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A B S T R A C T

High quality cellulose nanoparticles (CNP) were isolated from water hyacinth stem cellulose (Cel-WH) extracted
via successive thermochemical and alkaline-peroxide treatments, and further enzymatically hydrolysed using the
commercial cellulase complex, NS22086, at 50ºC. The maximum CNP concentration was reached after 120 min
of enzymatic hydrolysis, with a hydrodynamic diameter in the order of 200−250 nm and an increase of 5% in
crystallinity as compared with Cel-WH. The obtained rod-shaped cellulose nanocrystals, as revealed by atomic
force microscopy (AFM), exhibited a nominal diameter of 15.6−29.4 nm, a length of 56−184.8 nm, and a
height of 2.85−6.43 nm, indicating a low tendency to form aggregates. In the present study, it was found that
water hyacinth stems are a valuable source for the isolation of high-quality CNP using an environmentally
friendly procedure, with potential applications in nanomedicine and nanopharmacology.

1. Introduction

The high reliance on non-sustainable practices has led to an eco-
nomic and environmental crisis in our society; making a priority the
development of products derived from renewable biomass, mainly lig-
nocellulosic materials from industrial and agricultural activities (Chen,
Deng, Shen, & Jiang, 2012). Water hyacinth (Eichhornia crassipes) is a
noxious weed that has attracted worldwide attention due to its fast-
spread and crowded growth, which leads to serious unfavourable ef-
fects on the environment, human health, and economic development.
Moreover, vast amounts of money have been spent to selectively re-
move it from water bodies (Rezania et al., 2015). This plant contains up
to 60% cellulose (Abdel-Fattah & Abdel-Naby, 2012; Rezania et al.,
2015; Sindhu et al., 2017). Cellulose has been used in a broad range of
applications, since it is highly available, biodegradable, biocompatible,
and can be isolated in the form of nanoparticles, making it an attractive
material for study (Boluk & Danumah, 2014).

Cellulose nanoparticles (CNP) usually appear as rod-like or ribbon-
like particles, the length of which typically ranges from 50 to 1000 nm
and the diameter fluctuates between 3 and 50 nm (Kaushik & Moores,
2016). Due to their nanometric scale, CNP exhibit physicochemical
properties such as a low density (1.6 g cm−3), low thermal expansion
coefficient (10−7 K−1 in the longitudinal direction), high Young’s
modulus (138 GPa in the crystal region along the longitudinal axis), and
high tensile strength (Abe, Iwamoto, & Yano, 2007; Fattahi Meyabadi,
Dadashian, Mir Mohamad Sadeghi, & Ebrahimi Zanjani Asl, 2014).
These properties make CNP an ideal candidate for novel applications
such as high performance nanocomposites (i.e., reinforcing fibres), fil-
tration media, paints and coatings, and personal care, in addition to
biomedical, hygiene, and absorbent products (Boluk & Danumah,
2014).

Isolation of CNP from lignocellulosic biomass can be accomplished
by induced destruction strategies: mechanical (cryocrushing, homo-
geneisation), chemical (oxidation and acid hydrolysis), or biological
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(enzymatic hydrolysis) (Abraham et al., 2011). Currently, commercially
available CNP are isolated by chemical hydrolysis with sulphuric acid
(64% w/v) to eliminate the amorphous regions (Xu et al., 2013).
However, the use of sulphuric acid has several important drawbacks,
such as equipment corrosion, undesirable modification of cellulose
nanoparticles (surface sulphation), potential cellulose degradation, and
environmental incompatibility, which complicate the handling and
final disposal of the acid waste (Li, Yue, & Liu, 2012; Satyamurthy, Jain,
Balasubramanya, & Vigneshwaran, 2011). Greener alternatives for the
synthesis of CNP are required, and the key could be in the cellulose
structure. Cellulose is composed of glucose chains linked by glycosidic
bonds (ß–1→4) packed in highly-ordered regions (crystalline) alter-
nating with disordered regions (amorphous) and embedded in a com-
plex matrix of hemicellulose and lignin (Anderson et al., 2014). Hence,
the use of enzymatic hydrolysis of cellulose through cellulase com-
plexes could be a promising green chemistry process for the isolation of
CNP due to its mild reaction conditions that do not modify the char-
acteristics of the obtained cellulose nanoparticles. Cellulases hydrolyse
the glycosidic bonds (ß–1→4) in cellulose (Chen et al., 2012); three
enzyme activities act synergistically during cellulose hydrolysis: en-
doglucanase (EC 3.2.1.4), cellobiohydrolase (EC 3.2.1.91), and cello-
biase (ß–glucosidase, EC 3.2.1.21) (Siqueira, Tapin-Lingua, Bras, da
Silva Perez, & Dufresne, 2010).

The objective of the present work was to establish the optimal
conditions to isolate CNP by means of a biotechnological process based
on the controlled enzymatic hydrolysis (using the cellulase complex,
NS22086) of cellulose obtained from water hyacinth stems (WHS) in a
fast and environmentally friendly manner. The characteristics of the
obtained CNP are comparable with those obtained by conventional
methods (i.e., chemical hydrolysis). Moreover, the physicochemical
properties (crystallinity, structure, and surface) of the obtained CNP
make them suitable candidates for a wider range of applications.

2. Materials and methods

2.1. Reagents

Avicel® cellulose PH-101 (Cel-A) was purchased from Fluka
Analytical, St. Louis, MO, USA. The NS22086 cellulase complex (600
UCMCase/mL) marketed by Novozymes (Novozymes A/S, Bagsvaerd,
Denmark) was used for enzymatic hydrolysis of cellulose. Standard
cellulose nanocrystals (CNP-BP) and standard cellulose nanofibres
(CNF-BP) were purchased from BioPlus (American Process Inc., GA,
USA).

2.2. Harvesting of water hyacinth stems and cellulose extraction

The water hyacinths were collected from Cuemanco Lake,
Xochimilco, Mexico. Only stems were used as the raw material for CNP
isolation. The stems were rinsed with tap water, chopped, sun-dried
until the water content was below 10%, and milled (Corona Grains
Mills, Landers & Cia, USA). Cellulose (Cel-WH) was extracted fromWHS
following the procedures described by Pedraza-Segura, Toribio-Cuaya,
and Flores-Tlacuahuac (2013) and Toribio-Cuaya et al. (2014). The
obtained Cel-WH contained approximately 90% cellulose.

2.3. Enzymatic hydrolysis

The enzymatic hydrolysis of Cel-WH was conducted at 50 °C in
0.1 M citrate buffer, pH 5.0, with 10mg/mL substrate. The cellulase
complex was added at 0.12 UCMCase/mgCel-WH. The hydrolysis reaction
was stopped by boiling at 92 °C in a water bath for 15min. The fol-
lowing enzymatic hydrolysis times were evaluated: 0, 15, 30, 60, 120,
240, 360, 600, and 720min.

2.4. Isolation of cellulose nanoparticles

The solubilised cellulose fraction was separated by centrifugation
(3500 rpm for 10min). The precipitates, containing unhydrolyzed cel-
lulose and CNP, were suspended in 0.25% w/v SDS solution and cen-
trifuged (3500 rpm for 10min). The precipitates were washed three
times with 5mL distilled water, sonicated at a fixed frequency of 42 kHz
(Cole-Parmer, IL, USA) for 30min, and left to settle. After 12 h, the
suspended particles were recovered and assumed to be “cellulose na-
noparticles (CNP)”. This procedure was repeated until the supernatants
were visually transparent. Subsequently, the supernatants were col-
lected, centrifuged (3500 rpm for 10min), and dehydrated at 60 °C for
at least 12 h (Filson, Dawson-Andoh, & Schwegler-Berry, 2009).

The obtained CNP were labelled as CNP-WH0, CNP-WH15, etc., in
accordance with the enzymatic hydrolysis time. The CNP-AV120
sample was obtained following 120min enzymatic hydrolysis of Cel-A
(reference material) under the same conditions.

2.5. Released reducing sugars and glucose

The concentration of reducing sugars and glucose were measured in
the supernatant following hydrolysis using the 3-5-dinitrosalicylic acid
(DNS) (Miller, Blum, & Glennon, 1960) and glucose oxidase (Glucose-
LQ kit, Spinreact, Girona, Spain) assays. In both cases, glucose was used
as the standard.

2.6. Scanning electron microscopy (SEM)

The morphology of the fibres prior to enzymatic hydrolysis was
studied by SEM. Dehydrated samples were sprinkled over a graphite
film in an aluminum holder and sputtered with gold. Scanning electron
microscopy (SEM) micrographs were obtained using a JSM-5900 (JEOL,
Tokyo, Japan) scanning electron microscope at 2–10 kV (Flauzino Neto,
Silvério, Dantas, & Pasquini, 2013).

2.7. Particle size distribution

Nanoparticle tracking analysis (NTA) was conducted using a
Nanosight NS300 (Malvern Instruments Ltd, Worcestershire, U.K.) to
assess the particle size distribution (PSD) of the obtained CNP. This
technique uses dynamic light scattering to measure the diffusion coef-
ficient of particles moving under Brownian motion, and converts it to
the hydrodynamic diameter by the Stokes-Einstein equation (Morais,
Rosa, De Souza Filho, Nascimento, & Cassales, 2013). In brief, 1 mL
diluted CNP suspension (1:100 in distilled water) was introduced to a
chamber, and 1-min videos were recorded and analysed using the Na-
noSight NTA 3.1 software (Dai, Fan, & Collins, 2013; Quevedo, Olsson,
Clark, Veinot, & Tufenkji, 2014).

2.8. Atomic force microscopy (AFM)

AFM was used to determine the morphology and dimensions of CNP
samples. The CNP suspensions were diluted 1:100 with ultra-pure
Millipore water and homogenised by sonication for 15min.
Subsequently, 500 μL was placed on a mica holder and left to dry
overnight. CNP images were generated using an atomic force micro-
scope (NanoScope IVa, Multimode SPM, Veeco Inc., Santa Barbara,
USA). All scans were obtained in air at room temperature, with com-
mercial Si nanoprobes at a resonance frequency of 300–330 kHz.
Images were collected in the tapping mode with a slow scan rate (0.5
line/s) using a J-type scanner. For quantitative measurements, each
sample was evaluated in at least 20 different fields of view.

2.9. Fourier transform infrared spectroscopy (FTIR)

Structure and changes in chemical composition following enzymatic
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hydrolysis were studied by FTIR. Measurements were conducted using a
Spectrum GX System spectrometer (Perkin Elmer, USA) in the ATR
mode. Spectra were recorded in air from 4000 to 400 cm−1 at 4 cm−1

resolution, and 16 scans were performed for each sample in the ab-
sorbance mode (Rosa et al., 2010).

2.10. X-ray diffraction (XRD)

The XRD diffractograms were collected at room temperature within
a 2Θ range from 5 to 45° using a diffractometer (Krystalloflex D500,
Siemens, Germany), Kα radiation (40 kV and 20mA), and a wavelength
of 1.5406 Å (Díaz et al., 2017).

The crystallinity index (CrI) was determined using the Segal
method, as shown in (1):

=

−CrI I I
I

*100am002

002 (1)

Where CrI represents the relative degree of crystallinity, I002 is the in-
tensity of the 002-lattice diffraction at 2Θ =22.8°, and Iam is the in-
tensity of diffraction at 2Θ= 18°. I002 represents both crystalline and
amorphous regions, while Iam represents only the amorphous region
(Flauzino Neto et al., 2013).

3. Results and discussion

3.1. Cel-WH extraction

The treatment used for Cel-WH extraction from WHS caused
changes in fibre morphology. In the untreated WHS micrograph
(Fig. 1a), each elementary fibre displays a compact structure with a
smooth surface, due to the presence of certain non-fibrous compounds,
and exhibits alignment in the fibre-axis direction. Following cellulose
extraction (Fig. 1b), the surface became rougher. Moreover, separation
of individual fibres was observed, attributable to the removal of
hemicellulose and lignin, which could be favourable for the accessi-
bility of cellulase enzymes for controlled hydrolysis of Cel-WH

(Fortunati et al., 2013; Johar, Ahmad, & Dufresne, 2012). In contrast,
the appearance of Cel-A, a standard material obtained from cotton
linters (Fig. 1c), presents a rough surface similar to that of Cel-WH,
confirming the removal of non-fibrous compounds. Cel-A has been
widely reported as a source of cellulose for the isolation of nano-
particles, in addition to being a material of high purity and high crys-
tallinity; therefore, analysing it and the nanoparticles obtained from
this material (CNP-AV) allowed us to evaluate and validate the isolation
method proposed in the present study.

The composition of Cel-A was 99.82% cellulose, which is in ac-
cordance with the results reported by Zhang et al. (2007) and the
content declared by the manufacturer; whereas, the cellulose content of
Cel-WH was 89.88%. In both cases, the content of hemicellulose was
undetectable, and only traces of lignin were present. The sequential
application of treatments (dewaxing and thermochemical and alkaline-
peroxide treatments) for the extraction of cellulose from WHS are a
feasible and environmentally friendly alternative for the removal of
hemicellulose and lignin, since it leaves a material with a high cellulose
concentration that is susceptible to enzymatic hydrolysis under mod-
erate conditions of temperature and time.

3.2. Enzymatic hydrolysis of Cel-WH

Enzymatic hydrolysis carried out by cellulases preferentially hy-
drolyses the amorphous domains of cellulose, leaving the crystalline
domains intact (Quiroz-Castañeda & Folch-Mallol, 2013). The reducing
sugars and glucose released as a function of the hydrolysis time were
monitored up to 720min. The content of reducing sugars and glucose
gradually increased until their maximum value was attained after
360min (8.5 ± 0.11mg/mL and 6.7 ± 0.19mg/mL of reducing su-
gars and glucose, respectively). The amorphous domains of the cellu-
lose were fully hydrolysed within the first 360min of the reaction,
leaving the crystalline domains free, after which the hydrolysis of the
crystalline fraction began (Fig. 1d). In comparison with studies reported
in the literature, our results show that the cellulase complex, NS22086,
is capable of completely hydrolysing the amorphous domains of Cel-WH

Fig. 1. SEM micrographs of (a) untreated WHS, (b) Cel-WH, (c) Cel-A, and (d) kinetics of the release of reducing sugars (R.S.) and glucose (Glc) from Cel-WH by
enzymatic hydrolysis using the cellulase complex, NS22086.
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in a shorter time period (˜ 6 h vs. 70–120 h) (Satyamurthy et al., 2011;
Zhu, Sabo, & Luo, 2011). This finding represents a significant ad-
vantage, since the process can be customised to the desired degree of
hydrolysis.

3.3. CNP isolation and measurement of particle size distribution

According to Henschen, Li, and Ek (2019)), the isolated nano-
particles from plant fibres can be classified as cellulose nanocrystals
(CNC), when their length is 50–500 nm and their diameter is 3–5 nm, or
as cellulose nanofibers (CNF), when their length is 500–2000 nm and
their diameter is 4–20 nm. In this way, products obtained from Cel-WH
and Cel-A comply with the definition of a nanoparticle, which requires
that at least one of its dimensions be between 1 and 100 nm. Nano-
particle sizing is an important parameter for the adequate nanoparticle
synthesis. However, sizing suspended nanoparticles can be challenging
given the limitations of the available experimental techniques available
in the market (Hassellöv & Kaegi, 2009). CNP samples obtained at
different enzymatic reaction times were analysed by NTA, XRD, and
FTIR. Commercial cellulose nanocrystals from BioPlus (CNP-BP) were
used as a standard for comparison. From a reaction time of 0 to
360min, the CNP-WH samples formed an opaque-white viscous gel
suspension; however, after 360min, the recovered CNP samples were a
translucent suspension. The gradual change in appearance of the CNP
suspension is likely related to the amount of released reducing sugars
and glucose, indicating that the cellulose crystalline domain was hy-
drolysed into glucose and low-molecular weight oligomers (Morais
et al., 2013).

Each CNP-WH suspension was subjected to particle size distribution
analysis (Fig. 2a). In all cases, the percentage of CNP in aqueous sus-
pensions with a particle size under 500 nm was greater than 90% (D90
in Table 1), indicating that almost the total population of particles

separated in the mentioned way displays sizes in the nanometric do-
main. At time 0 (CNP-WH0), there was a rather polydisperse distribu-
tion of CNP, with a particle size distribution (PSD) between 80 and
500 nm. This is a consequence of the cellulose extraction treatments;
however, it was the lowest concentration of nanosized particles ob-
served during the enzymatic hydrolysis process. As the hydrolysis
process proceeded, the concentration of particles with a size of 120,
200, 250, and 400 nm increased significantly during the first 60min;
however, after 120min of enzymatic hydrolysis, the maximum con-
centration of particles with a size of 80, 120, and 200 nm was reached,
followed by a high concentration of particles with a size of 280 and
400 nm. Longer hydrolysis periods (over 240min) led to a decrease in
nanoparticle concentrations of all sizes due to the hydrolysis of the
crystalline domains (Fig. 2b). These results are in accordance with the
behaviour observed for the release of reducing sugars and glucose at
different enzymatic hydrolysis times, in addition to the changes ob-
served in the consistency of CNP suspensions, which demonstrates that
in the range of 0–120min of enzymatic hydrolysis of Cel-WH, the
amorphous domains are hydrolysed, allowing the release of intact
crystalline domains.

In all CNP samples, the average particle size (hydrodynamic dia-
meter) was 200 to 250 nm, with a 90th percentile (D90) from 350 to
615 nm (Table 1). This is the result of a dynamic process, during which
the amorphous cellulose is hydrolysed and the released crystalline
cellulose accumulates until 120min; however, afterwards, the crystal-
line cellulose begins to be hydrolysed, since it can be seen by the de-
creased concentration of nanosized particles at longer hydrolysis times.
Satyamurthy et al. (2011) observed similar behaviour during the pro-
duction of cellulose nanowhiskers by controlled microbial hydrolysis.

The most abundant particle size found in the CNP-WH samples at
different hydrolysis times are comparable with the particle size found in
the standard cellulose nanocrystals (CNP-BP), which showed an
average size of 219 nm and a D90 of 340 nm (Table 1). These results are
in accordance with sizes reported by other authors (Dai et al., 2013;
Filson et al., 2009; Satyamurthy et al., 2011). CNP suspensions re-
covered from hydrolysed Cel-A (CNP-AV120) under the same condi-
tions were different; 120min of enzymatic hydrolysis appeared to form
smaller particles, with an average size of 190 nm and a D90 of 290 nm.
This could be related to the cellulose origin and the presence of dif-
ferent cellulose isoforms, leading to different crystal sizes (Hayashi,
Kondo, & Ishihara, 2005). Therefore, based on our experimental find-
ings, the optimal time for obtaining a high concentration of CNP-WH
from WHS, at the nanoscale level with a defined structure, is 120min.

3.4. XRD analysis

XRD analysis was performed to investigate the differences in the

Fig. 2. (a) Particle size distribution (PSD) during the enzymatic hydrolysis
process, and (b) kinetics of the particle size distribution (PSD) during the en-
zymatic hydrolysis process.

Table 1
Particle size distribution, 90th percentile, and crystallinity index of CNP-WH
samples.

Sample Size Particle Distribution CrI (%)

Mean (nm) D90

Cel-A 84.33 ± 0.76
CNP-AV120 190.4 ± 17.6 290.6 ± 19.9 87.76 ± 1.86
CNP-BP 219.8 ± 12.4 340.6 ± 120.9 84.78 ± 1.07
Cel-WH 67.33 ± 0.94
CNP-WH15 228.1 ± 16.4 348.4 ± 53.9 62.76 ± 4.12
CNP-WH30 248.2 ± 20.1 391.9 ± 57.2 69.37 ± 6.32
CNP-WH60 252.2 ± 19.3 389.0 ± 25.3 70.74 ± 4.57
CNP-WH120 218.0 ± 30.5 378.1 ± 55.7 71.08 ± 7.81
CNP-WH200 248.3 ± 15.4 454.6 ± 54.0 67.26 ± 2.65
CNP-WH360 244.7 ± 21.5 454.5 ± 7.4 62.64 ± 3.05
CNP-WH600 294.0 ± 36.3 615.6 ± 127.3 63.33 ± 2.01
CNP-WH720 236.3 ± 7.5 320.8 ± 12.9 64.00 ± 1.77
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crystalline structure between the WHS samples and Cel-WH obtained
following thermochemical and alkaline-peroxide treatments (Fig. 3), in
addition to the change in the crystallinity index (CrI) of the CNP ob-
tained at different enzymatic hydrolysis times (Table 1). Cel-A (mi-
crocrystalline cellulose) was used as a reference material.

The XRD pattern of Cel-A allowed the identification of two char-
acteristic peaks of cellulose. The first peak corresponded to the dif-
fraction caused by the amorphous domains at 2Θ=18°, and the second
corresponded to the diffraction caused by the crystalline domains at 2Θ
= 22.5°. The crystallinity index (CrI) calculated using the Segal method
was ˜ 85% (Table 1). This pattern of XRD and CrI are characteristic of
microcrystalline cellulose and correspond to the data reported in the
literature (Abraham et al., 2013; Cherian et al., 2010). In contrast, the
XRD pattern of the WHS does not show any of the characteristic peaks
of cellulose, since it is a complex polymeric matrix of lignin, hemi-
cellulose, and pectin; therefore, the proportion of cellulose is small due
to the presence of all the other components in WHS. However, fol-
lowing extraction treatments of Cel-WH, the XRD pattern exhibits both
characteristic peaks, indicating the efficient removal of lignin and
hemicellulose (Abraham et al., 2013). The CrI calculated for Cel-WH
was 67%, which is in agreement with the CrI reported by Flauzino Neto
et al. (2013) for cellulose extracted from soybean husk (67.2%).

The CNP obtained from both Cel-WH and Cel-A (CNP-AV120)
showed characteristic peaks of cellulose, but no increase in the crys-
tallinity index was observed in the CNP from Cel-A, while the CNP
obtained from Cel-WH (CNP-WH) showed a slight increase (5%) in the
CrI (71%) at 120min enzymatic hydrolysis, indicating that changes in
the structure of the crystalline domains do not occur during this time.
The XRD pattern of Cel-WH and CNP-WH were well defined, and after
120min enzymatic hydrolysis, an increase of 5% was observed.

3.5. FTIR analysis

The FTIR spectra of the crude fibres of WHS, Cel-WH, and Cel-A are
shown in Fig. 4a.

The peaks in the region of 3700 to 3100 cm−1 and 1640 cm−1 are
observed in all spectra, but with different intensity. Both peaks are
related to the stretching of hydrogen bonds and the bending of hydroxyl
(OH) groups bound to the cellulose structure. The spectrum of Cel-WH
shows higher intensity signals of these peaks. Moreover, all samples

containing a high cellulose content show the characteristic CeH
stretching vibration band around 2900 cm−1. These results confirm the
efficient removal of hemicellulose and lignin due to the treatments
carried out during the extraction of Cel-WH from WHS (Johar et al.,
2012; Mandal & Chakrabarty, 2011).

The peak at 1740 cm−1 in the WHS spectra corresponds to both
uronic and acetyl ester bonds of ferulic and p-coumaric acids of lignin
or hemicellulose (Thiripura Sundari & Ramesh, 2012). However, this
peak disappears partially in Cel-WH following the extraction process
and is not visible in Cel-A. The peak observed in all samples at
1030 cm−1 is likely due to the CeOeC pyranose ring (asymmetrical in
the phase ring) stretching vibration. The most significant absorption
band is that at 900 cm−1, which is associated with the ß–glycosidic
linkages between glucose units in cellulose. The CeC ring breathing
band at ˜1155 cm−1 and the CeOeC glycosidic ether band at
1105 cm−1, both of which arise from the polysaccharide component,
are present in all spectra (Mandal & Chakrabarty, 2011).

The FTIR spectra of CNP-WH were obtained at the enzymatic hy-
drolysis times mentioned above. In all spectra, the characteristic peaks
of cellulose (mentioned above) were identified; however, there was a
variation in the intensity of the recorded peaks according to hydrolysis
time (Fig. 4b). Changes in the intensity of the recorded signals are re-
lated to the energy of the hydrogen bonds between adjacent cellulose
chains (Cao & Tan, 2004).

The ratio of the intensities of the peak in the region of 3440 cm−1 to
the intensity of the peak in the region of 990 cm−1 (%T3440/%T990) has
been used as an empirical measure of the hydrogen bonding intensity
(HBI) and is related to the regularity of the crystalline structure of CNP
and the amount of bound water (Oh, Yoo, Shin, & Seo, 2005).

From time 0–120min enzymatic hydrolysis, no changes were ob-
served in the HBI measured for the obtained CNP-WH, which was ap-
proximately 0.45. At longer times, a decrease in the HBI was observed
(0.34) (Fig. 4c), which may be because the amorphous domains in the
cellulose have been fully hydrolysed and the hydrolysis of the crystal-
line domains has just begun. These results coincide with the CrI mea-
sured by XRD and with the results reported by Cao and Tan (2004).

Similarly, the XRD and FTIR results show no alteration in the
structure of CNP-WH fractions until 120min enzymatic hydrolysis,
since there is no significant change in the CrI, and the characteristic
bands of the FTIR spectra present the same position and intensity.
However, after 120min Cel-WH enzymatic hydrolysis, a decrease in the
CrI and signal intensity of the characteristic FTIR peaks was observed.

3.6. Morphological characterisation of CNP

The morphology of CNP obtained at 120min enzymatic hydrolysis
(CNP-WH120 and CNP-AV120) was evaluated by AFM. The choice was
based on two aspects: i) the PSD analysis showed the highest con-
centration of nanosized particles in those cases, and ii) the XRD and
FTIR analysis indicated a preserved crystalline structure even after
120min enzymatic hydrolysis. The AFM image obtained for CNP-
AV120 (Fig. 5a) shows the formation of a needle-shaped aggregate
comprised of numerous nanocrystalline particles with an average
length of 97.4 ± 14.2 nm and a diameter of 14.5 ± 2.3 nm. None-
theless, the AFM image of the CNP-WH120 sample (Fig. 5b) reveals the
presence of particles of 120.4 ± 64.4 nm in length and 22.5 ± 6.9 nm
in diameter. These particles are more spread out over the substrate, well
separated in the form of single nanocrystals, and exhibit less tendency
to form agglomerates; therefore, the height of the particles (indication
of vertical agglomeration) is very low.

The measurements show that in all the samples, at least one of their
dimensions is between 1 and 100 nm; thus, they can be considered in
the nanodomain (Henschen et al., 2019). AFM images of CNP-WH120
and CNP-AV120 correspond to cellulose nanoparticles denominated as
“nanocrystals”, with similar characteristics to those obtained elsewhere
using different cellulose sources and different hydrolysis conditions

Fig. 3. X-ray diffraction patterns of the WHS, Cel-WH, and Cel-A samples.
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(Cherian et al., 2010; Dai et al., 2013; Satyamurthy et al., 2011; Sèbe,
Ham-pichavant, Ibarboure, Koffi, & Tingaut, 2012). Eventual differ-
ences in size, shape, and agglomeration degree are mainly due to the
cellulose source (origin), extraction method, and treatments applied
(Oh et al., 2005). Nominal lengths of Cel-A, CNP-WH120, CNP-AV120,
cellulose nanocrystal standard (CNP-BP), and nanofiber standard (CNF-
BP) are shown in Table 2. CNP-WH120 particles have a low height,
small diameter, and moderate length. The AFM images also reveal that
CNP-WH120 tend to remain separate without forming aggregates,
while CNP-AV120 obtained under the same conditions tend to form
aggregates.

AFM analysis (Table 2) also demonstrates that CNP-WH120 ob-
tained by enzymatic hydrolysis of Cel-WH exhibit a similar size to other
nanocrystalline cellulosic materials (CNP-BP and CNP-AV120). It sig-
nificantly differs from the nanofibre material (CNF-BP), with a larger
diameter, height, and length.

It was important to characterise the reference material using the
same techniques in order to validate and observe differences in the CNP
obtained according to their origin. In the present study, we observed
that nanoparticles with similar characteristics were obtained (size and
chemical structure); thus, the use of water hyacinth as a source of
cellulose for the isolation of nanoparticles could result in a more

economical and environmentally friendly process.

4. Conclusions

Application of successive thermochemical and alkaline-peroxide
treatments of WHS allowed the removal of hemicellulose and lignin,
releasing a cellulosic material with a high content of cellulose (˜ 90%).
The amorphous domains in Cel-WH were hydrolysed enzymatically in a
controlled manner in 120min under the described experimental con-
ditions. During this time, the maximum concentration of CNP
(200–250 nm) was obtained, and also allowed cellulose nanocrystals
(according to AFM analysis) to be obtained with a high crystallinity
index (71%) and no changes in its structure or chemical composition
according to the results obtained by XRD and FTIR analysis, respec-
tively. Longer reaction times (> 240min) led to the total hydrolysis of
Cel-WH. AFM analysis shows that very fine CNP-WH120 nanocrystals
were obtained with a diameter of 22.5 ± 6.9 nm (range 15.6–29.4 nm)
and a length of 120.4 ± 64.4 nm (range 56–184.8 nm), which is very
close to the nanoparticles obtained from the CNP-AV120 reference
material: a diameter of 14.5 ± 2.3 nm (range 12.2–16.8 nm) and a
length of 97.4 ± 14.2 nm (range 83.2–111.6 nm). Thermochemical
pretreatment followed by enzymatic hydrolysis of cellulose is a novel,

Fig. 4. (a) FTIR spectra of WHS, Cel-WH, and Cel-A samples, (b) changes in the FTIR spectra of CNP-WH as a function of the enzymatic hydrolysis time, and (c)
hydrogen bonding intensity (HBI) obtained for CNP-WH samples at different enzymatic hydrolysis times.
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rapid, and environmentally friendly method for the production of high-
quality cellulose nanocrystals using water hyacinth stems as the raw
material. Indeed, using the developed methodology, nanocrystalline
cellulose of defined characteristics in terms of size, shape, crystallinity,
chemical composition, and aggregation degree, can be produced under
controlled conditions. The feasibility of isolating cellulose nanocrystals
with defined physicochemical characteristics in a short period of time
(only 120min) has been demonstrated using an environmentally

friendly method and taking advantage of the water hyacinth, which is
considered a noxious weed.
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