shows FTIR spectra of all samples. The signal at 
1620 cm-1 is related to adsorbed water vapor and 
is present in all curves, suggesting a hydrophilic 
nature [10,32]. The signal at 11631 cm-1 is 
attributed to S=O vibration. This double bond 
belongs to sulfate groups and is present in all 
curves. All processing methodologies effectively 
separate and stabilize the CNCs by esterifying 
their surfaces with sulfate groups.

 
X-ray Diffraction (XRD)

XRD measurements were carried out to evaluate 
each sample’s crystallinity using the Crystallinity 

Figure 3. TGA (a) and DTG (b) profiles of CNCs.
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Index (C.I.) approach, aiming to understand 
the influence of the processing methodologies 
employed. Figure 5 presents the results.

Diffraction peaks at 2Ɵ=15, 22, and 34° 
((110), (200), and (040) plans, respectively) 
are assigned to the suitable cellulose I [34] and 
are present in the XRD profile of CNCSA. The 
high intensity of the peak at 22° contributes to 
the highest C.I. of samples, around 76%. This 
result suggests the extraordinary ability of the 
sulfuric acid solution to provide hydronium 
ions able to break glycosidic bonds from 
amorphous cellulose and release single CNCs. 
XRD profiles of CNCAPIL and CNCPIL also 
exhibit diffraction peaks typical of cellulose I 
((110) and (200) plans) [10,35], suggesting that 
ionic liquid processing methodologies employed 
were suitable to avoid the cellulose interconversion 
to unsuitable II types. However, it is essential to 
highlight the low C.I. calculated for CNCAPIL 
and CNCPIL because it suggests some degradation 
and crystalline parts of cellulose, as already noted 
by Tand and colleagues and Haron and colleagues 
[10,13]. It could be explained based on the swelling 
ability of ionic liquids, so their cations can migrate 
between cellulosic chains, separating them and 
changing the spatial configuration to some extent. 
The results of XRD are in good agreement with 
TGA and FTIR results.

 

Figure 4.  FTIR spectra of CNCSA (a), CNCAPIL 
(b) and CNCPIL (c).
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Conclusion

From the use of the sulfuric acid solution, 
[BMIM][HSO4] and [2-HEA][HSO4], it was 
possible to separate the cellulose crystalline 
regions of bromelia (Neoglaziovia variegate)  
fibers from the amorphous phase, obtaining 
cellulose nanoparticles with shaped and spherical 
shapes, as shown in the TEM and AFM analyzes. 
The spherical shape obtained from protic ionic 
liquid can provide important characteristics in 
new applications that can be studied. Protic ionic 
liquid has the advantages of being less corrosive 
than sulfuric acid, capable of reuse, and less 
costly and less toxic compared to aprotic, being, 
therefore, a new alternative in obtaining cellulose 
nanocrystals to be used explored. The CNCSA 
sample was more thermally stable when compared 
to the CNCAPIL and CNCPIL samples, showing a 
higher crystallinity index. CNCPIL also presented 
a higher crystallinity index when compared to 
CNCAPIL. The good thermal stability of the 
three types of CNCs makes it possible to use 
them in material processing, such as extrusion, 
and thus could be used as reinforcement to a 
biodegradable matrix, enhancing the range of 
possible applications for these materials.
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