
Citation: Indirasetyo, N.L.; Kusmono.

Isolation and Properties of Cellulose

Nanocrystals Fabricated by

Ammonium Persulfate Oxidation

from Sansevieria trifasciata Fibers.

Fibers 2022, 10, 61. https://doi.org/

10.3390/fib10070061

Academic Editors: Jungmok You and

Jeonghun Kim

Received: 31 May 2022

Accepted: 28 June 2022

Published: 13 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fibers

Article

Isolation and Properties of Cellulose Nanocrystals
Fabricated by Ammonium Persulfate Oxidation from
Sansevieria trifasciata Fibers
Nafiis Lazuardi Indirasetyo and Kusmono *

Department of Mechanical and Industrial Engineering, Faculty of Engineering, Universitas Gadjah Mada,
Jln. Grafika No. 2, Yogyakarta 55281, Indonesia; n.lazuardi@mail.ugm.ac.id
* Correspondence: kusmono@ugm.ac.id; Tel.: +62-274-521-673

Abstract: Cellulose nanocrystals (CNCs) were successfully prepared from Sansevieria trifasciata fibers
(STFs) via ammonium persulfate (APS) oxidation in this study. The influences of the APS concentra-
tion (1.1, 1.5, and 1.9 M) and oxidation temperature (60, 70, and 80 ◦C) on the characteristics of CNCs
were studied. The resulting CNCs were characterized using Fourier transform infrared spectroscopy
(FT-IR), X-ray diffraction (XRD), transmission electron microscopy (TEM), and thermogravimetric
analysis (TGA). The TEM observations revealed that the rod-like CNCs possessed average length
and diameter ranges of 96 to 211 nm and 5 to 13 nm, respectively, which led to an aspect ratio
range of 16–19. The optimum conditions for maximum crystallinity were achieved at an oxidation
temperature of 70 ◦C, a reaction time of 16 h, and an APS concentration of 1.5 M. All CNCs exhibited
lower thermal stability compared to the STFs. The CNCs could be produced from the STFs through
the APS oxidation process and showed potential as nanocomposite reinforcement materials.

Keywords: Sansevieria trifasciata fibers; cellulose nanocrystals; ammonium persulfate; oxidation

1. Introduction

Sansevieria is a genus of flowering plants native to Indonesia, India, and Africa.
Globally, there are more than twelve species present on different continents [1]. The most
common species of sansevieria are Sansevieria trifasciata and Sansevieria cylindrica. Sansevieria
trifasciata, commonly known as “snake plant” or “in-law’s tongue,” is a species in the family
Asparagaceae [2]. The leaves of STFs have zebra-like features, appearing straight, sword-
shaped, and leathery, with cross-banded dark and light green shades, measuring 0.3–1 m
in length [3]. STFs grow freely and are widely found in homes, parks, and woodlands.
STFs are used as a source of strong white elastic fibers and are commonly used in the
manufacture of rope, fishing line, cordage, fine webbing, bowstring, and clothing, where
it can substitute for synthetic fibers. It was reported that STFs contain 56% cellulose, 34%
hemicellulose, 6% lignin, and 4% moisture [4]. Due to their high cellulose content, STFs
have good potential for use in the production of cellulose nanocrystals (CNCs).

Cellulose nanocrystals (CNCs) are a kind of nanomaterial derived from cellulose
that have excellent characteristics, including good mechanical properties, nanometer sizes,
high surface areas, renewability, non-toxicity, high thermal resistance, and good optical
behavior [5–7]. Due to their excellent properties, CNCs have been extensively studied as
promising candidates for potential applications in various fields, such as in drug delivery
systems; as reinforcing agents for nanocomposites; as implants, conducting nanocompos-
ites, or tissue engineering materials; in food packaging and coatings; and other uses [8].

The two most common groups of methods for producing CNCs are the mechanical and
chemical techniques. The mechanical methods include high-pressure homogenization [9],
high-intensity ultrasonication [10], micro-fluidization [11], and steam explosion [12], while
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the chemical methods include acid hydrolysis [13], enzymatic hydrolysis [14], and oxida-
tion [15]. Sulfuric acid hydrolysis is the most widely used method for producing CNCs
from cellulose-fiber-based materials due to its ease of application and low energy consump-
tion [16]. However, sulfuric acid hydrolysis has several disadvantages, such as not being
eco-friendly, requiring a lot of water, involving the corrosion of equipment and excessive
decomposition of cellulose, the lower thermal resistance of the resulting CNCs, the low
yields, and the need for pre-treatment [17–20]. In addition to sulfuric acid hydrolysis, two
oxidation methods have intensively been applied for the isolation of CNCs, namely the
2,2,6,6-tetramethylpiperidin-1-yloxy (TEMPO) and ammonium persulfate (APS) oxidation
methods. The TEMPO method has several drawbacks, including the use of toxic reagents,
the need for pre-treatment, and the limited oxidation position. The APS oxidation method
has been applied to fabricate CNCs due to its simple one-step method and because it
does not require pretreatment, has low toxicity and high solubility, and is cheaper [17].
CNCs have been successfully fabricated using the APS oxidation process from various
cellulose-fiber-based materials, such as sugarcane bagasse pulp [21], cotton linters [22], an
oil palm frond [23], Miscanthus x. Giganteus [24], lemon seeds [25], cotton pulp [26], and
industrial denim waste [27]. The characteristics of the CNCs prepared with APS oxidation
methods are strongly influenced by the oxidation parameters, such as the APS concentra-
tion, oxidation temperature, and oxidation time [19,23,27–30]. Hu et al. [28] investigated
the influence of the oxidation temperature (65, 75, 85 ◦C) on the characteristics and drug
delivery behaviors of CNCs prepared with the APS oxidation method from microcrystal
celluloses (MCCs). They demonstrated that the highest crystallinity index (90.3%) and the
maximum drug release rate of 94% within 420 h were achieved by the CNCs produced at
75 ◦C. The effect of the oxidation time (6, 8, 12, 16, 24 h) on the properties of CNCs prepared
via APS oxidation from jute fibers was studied by Bashar et al. [19]. They reported that the
crystallinity increased with increasing oxidation time up to 8 h and decreased with further
oxidation time. Recently, Marwanto et al. [29] evaluated the influence of the oxidation time
on the characteristics of CNCs isolated from Balsa and Kapok fibers via the APS oxidation
method. They found that the higher crystallinity and thermal stability, along with the
smaller size of the CNCs, resulted from increasing the oxidation time due to the removal of
larger amorphous regions in the cellulose. In addition to the temperature and time, the APS
concentration also affects the properties of CNCs. Zaini et al. [23] demonstrated that the
crystallinity of CNCs increased with the increase in APS concentration, but their thermal
stability decreased. Similar findings were also reported by Culsum et al. [27], who investi-
gated the influences of the oxidation time and APS concentration on the characteristics of
CNCs isolated from industrial denim waste. They demonstrated that the dimensions of
CNCs decreased with an increase in oxidation time from 5 to 15 h, but their crystallinity
increased. Moreover, the particle size and crystallinity decreased with increasing APS
concentration, and the optimal oxidation process was achieved with 1.5 APS concentration
at 60 ◦C for 15 h. Khanjanzadeh and Park [30] investigated the influences of oxidation
parameters (APS concentration, temperature, and oxidation time) on the characteristics
of CNCs produced from recycled medium-density fiberboard (r-MDF) fibers via the APS
oxidation process. The optimal process for the obtained CNCs with the maximum yield
and crystallinity was achieved at a 1.5 M APS concentration, an oxidation temperature of
70 ◦C, and an oxidation time of 16 h.

Although the APS method has been widely used for the preparation of CNCs from
various natural fibers, to the best of our knowledge no studies on the fabrication of CNCs
from STFs using APS oxidation have been previously published. In this work, the APS
oxidation method was chosen to produce CNCs from STFs. This is because it is a simple,
one-step procedure that requires no pretreatment, it uses a strong oxidizing agent that is
cheap and has low long-term toxicity and high water solubility, and carboxylated cellulose
nanocrystals can be formed directly [17]. The effects of the APS oxidation condition (APS
concentrations and oxidation temperatures) on the characteristics of the resulting CNCs
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were studied in this work. The properties of the resulting CNCs were investigated using
SEM/EDS, TEM, FT-IR, XRD, and TGA.

2. Materials and Methods
2.1. Materials

Sansevieria trifasciata plants used in this study were supplied from the local farms
around the city of Sleman, Yogyakarta, Indonesia. Ammonium persulfate ((NH4)2S2O8)
and sodium hydroxide (99%) were purchased from Merck, New York, USA. As reported in
our previous results [31], it was found that the STFs consisted of 43.53% cellulose, 29.27%
hemicellulose, 5.20% lignin, 5.55% ash, and 16.45% moisture.

2.2. Extraction of Sansevieria trifasciata Fibers

The Sansevieria trifasciata fibers (STFs) were separated from the STF leaves by using a
decorticator machine. The STFs leaves were fed into a fiber extraction machine known as
a mechanical decorticator. The fibers were extracted and the pulps were separated. The
decorticated fibers were then washed with water and dried in the sunlight to remove the
moisture content. The dried STFs were cut 1 cm in length and then re-dried in an oven at
50 ◦C for 6 h. The dried STFs were ground and sieved within or below 50 mesh. Finally,
the powder of STFs was obtained and further prepared to isolate CNCs. The schematic
diagram of the extraction process of STFs is displayed in Figure 1.

Figure 1. Extraction process of STFs.

2.3. Isolation of Cellulose Nanocrystals

CNCs were fabricated from the extracted STFs via the APS oxidation method following
the previous method with a slight modification [22]. Briefly, 1 g of STF powder was put
into 100 mL of APS solution at different concentrations (1.1, 1.5, and 1.9 M). The mixture
was then heated at three different oxidation temperatures (60, 70, and 80 ◦C) and it was
constantly mechanically stirred for a fixed period of 16 h. An aluminum foil was used to
cover the reactor to avoid evaporation. The CNC suspension was rinsed using distilled
water using a centrifuge at 4000 rpm for 10 min until the pH was 4. The suspension was
homogenized using an ultrasonicator for 20 min with a power rate of 50%. The pH of the
suspension was then adjusted to 8 by adding 1 M NaOH to prevent the aggregation of the
crystals. Subsequently, the suspension was filtered using a Whatman glass microfiber filter
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(grade 42, 2.5 µm). A part of the filtered CNC suspension was then characterized using
TEM. The CNC suspension was freeze-dried at −18 ◦C overnight to collect the dried CNC
powder. The dried CNC powder was then analyzed via FT-IR, XRD, and TGA. The APS
oxidation process for preparing the CNCs is demonstrated in Figure 2.

Figure 2. Isolation of CNCs from STFs via APS oxidation process.

2.4. Characterization
2.4.1. SEM/EDS Analysis

The surface morphology of the freeze-dried CNCs was examined using a scanning
electron microscope (SEM) (JEOL type JSM-6510LA) operating at 10 kV. Before observation,
the CNC powder was sputter-coated with platinum to obtain clearer SEM micrographs.
The elemental composition of the selected CNCs (prepared at a 1.5 M APS concentration at
70 ◦C for 16 h) was analyzed using energy-dispersive X-ray spectroscopy (EDS).

2.4.2. Fourier Transform Infrared (FT-IR) Spectroscopy

The change of functional groups on the CNC surfaces was characterized using FT-IR.
FT-IR spectra were collected using an infrared spectrophotometer (IRPrestige21 machine
from Shimadzu) over a spectral range of 4000–400 cm−1.

2.4.3. X-ray Diffraction (XRD) Analysis

The XRD patterns of STFs and CNCs were recorded using a MiniFlex 600 X-ray
diffractometer (Rigaku, Tokyo, Japan) using Cu-Kα radiation (λ = 0.154 nm) operated at
40 kV and 30 mA. The XRD data were collected within a 2θ range of 10–50◦ at a scan rate
of 0.3◦/min. The crystallinity index was determined using the diffraction pattern and
calculated following the Segal empirical method [32], as in Equation (1):

CrI =
(I200 − Iam)

I200
× 100% (1)

where I200 is the maximum intensity of the (200) diffraction at a 2θ value range of about
22–23◦ and Iam is the minimum intensity of diffraction at a 2θ value range of around 18–19◦.

2.4.4. Transmission Electron Microscopy (TEM)

The dimension and morphology of CNCs were observed using a JEM-1400 transmis-
sion electron microscope (JEOL Ltd., Tokyo, Japan) at a voltage of 120 kV. Here, 10 µL of
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CNC solution was dropped onto a carbon-coated copper grid. ImageJ software was used
to measure the diameter and length of the CNCs from the TEM images.

2.4.5. Thermogravimetric Analysis (TGA)

The thermal stability of CNCs was analyzed using TGA (TG/DTA Hitachi STA7300,
Tokyo, Japan). The thermogravimetry (TG) and derivative thermogravimetry (DTG)
curves were obtained from 30 to 600 ◦C at a constant heating rate of 10 ◦C/min under a
nitrogen atmosphere.

3. Results and Discussion
3.1. Morphological Analysis by SEM/EDS

Figure 3 illustrates the SEM image of the CNCs produced at a 1.5 M APS concentration
at 70 ◦C for 16 h. Most of the spherical and slightly rod-shaped structures of the CNCs
can be observed in Figure 3. This structure was very different from the TEM images of
CNCs, as discussed later, where rod-like particles with nanosized CNCs were observed.
The large spherical structure of the CNCs observed from the SEM image was attributed to
the CNCs’ agglomeration. This agglomeration was related to the formation of inter-and
intra-molecular hydrogen bonds between hydroxyl groups due to the hydrophilic nature
of the CNCs [33]. Furthermore, Table 1 presents an elemental analysis of the CNCs taken
from the SEM image (Figure 3).

Figure 3. SEM image of CNCs prepared under a 1.5 M APS concentration at 70 ◦C for 16 h.

Table 1. Elements present in CNCs.

Element (wt%)

C N O Na S
8.93 16.27 47.35 10.66 16.79

The peaks for carbon, nitrogen, oxygen, sodium, and sulfur corresponding to their
binding energies are depicted in Figure 4. The existence of carbon and oxygen indicated
these elements’ presence in the CNCs. On the other hand, the appearances of nitrogen,
sodium, and sulfur elements confirmed that the APS oxidation and the washing during
centrifugation did not occur completely. This will influence the characteristics of the
resulting CNCs, as discussed in the XRD analysis.
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Figure 4. EDS diffraction for the elemental analysis of CNCs prepared under 1.5 M APS at 70 ◦C for
16 h.

3.2. Transmission Electron Microscopy

The dimension and morphology of the resulting CNCs produced from STFs were
characterized using the TEM images. Figure 5 illustrates the TEM images of the obtained
CNCs under different APS concentrations, i.e., 1.5 and 1.9 M, at a temperature of 70 ◦C
for 16 h. Rod-like particles were exhibited by all CNCs, which indicated the successful
isolation of individual CNCs from STF after the APS oxidation. The diameter and length
distribution of the CNCs determined from TEM images are presented in Figure 6. The
average diameter and length of the resulting CNCs under different APS concentrations
ranged from 5 to 13 nm and from 96 to 211 nm, respectively. These findings were compara-
ble to the results of previous studies [25,30]. The average diameter and length of the CNCs
fabricated at the 1.5 M APS concentration, as shown in Figure 6a,b, were 7.43 ± 2.67 nm and
156.35 ± 54.58 nm, respectively. On the other hand, the average diameter and length of the
CNCs produced at 1.9 M APS concentration, as presented in Figure 6c,d were 9.74 ± 2.75
and 139.47 ± 43.61 nm, respectively. This indicated that the average length decreased with
increasing APS concentrations from 1.5 to 1.9 M at a constant oxidation temperature of
70 ◦C and oxidation time of 16 h. A similar finding was also reported by Khanjanzadeh
and Park [30], where the average length of CNCs was decreased with an increase in the
APS concentration from 1 to 2 M. The length reduction in CNCs obtained at the 1.9 M APS
concentration was mainly attributed to the damage and removal of amorphous regions and
or the crystalline regions of the cellulose during the APS oxidation [30]. The cleavage of
the amorphous domain through the hydrolysis of the 1,4-β bonds of the cellulose chain
and oxidation of the C6 hydroxyl group to form a carboxyl group occurs by the formation
of sulfate radical anions (SO4

−), hydrogen peroxide (H2O2), and hydrogen sulfate ions
(HSO4

−) [34]. According to Filipova et al. [35] and Oun and Rhim [36], the dimensions
and morphology of the CNCs are mainly affected by the cellulose resources, isolation
method, and process parameters. In APS oxidation, it has been well documented that the
dimensions and morphology of CNCs are strongly affected by factors such as the APS
concentration, oxidation temperature, and oxidation time [28].
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Figure 5. TEM images of CNCs produced at different APS concentrations: (a) 1.5 M; (b) 1.9 M.

Figure 6. Diameter and length distribution of CNCs under different APS concentrations at 70 ◦C for
16 h: (a,b) 1.5 M; (c,d) 1.9 M.

3.3. Fourier Transform Infrared (FT-IR) Spectroscopy

Figure 7 demonstrates the FT-IR spectra of STFs and CNCs produced under different
APS concentrations and oxidation temperatures.
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Figure 7. FTIR spectra of STFs and CNCs obtained under different APS concentrations at 70 ◦C for
16 h and under different oxidation temperatures with a 1.5 M APS concentration for 16 h.

The FT-IR spectrum of STFs exhibited peaks at 3448, 2932, 1736, 1636, 1404, 1111,
and 610 cm−1. The peak at 3448 cm−1 was related to the OH stretching vibration in the
cellulose [21,36,37], while the peak at 2932 cm−1 was assigned to CH2 symmetric and
asymmetric stretching vibrations, respectively [36–39]. The peak at 1736 cm−1 was related
to the C=O stretching vibration of the acetyl ester and uronic groups of hemicellulose, as
well as the ester linkage of the carboxylic groups of the ferulic and p-coumaric groups in
the lignin [38,40,41]. The peak observed at 1636 cm−1 was related to the adsorbed water
due to the abundant presence of hydrophilic hydroxide radicals in the cellulose [42,43].
The peaks at 1404 and 1111 cm−1 were ascribed to the asymmetric bending of CH3 [44] and
glucose ring skeletal vibrations [26], respectively. The peak at 610 cm−1 was assigned to
the aromatic -CH stretching vibration [45].

As presented in Figure 7, it can be observed that all CNCs revealed a similar character-
istic band with the STFs. This suggested no destruction of the main cellulose structures
during the APS oxidation process [25,36,39]. Furthermore, the peak at 1736 cm−1 observed
in the STF spectra disappeared in all CNC spectra, confirming the effective removal of
amorphous components from the STFs during the APS oxidation process [38,39,46]. In
addition, all the CNCs exhibited a small peak at 1189 cm−1, indicating the asymmetric
C–O–C bridge stretching [30]. From Figure 7, it can also be observed that the peaks at
1404, 1189, 1111, and 610 cm−1 appeared in all the CNCs and exhibited more intensity
compared to those of the STFs. This indicated the removal of non-cellulosic components
(hemicellulose and lignin) during the oxidation and an improvement in the content of the
crystalline cellulose [30]. Furthermore, similar spectra were demonstrated by all CNCs at
various APS concentrations, indicating no effect of different concentrations of APS in this
work. Compared to the CNCs produced at 60 ◦C, the CNCs prepared at 80 ◦C showed a
lower intensity at a peak of 1189 cm−1, indicating the lower cellulose crystalline content.
This was because at higher oxidation temperatures, not only the amorphous regions but
also parts of the crystalline regions were removed during APS oxidation. This promoted
the hydrolytic cleavage of the glycosidic bond and then led to the reduced crystallinity
index [47]. This was confirmed by the XRD results discussed later. Overall, the FT-IR results
indicated that the APS oxidation did not change the cellulose structure but the oxidation
temperature affected the removal of the amorphous components in the cellulose.
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3.4. X-ray Diffraction (XRD)

Figure 8 depicts the XRD pattern of STFs. The STFs exhibited diffraction peaks
at 2θ = 16, 22.2, and 34.4◦ corresponding to (110), (200), and (400) planes of the typical
structure of cellulose Iβ, respectively [8,48].

Figure 8. XRD patterns of STFs.

Furthermore, the XRD profiles of all CNCs produced under different APS concen-
trations and oxidation temperatures are displayed in Figure 9a,b, respectively. All CNCs
showed a similar diffraction pattern, where a larger number of peaks were observed. This
indicated an increase in cellulose crystalline contents in all CNCs. The presence of the
peaks confirmed the crystalline structure of cellulose I, as presented by peaks at 2θ = 16,
22.2, and 34.4◦ still being maintained in all CNCs after APS oxidation. Moreover, some
diffraction peaks at 2θ = 19.8 and 37◦ were also shown by all CNCs, which corresponded
to the

(
101

)
and (004) lattice planes of cellulose II, respectively [49]. This revealed that

some of the cellulose I was converted to cellulose II during APS oxidation. The existence of
sodium salt that was not completely removed during washing, as confirmed by the EDS
analysis, might be believed to be responsible for the partial conversion from cellulose I to II
(Figure 3). Cellulose I can change to cellulose II during alkali treatment, in which the chains
of cellulose II have an antiparallel arrangement, producing a more stable structure [50].
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Figure 9. XRD patterns of CNCs obtained under different (a) APS concentrations at 70 ◦C for 16 h
and (b) oxidation temperatures with a 1.5 M APS concentration for 16 h.

Table 2 summarizes the crystallinity index values of STFs and all CNCs fabricated at
various APS concentrations and oxidation temperatures.
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Table 2. Crystallinity index of STFs and CNCs prepared under different APS concentrations at 70 ◦C
for 16 h and under different oxidation temperatures with 1.5 APS concentration for 16 h.

Sample Crystallinity Index (%)

STFs 52.4
CNC 1.1 M 80.0
CNC 1.5 M 87.4
CNC 1.9 M 83.4
CNC 60 ◦C 76.2
CNC 70 ◦C 87.4
CNC 80 ◦C 61.4

The crystallinity index was calculated by using the Segal equation (Equation (1)). As
demonstrated in Table 2, the crystallinity index of the STFs was 52.4%, while the crystallinity
index values of CNCs prepared under different APS concentrations of 1.1, 1.5, and 1.9 M
were 80, 87.4, and 83.4%, respectively. This indicated that the crystallinity index values of all
CNCs were much higher than that of the STFs. This was related to the successful removal of
non-crystalline components (hemicellulose and lignin) in the STFs during the APS oxidation
process [36]. This suggested that APS oxidation improved the crystallinity index of the
STFs. During oxidation, the sulfate radical anions (SO42−), hydrogen peroxide (H2O2), and
hydrogen sulfate ions (HSO4

−) attacked and penetrated the more accessible amorphous
regions, causing the hydrolytic cleavage of glycosidic bonds, and ultimately producing
individual crystallites [18]. From Table 2, it can be seen that the CNCs produced at a 1.5 M
APS concentration exhibited the highest crystallinity index values among all CNCs. This
was probably related to the most effective removal of residual amorphous components in
the cellulose during the APS oxidation [30]. Furthermore, the crystallinity index of CNCs
was increased from 76.2% to 87.4% when the oxidation temperature was increased from
60 to 70 ◦C. However, the crystallinity index of CNCs decreased to 61.4% as the oxidation
temperature increased up to 80 ◦C. The reduced crystallinity index at 80 ◦C was associated
with the partial removal of the crystalline structure of the cellulose [18,37,51,52]. Overall,
it could be concluded that the crystallinity index of the CNCs was strongly influenced by
both the APS concentrations and oxidation temperatures. These findings were in good
agreement with the previous studies [30]. Using a similar method of APS oxidation, the
crystallinity index of the resulting CNCs was higher (87.4%) compared to that of other
CNCs extracted from other cellulose sources such as oil palm frond (52.4%) [23], balsa
(57.6%) and kapok (60.7%) [29], recycled medium-density fiberboard (63%) [30], sugarcane
bagasse (76.5%) [21], borer powder of bamboo (69.8%) [39], Miscanthus x. Giganteus
(70%) [24], lemon seeds (74.4%) [25], and industrial denim waste (83%) [27]. However, it
was lower than the value for cotton liner (93.5%) [36]. The differences in crystallinity index
were attributed to the different cellulose sources. From Table 2, it can also be seen that the
optimal oxidation process with the highest crystallinity index (87.4%) was achieved with
the 1.5 M APS concentration at 70 ◦C and with an oxidation time of 16 h. According to
Montane et al. [53] and Thambiraj and Shankaran [54], both the strength and stiffness of
the CNC-reinforced nanocomposites were increased by increasing the crystallinity index of
the CNCs. In addition, the tensile strength was enhanced with an increase in the higher
crystallinity index of the cellulose nanofibers [55]. Therefore, with this high crystallinity
(87.4%), the CNCs have great potential for applications as nanocomposite reinforcements.
Therefore, compared to the two-step oxidation method as reported by Yang et al. [24],
where the bleaching and oxidation processes were performed, producing CNCs with lower
crystallinity (70%), the one-step oxidation approach in this work resulted in CNCs with
higher crystallinity (87.4%) and simplicity, without the chemical pretreatment. These
were the advantages of the method used in this work compared to the two-step oxidation
method involving the bleaching treatment and ammonium persulfate oxidation [24]. The
CNCs prepared under the optimal oxidation parameters in this work showed higher
crystallinity (87.4%) compared to the CNCs produced via TEMPO-mediated oxidation
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from the bleached sugarcane bagasse pulp (40%) and lemon seeds (66.14%), as reported
by previous researchers [21,25]. This was associated with greater decomposition of the
amorphous regions of the cellulose during the APS oxidation process.

3.5. Thermogravimetry Analysis

Figure 10a,b illustrate the TGA and DTG thermograms of STFs and CNCs fabricated
via APS oxidation at various APS concentrations, respectively.

Figure 10. TGA (a) and DTG (b) thermograms of STFs and CNCs under different APS concentrations
at 70 ◦C for 16 h.

The TGA and DTG thermograms of CNCs produced at different oxidation tempera-
tures are depicted in Figure 11a,b, respectively. The onset degradation temperature (Tonset),
the maximum degradation temperature (Tmax), and the residual mass values (Wresidue) as
the thermal parameters are listed in Table 3. As can be seen in Figures 10a and 11a, all
samples exhibited a similar appearance and degradation patterns. The initial weight loss
(7–20%) was exhibited by all samples at the temperature range of 30–100 ◦C. This was
associated with the vaporization of the absorbed water [30]. Furthermore, the main weight
loss in the temperature range of 200–400 ◦C was assigned to the main decomposition of the
cellulose [30]. This was associated with the breakdown of the cellulose chain through both
depolymerization and dehydration reactions, as well as the decomposition of glycosyl units
in the cellulose chain [56]. Furthermore, the decomposition that occurred above 400 ◦C was
associated with both the oxidation and short-chain cleavage of residues, changing them to
lower molecular weight volatile products [57,58].

Table 3. Thermal properties of STFs and CNCs prepared under different APS concentrations at 70 ◦C
for 16 h and under different oxidation temperatures with a 1.5 M APS concentration for 16 h.

Sample Tonset (◦C) Tmax1 (◦C) Tmax2 (◦C) Wresidue (%)

STF 270 295 352 14.3
CNC 1.1 M 203 233 - 45.6
CNC 1.5 M 206 229 320 47.3
CNC 1.9 M 209 244 318 46.9
CNC 60 ◦C 220 260 402 32.8
CNC 70 ◦C 206 229 320 47.3
CNC 80 ◦C 207 232 329 48.2
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Figure 11. TGA (a) and DTG (b) thermograms of STFs and CNCs under different oxidation tempera-
tures with a 1.5 M APS concentration for 16 h.

From the DTG thermogram of the STF (Figures 10b and 11b), it can be observed that
there was a small broad peak known as Tmax1 that was attributed to the degradation of non-
cellulosic constituents such as hemicellulose and lignin [59]. The hemicelluloses degraded
quickly in the temperature range of 220–315 ◦C, whereas the cellulose decomposed in the
range of 315–400 ◦C and lignin degraded over the entire temperature range [60]. The lower
degradation temperature of the hemicelluloses was ascribed to the acetyl groups (-C2H3O)
present in their structure [30]. Table 3 summarizes the thermal parameters such as Tonset,
Tmax1, Tmax2, and Wresidue of the STFs and CNCs produced via APS oxidation at different
concentrations and oxidation temperatures. It was found that the Tonset value of the STFs
was 270 ◦C, while the Tonset values of CNCs fabricated at different concentrations of 1.1,
1.5, and 1.9 M were 203, 206, and 209 ◦C, respectively. This showed that the Tonset values
of the CNCs were much lower than that of the STFs, suggesting lower thermal stability
for the CNCs. Similar findings were also obtained in other reports [25,30,36]. The lower
thermal stability of the CNCs might be related to the improvement in the heat transfer rate
due to the increase in surface area as a result of the smaller particle size of the CNCs [61].
In addition, the CNCs exhibited a lower thermal degradation range (200–250 ◦C), which
might be due to the incorporation of sodium carboxyl groups on the CNC surfaces during
the oxidation process leading to a reduction in the thermal degradation temperature [22,62].
A similar thermal degradation behavior was also shown by the CNCs prepared using
the TEMPO-mediated oxidation method, with which the thermal stability of the CNCs
was lower than their native cellulose [62–64]. Compared to the CNCs produced using the
TEMPO-mediated oxidation method as reported by Zhang et al. [21], the resulting CNCs in
this study exhibited higher thermal stability. This might be related to the higher crystallinity
of the resulting CNCs in this work. According to Cheng et al. [37] and Poletto et al. [65],
the thermal stability of the CNCs was strongly influenced by the surface structure, size,
crystallinity, drying, and isolation methods. Except for the CNCs produced at 1.1 M APS
concentration, two major degradation peaks, namely Tmax1 and Tmax2, were observed in
the STFs and all CNCs, as shown in Figures 10b and 11b. The major degradation peak
presented by the STFs, referred to as the Tmax2 of 352 ◦C, was attributed to the main
decomposition of the cellulose [30]. All CNCs demonstrated thermal degradation over
a lower temperature range (Tmax1) of 229–295 ◦C relating to the incorporation of -COO-
Na+ groups to the CNC surfaces [36,56]. Furthermore, the thermal decomposition over
the higher temperature range of 318–352 ◦C, known as Tmax2, was associated with the
degradation of the backbone structure of the cellulose (-OH groups) [36,50]. As presented
in Table 3, the Tonset value of the CNCs was increased slightly by increasing the APS
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concentration but was decreased as the oxidation temperature increased. On the other
hand, the Tmax1 and Tmax2 values of the CNCs were decreased with the increased APS
concentration and oxidation temperatures. The thermal degradation of the CNCs was
attributed to the different amounts of sodium carboxylate groups on the CNC surfaces and
the different dimensions of the CNCs [30]. Therefore, the thermal resistance of the CNCs
prepared via APS oxidation was influenced strongly by the oxidation conditions. The
existence of sodium carboxylate groups at the C6 primary hydroxyls on the CNC surfaces
reduced their thermal stability. The nanometer dimensions, reduced molecular weight,
high specific surface area, and increased heat transfer rate were believed to be responsible
for the lower thermal stability of the CNCs [66–68]. The thermal stability of the resulting
CNCs was comparable with the previous studies [30] but was higher compared with the
CNCs fabricated by acid hydrolysis [37,39].

From Table 3, all the CNCs had much higher final residues at 600 ◦C (Wresidue) com-
pared to the STF. This was related to the high crystallinity of all CNCs, an increase in carbon
content, the presence of NaOH that was included in the CNC isolation process, and the in-
corporation of the sodium carboxylate groups on the CNC surfaces, which acted as a flame
retardant [36,37,39,67,69]. The existence of the Na element was confirmed from the EDS
results in Table 1. This finding was in good accordance with the previous studies [36,39],
where all CNCs had a much higher final residue at 600 ◦C than the native cellulosic materi-
als. As demonstrated in Table 3, the final residue of the CNCs was increased when the APS
concentration was increased up to 1.5 M and then decreased at 1.9 M. This was ascribed to
the highest crystallinity index of the CNCs produced at a concentration of 1.5 M APS, as
confirmed from XRD results in Table 2. Furthermore, as shown in Table 3, the final residues
of CNCs prepared at different oxidation temperatures of 60, 70, and 80 ◦C were 32.8, 47.3,
and 48.2%, respectively. This indicated that the final residue of the CNCs was increased
with the increasing oxidation temperatures. This was due to the higher crystallinity index
when the oxidation temperature was increased, as shown by the XRD results.

4. Conclusions

In this work, CNCs were directly fabricated from STFs via APS oxidation without
any pretreatment. The influences of the oxidation parameters (APS concentrations and
oxidation temperature) on the characteristics of the CNCs were evaluated. The TEM images
exhibited the formation of rod-like CNCs. All CNCs showed higher crystallinity index
values (61–87%) compared to the STFs (52%). The crystallinity index of CNC was increased
when the APS concentration increased from 1.1 to 1.5 M, while it was decreased at the
APS concentration of 1.9 M. A similar effect was shown for the oxidation temperature.
Therefore, it was proven that the CNCs’ characteristics were affected significantly by both
the APS concentration and oxidation temperature. The highest crystallinity was obtained at
the oxidation temperature of 70 ◦C, oxidation time of 16 h, and a 1.5 M APS concentration.
Based on the thermal analysis, all CNCs exhibited lower thermal stability compared with
the STFs due to the nano dimensions of the CNCs, their reduced molecular weight, their
high specific surface area, and their high rate of heat transfer. The CNCs obtained from
this work, which had high crystallinity (87.4%), showed great potential as nanocomposite-
reinforcing agents.
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