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ABSTRACT

Grass is an abundant and renewable source of cellulose, which makes it a sustainable and cost-effective source for producing
cellulose nanocrystals. Moreover, the extraction of cellulose nanocrystals from grass provides a value-added product from an
otherwise low-value agricultural waste material, which can contribute to the development of a circular economy. In this study,
cellulose nanocrystals (CNCs) were extracted from Hyparrhenia filipendula via citric acid hydrolysis. The Hyparrhenia fili-
pendula stems were pre-processed through mechanical size reduction and Soxhlet extraction. The extractive-free stems were
fractionated using two solvents: 10 wt% (w/v) sodium hydroxide (NaOH) and deep eutectic solvent of ethylene glycol:citric acid
(1:2 molar ratio). The fractionated samples were bleached with acidified sodium chlorite and hydrolyzed with 80 wt% citric acid
for 4h at 120°C in a Parr reactor. The samples obtained at each treatment stage were characterized using standard scientific
procedures for chemical composition, morphology, elemental composition, crystallinity, and thermal stability. The results show
that CNCs were successfully extracted from Hyparrhenia filipendula via citric acid hydrolysis. The surface morphology of alkali
fractionated CNCs was needle-like, whereas the surface morphology of DES fractionated CNCs was rod-like. The alkali
fractionated and hydrolyzed sample, NaCNC, had the highest cellulose purity (91%), as well as the highest thermal stability. The
FTIR analysis proved the removal of non-cellulosic components in the CNCs, except for the unbleached CNCs that had
significant quantities of hemicellulose and lignin. The XRD analysis revealed the presence of characteristic cellulose I in the
CNCs, with the UNNaCNC sample (NaOH fractionated, unbleached, acid hydrolyzed sample) having the highest crystallinity
index of 81% and the largest crystallite size of 4.20 nm. The properties of the CNCs obtained in this study are comparable to

Abbreviations: CNCs, cellulose nanocrystals; DES, deep eutectic solvent; DESCNC, CNC from DES pulping, acidified sodium chlorite bleaching, and citric acid
hydrolysis; DES_B, pulped with des and bleached with acidified sodium chlorite; DES_P, pulped with deep eutectic solvent (DES); Dewaxed, extractive-free yellow
thatching grass; NaCNC, CNC from NaOH pulping, acidified sodium chlorite bleaching, and citric acid hydrolysis; NaOH_B, pulped with sodium hydroxide and bleached
with acidified sodium chlorite; NaOH_P, pulped with sodium hydroxide; Raw, dried and cleaned yellow thatching grass; UNDESCNC, CNC from DES pulping and citric
acid hydrolysis (unbleached); UNNaCNC, CNC from NaOH pulping and citric acid hydrolysis (unbleached).
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CNCs derived from previously reported lignocellulosic materials. The CNCs from Hyparrhenia filipendula therefore have a wide

range of potential applications.

1 | Introduction

Cellulose is the most abundant polymer on earth [1-3]. Cellu-
lose nanocrystals (CNCs) are highly crystalline renewable na-
nomaterials with at least one dimension equal to or less than
100 nm derived from lignocellulosic biomass [4-6]. CNCs are
widely explored due to their unique properties, such as ex-
cellent mechanical properties, good biocompatibility, low den-
sity, biodegradability, non-toxicity, low cost, and colloidal
stability [5, 6]. Additionally, CNCs also have various applica-
tions in Pharmaceuticals, biomedical devices, water purification
technologies, packaging, food and cosmetics modifiers, and
construction materials [7-10].

CNCs have been previously synthesized from several sources,
such as wood, cotton, tunicates, and agricultural waste as
documented elsewhere [11-14]. In this study, CNCs are ex-
tracted from yellow thatching grass (Hyparrhenia filipendula).
Yellow thatching grass (Hyparrhenia filipendula) is a perennial
grass widely distributed in East and Southern Africa [15]. Fig-
ure 1 depicts the geographical distribution of the grass in Africa.
The grass is an invasive species and grows naturally in degraded

soils. It is utilized for roofing houses and grazing cattle in its
early stages of growth, but it is typically burned to control its
growth and discarded [16]. This substrate is selected as a means
of exploring cellulose-rich materials that do not interfere with
food production, are readily available, and are easy to grow [17].
There are also no previous studies on the extraction, utilization,
and commercial exploitation of Hyparrhenia filipendula for
CNC production.

The main production method for CNCs is via acid hydrolysis,
utilizing mineral acids like sulfuric acid, hydrochloric acid, and
phosphoric acid. Organic acids such as maleic acid, formic acid,
oxalic acid, and citric acid, however, have been increasingly
used as part of efforts to minimize the impact of CNC produc-
tion on the environment [18]. Previously, our research group
synthesized cellulose nanofibers (CNFs) from yellow thatching
grass via sulfuric acid hydrolysis [16]. In this work, CNCs are
extracted from yellow thatching grass via citric acid hydrolysis.
Citric acid is a tricarboxylic organic acid that is efficient in
hydrolyzing lignocellulosic biomass with fewer degradation
products and more oligomeric sugars, as reported by other au-
thors [8, 19].
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FIGURE1 |

Geographical distribution of yellow thatching grass and sampling site for the study.
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However, there are only a few limited studies reporting the use
of Citric acid for CNC production [4, 20]. Bondancia et al pre-
pared CNCs and CNFs from commercial eucalyptus cellulose
pulp using 65 wt% citric acid at 120°C at different reaction times
(1.5, 3, 4.5 and 6 h) in a homemade glass stirred reactor tank.
The study concluded that it was possible to obtain CNCs and
CNFs for all reaction times, but longer hydrolysis times resulted
in more homogenous structures and higher yields of CNCs [21].
Similarly, Ji et al. synthesized CNCs and CNFs from bleached
bagasse pulp using different concentrations of citric acid
(60-80 wt%) at different reaction times (0.5-4 h) in a three-neck
spherical flask. The yield of the CNCs obtained with a high
concentration of citric acid (80%) and a longer hydrolysis time
of 4h was similar to the yields obtained using sulphuric acid
[22]. Liu et al also confirmed that a citric acid concentration of
80wt% and a temperature of 120°C or 140°C was needed to
achieve sufficient hydrolysis for CNC production from com-
mercial bleached softwood pulp in a Parr reactor [23]. Kassab
et al. also synthesized CNCs from juncus plant stems using a 9:1
(v/v) citric acid (3 M)/hydrochloric acid (6 M) mixture for acid
hydrolysis at 80°C for 4h. The CNCs produced had a high
thermal stability (>200°C) and high crystallinity of 83% with a
cellulose I structure maintained [24]. Furthermore, Liu et al
synthesized CNCs from bleached eucalyptus Kraft pulp using
FeCl;-catalyzed citric acid hydrolysis, at 100°C for 6 h in a flask
[20]. The CNCs had a high crystallinity of 80% and high thermal
stability [20]. However, our laboratory observations revealed
that CNCs synthesized in a glass flask heated by an oil or water
bath, or in an unlined stainless-steel autoclave, exhibited
inferior quality compared to those produced in a Teflon-lined
reactor or cup under identical experimental conditions. Addi-
tionally, the purity and quality of the acid used significantly
influenced the physicochemical properties of the result-
ing CNCs.

The objective of this work, therefore, is to synthesize CNCs
from Hyparrhenia filipendula via citric acid hydrolysis and to
assess the influence of pretreatment, particularly during the
pulping stage, on the resulting CNC properties. The biomass
was pre-treated in two steps: fractionation and bleaching. The
fractionation was carried out using alkali (NaOH) and deep
eutectic solvent (DES) consisting of Ethylene glycol and citric
acid. The DES system was previously reported to be efficient for
delignification of paddy husks [7]. Also, DES solvents are
classified as green solvents with selectivity for lignin, are
inexpensive, easy to prepare, and non-flammable [25, 26].
Carboxylic acid-based DES systems have been reported to
introduce carboxyl groups on the cellulose surface, improving
the thermal stability and dispersibility of nanocellulose in
aqueous solutions, which is conducive to its application in
composite materials [27]. Moreover, sodium hydroxide is the
most selective alkaline reagent for lignin and water-soluble
hemicellulose removal in lignocellulosic biomass [28, 29]. The
mechanism of sodium hydroxide treatment is reported by
Modenbach & Nokes [30].

TABLE 1 | Physicochemical properties of deep eutectic solvent.

This work contributes to the development of pathways for the
conversion of the Hyparrhenia filipendula stems into high-
quality cellulose nanocrystals for different potential nano-
material applications. To the best of our knowledge, the use
of an acidic deep eutectic solvent (DES) composed of ethylene
glycol and citric acid for pretreatment in nanocellulose ex-
traction from this biomass has not been previously investi-
gated, and unlike the commonly studied choline chloride-
based DES systems, its impact on the resulting CNC prop-
erties remains unreported [31]. This work also presents a
comparative analysis of fibers pretreated with sodium
hydroxide (NaOH) versus those treated with the acidic DES.
The morphology, size, physicochemical properties, crystal-
linity, and thermal stability of the resulting CNCs were
analyzed.

2 | Materials and Methods

2.1 | Materials

The Hyparrhenia filipendula grass, locally known as “Abili” was
harvested in the wild from Palabek Kal, Lamwo district,
Uganda, in July 2022, as shown in Figure 1. The reagents;
sodium hydroxide (Sigma-Aldrich, South Africa, 98%), toluene
(Sigma-Aldrich, South Africa, 90%), acetic acid glacial (Sigma-
Aldrich, South Africa, 99%), sodium chlorite (Sigma-Aldrich,
South Africa, 80%), citric acid monohydrate (Glassworld, &
Chemical Suppliers CC, Maraisburg, South Africa, 99.8%),
ethylene glycol (Sigma-Aldrich, South Africa 99%), were used
without further purification.

The Ethylene glycol/Citric acid (CA) DES was prepared using a
molar concentration of 1:2 (EG:CA). This molar ratio was chosen
in accordance with previous studies that reported the highest
levels of delignification under similar conditions [7, 32]. The
mixture was heated at 80°C, with constant magnetic stirring at
300 rpm, until a clear solution was formed. Once cooled to room
temperature, the DES was stored in an airtight container for later
use. The physicochemical properties of the DES are summarized
in Table 1. The density was measured using an Attension Sigma
force tensiometer (Sigma 700, Biolin Scientific USA). The con-
ductivity was measured with a conductivity meter (Jenco
Instruments 3020 M) and the dynamic viscosity with an RV-
viscometer (NDJ-8S, W&J Instrument Co. Ltd, China).

2.2 | Synthesis of CNCS With NaOH

The Hyparrhenia filipendula grass was dried in the oven at
100°C for 2h. The dried blades and sheaths were removed to
expose the culm that was used in subsequent processes. The
culm was cut into small pieces of lengths of about 1-2cm,
shredded in a blender, and milled using a PM 100 ball mill
(Retsch, Germany) for 3 h, with 10 mm diameter stainless steel
grinding balls at 300 rpm. The fibers were then passed through

Solvent Density (g/mL)

Viscosity (mPa.s) Conductivity (uS/cm)

Ethylene Glycol: Citric acid (1:2) 1.50 + 0.02

7532+ 0.04 1334 +£0.05
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a 38 um sieve and stored in an airtight container to prevent
degradation of the sample. The extractives were removed using
a Soxhlet extractor at 110°C for 4h with toluene/ethanol
(2:1v/v). The extractive-free straws were then washed with de-
ionized water and ethanol and dried at 45°C for 2 h.

The pulping of the extractive-free stems was carried out at
100°C for 4h in a Parr reactor using 10wt% NaOH and
liquor- to -solid ratio of 15:1 (v/w). The pulp was extracted
after the cooking time via vacuum filtration and washed
several times with deionized water until a neutral pH was
obtained. The pulp was then dried in the oven at 45°C for 2h
and stored for further analysis. 2g of the pulp was then
bleached using acidified sodium chlorite (1.2g Sodium
chlorite, 0.3mL acetic acid, and 100 mL deionized water,
pH 4.12) at 95°C for 4 h in a Parr reactor. The bleached pulp
was washed with deionized water until a neutral pH was
obtained. The filtrate was dried at 45°C for 1 h. The cellulose
fibers were then hydrolyzed using 80wt% citric acid
(pH 1.06), with an acid-fiber ratio of 20:1 for 4h in a Parr
reactor at 120°C. The precipitate was dialyzed in deionized
water for 3 days with up to four water changes per day, until a
neutral pH was obtained. The sample was then sonicated in
an ice bath for 2h in a 480 W PS-80 Ultrasonic cleaner and
homogenized using an HG-15D homogenizer at 10,000 rpm
for 5 min. The sample was then frozen at —40°C for 12 h and
freeze-dried for 72 h. The lyophilized CNCs were stored in an
air-tight container for further analysis.

2.3 | Synthesis of CNCS With DES

DES was used to synthesize CNCs with minor changes to the
process described in section 2.2. The sample is pulped with the
DES using a liquor- to- solid ratio of 10:1 (v/w), and the pulp is
washed with hot deionized water until a neutral pH is obtained.
The bleaching and acid hydrolysis steps were not changed. The
acidic DES is expected to facilitate the cleavage of $-O-4 ether
and ester linkages in lignin and hemicellulose, resulting in lignin
depolymerization and solubilization of hemicellulose [33-38].

2.4 | Synthesis of Unbleached CNCS

In contrast to the two previously described methods, the CNCs
were synthesized without the bleaching step. The pulping and
acid hydrolysis procedures remained unchanged. The mixture
was then passed through a G1 sintered Buchner glass funnel to
produce a concentrated suspension of unbleached CNCs. A
summary of the synthesis routes for the CNCs is shown in
Figure 2.

The nomenclature of the samples is as follows; Raw- dried and
cleaned yellow thatching grass; Dewaxed- extractive-free yellow
thatching grass; NaOH_P- pulped with sodium hydroxide;
DES_P-pulped with DES solvent; NaOH_B- pulped with sodium
hydroxide and bleached with acidified sodium chlorite; DES_P-
pulped with DES and bleached with acidified sodium chlorite;
NaCNC- CNC obtained from pulping with NaOH, bleaching
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FIGURE 2 | Synthesis routes for CNCs from yellow thatching grass.
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with acidified sodium chlorite and hydrolysis with Citric acid;
DESCNC- CNC obtained from pulping with DES, bleaching
with acidified sodium chlorite and hydrolysis with Citric acid;
UNNaCNC- CNC obtained from pulping with NaOH and
hydrolysis with Citric acid; UNDESCNC- CNC obtained from
pulping with DES and hydrolysis with Citric acid.

2.5 | Quantification of Carbohydrates and Lignin

A high-performance liquid chromatograph (Agilent 1260
Infinity, Germany) and a UV-visible Spectrophotometer
(Hitachi U-3900 Spectrophotometer) were used to determine
the carbohydrates and lignin in the sample using the procedure
described by Sluiter et al. [39]. All measurements were done in
triplicate, and the average is reported.

2.6 | Physicochemical Characterization of
Samples

The morphology and elemental composition were examined
using a transmission electron microscope (JEOL JEM 2100 F)
and a Zeiss Ultra plus FEG Scanning electron microscope
equipped with an energy dispersive X-ray spectroscope (EDS). A
hypotonic suspension of the CNCs in ethanol was ultra-
sonicated for 12h to avoid fiber aggregation during the TEM
analysis. The samples for the SEM were coated with carbon
using a Quorum Q150T ES sputter coater to enhance image
resolution. Additionally, the samples were placed on a double-
sided aluminum tape and coated with gold for the elemental
analysis. The average elemental composition from ten sites on
each sample is reported. The trace elements in the sample were
analyzed with a Thermo Fisher ARL Perform'X sequential XRF
spectrometer with Uniquant software. The thermal properties
of the samples were determined by the ASTM E1131-08 stan-
dard procedure using a thermo gravimetric analyzer (HITACHI
STA7300), with a flow of nitrogen of 10 mL/min, and a heating
rate of 10°C/min. Functional groups in the samples were
determined by Fourier Transform Infrared spectroscopy (FT-IR)
in the medium infrared region of 4000-400 cm™" with a Bruker
Alpha FTIR spectroscope. X-ray diffraction (XRD) analysis of
the samples was conducted on a PANalytical X'Pert Pro powder

diffractometer with Fe-filtered Co-Ka radiation (1=1.789 A).
The crystallinity index was obtained from Equation 1 [40]:

A .
CT = 100 X crystalline (1)

Acrystalline + Aamophoux

where Agmorphous 1S the area under the amorphous curve, and
Acrystatiine 18 the area under the sample curve.

The cellulose size was determined using Scherrer's equation as
shown in Equation 2:

kA

Crystalsize =
V B cos 6

@)

Where 4 =1.789 nm, k is the correction factor of 0.91, 6 is the
diffraction angle in radians, and § is the full width at half
maximum.

The d spacing of the cellulose nanocrystals was determined
using Bragg's law, shown in Equation 3:

a=_"
2sin 6

3

where d is the interplanar distance between lattice planes, 6 is
the scattering angle in degrees, n is a positive integer, and A is
the wavelength of the X-ray.

3 | Results and Discussion

3.1 | Chemical Composition

The chemical composition of the samples at different treatment
stages is shown in Table 2. The composition of the yellow
thatching grass is comparable to other grass species previously
reported in literature [41, 42]. The extractives in the yellow
thatching grass are approximately 16%, comparable to other
previously reported grass species such as Agropyron repens
L.(16%), Arrhenatherum elatius (15%), and paspalum (15%)
[43, 44]. Approximately 1% of extractives were not removed
from the yellow thatching grass after Soxhlet extraction.

TABLE 2 | Chemical composition of Hyparrhenia filipendula and derived CNCs.
Composition %

Sample Cellulose Hemicellulose Lignin Acid insoluble Ash Others®
Raw 34.14 +0.68 26.36 +3.11 22.35+0.29 1.44 +0.00 15.71 £ 0.00
Dewaxed 39.87 +0.28 31.49+0.32 25.89+1.34 1.72 +0.00 1.03 +0.00
NaOH_ P 83.58 +1.12 6.58 +1.61 9.84 +0.02 — —
DES_P 59.10+0.28 11.10 £ 0.92 25.24 +0.17 4.56 +0.00 —
NaOH_ B 93.25+0.93 3.93+0.90 2.82+1.90 — —
DES_B 65.02 +0.39 28.03 £0.45 5.79 £ 0.64 1.16 +£0.00 —
NaCNC 91.39+1.25 5.21+0.75 3.40 +0.89 — —
DESCNC 83.19+0.12 13.27 +0.28 3.54+1.18 — —
UNNaCNC 79.04 +0.98 9.94+1.49 10.81 +0.17 0.21 +0.00 —
UNDESCNC 68.32+0.45 15.63 +£0.91 12.67 £0.22 3.38+0.00 —

#Others may contain organic compounds (proteins, resins, and gums), waxes, and fats
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Consequently, the dewaxed sample has a higher lignin value
than the raw sample because unhydrolyzed carbohydrates
condense with acid-insoluble lignin if extractable material is not
fully removed [39]. A significant delignification of 62% was
achieved after pulping with sodium hydroxide, while only 3%
delignification was achieved with the DES. Alkaline delignifi-
cation has been previously reported to be effective because the
ester bond between the ferulic acid and carbohydrates is highly
susceptible to alkali degradation, as the hydroxide ion increases
the rate at which the irreversible hydrolysis reaction occurs
[30, 45]. According to Okur and Koyuncu [7], the hydrogen
bond interactions in the DES decrease at high temperatures,
decreasing its viscosity, allowing the DES to penetrate in the
biomass more easily and break the bonds between lignin,
hemicellulose, and cellulose. Therefore, to achieve a higher de-
lignification with the DES, a higher temperature is recommended
for the fractionation process. However, a comprehensive under-
standing of how DES composition and physicochemical proper-
ties influence the selective fractionation of biopolymers remains
lacking, despite a predicted reaction mechanism indicating that
lignin exhibits significant recalcitrance in the presence of the
DES [46]. This DES appears to be most effective for hemicellulose
solubilization, as illustrated by the compositional analysis of the

DES-pulped sample presented in Table 2. A comprehensive
comparison of the chemical composition of biomass pretreated
with similar DES systems is also available in the litera-
ture [47-49].

Additionally, the lignin content of the raw yellow thatching
grass was 22%, and it decreased to approximately 3% and 6%
after bleaching for NaOH_B and DES_B samples, respectively.
The bleached pulps also showed a high cellulose purity (93%
and 65% for NaOH_ B and DES_B, respectively) compared to
the raw sample (34%). The cellulose purity attained for
NaOH_B is comparable to commercial grade cellulose, which
has cellulose content of 85%, hemicellulose content of 12%, and
lignin content of 3%, as previously reported in literature [50].

The cellulose content also increased with chemical treatment,
as expected. Notably, the cellulose content of NaCNC is 2%
lower than that of NaOH_B due to possible cellulose degrada-
tion caused by hydrolytic cleavage of polymer glycosidic link-
ages occurring within accessible regions of the molecules [51].
The cellulose purity of the unbleached CNCs was also lower
than that of their corresponding bleached counterparts, as ex-
pected due to persistence of non-cellulosic components, in
agreement with other studies [52].

FIGURE 3 |

Morphology of (a) raw thatching grass; (b) NaOH_P (c) DES_P (d) NaOH_B (e) DES_B (f) NaCNC (g) DESCNC (h) UNNaCNC (i)
UNDESCNC. Morphology of yellow thatching grass, intermediate products, and CNCs.
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3.2 | Morphology

The morphology of the yellow thatching grass before and after
processing is shown in Figure 3. The micrograph of the raw
sample surface reveals an intact fiber with clusters of lignin on
it. Compared to the DES_P sample, the NaOH_P sample had
less lignin on its surface, supporting the findings of the chem-
ical analysis in Table 1. When the melting temperature of lignin
is exceeded during the pulping process, it is redeposited as
droplets on the surface walls of the pulped samples. Addition-
ally, the hemicellulose short chains in the DES_P sample were
less exposed, indicating that lignin and hemicellulose were
likely still more interconnected.

The surface of the NaOH_B sample is corrugated and sheet-like,
indicating exposed cellulose bundles associated with the self-
assembly behavior of cellulose. This is caused by the strong
hydrogen bonding between cellulose sub-units that likely oc-
curs during freeze-drying of the samples [53]. In contrast, the
DES_B sample has multiple exposed short chains of hemi-
cellulose, interwoven cellulose fibrils, and lignin deposits. The
fact that the DES_B fiber is still largely intact suggests that the
bleaching process did not effectively depolymerize hemi-
cellulose and lignin in the sample.

Further still, the surface structure of NaCNC is similar to
NaOH_B, exhibiting more pronouncedly swollen crystalline
cellulose regions [54]. Relative to DES_B, DESCNC features
more serrated exposed cellulose bundles, and fewer lignin
deposits and hemicellulose chains, in agreement with the

chemical composition in Table 1. Although UNNaCNC has
more exposed bundles of cellulose than UNDESCNC, both of
the unbleached CNCs’ surfaces exhibit substantial lignin
deposits.

The TEM images in Figure 4 confirm the extraction of CNCs
from yellow thatching grass. NaCNC and UNNaCNC have a
needle-like structure typical of cellulose nanocrystals [55-57].
On the other hand, DESCNC and UNDESCNC feature a rod-
like morphology with an internal hollow bamboo architecture.
The needle-shaped CNCs tend to form web-like structures that
enhance the physical properties of the composites, while the
rod-like structures confirm the efficiency of mild extraction
with DES fractionation that result in highly crystalline entities
[58]. The average diameters of the CNCs is summarized in
Table 3. The acid hydrolysis treatment is expected to cleave
the amorphous region of the CNCs transversely while leaving
the crystalline domains intact. This in turn reduces the size
of the CNCs to the nanometer scale [59].

TABLE 3 | Average diameter of extracted CNCs.
Sample Average diameter, nm
NaCNC 18 +4.44
DESCNC 22 +6.81
UNNaCNC 12.35+3.86
UNDESCNC 40 + 6.46

FIGURE 4 |

TEM images for (a) DESCNC; (b) UNDESCNC (c) NaCNC (d) UNNaCNC.

1328

Energy Science & Engineering, 2026



The diameters of the CNCs are comparable to those prev-
iously reported for CNFs/CNCs from grasses: Napier fiber
(16.10-167.6 nm); Jute (15-25 nm); marram grass (4-5nm); and
Australian desert grass (16-32.2nm) [55, 60, 61]. However,
CNCs that appear as distinct particles may really consist of two
lateral main crystallites that cannot be distinguished by either
TEM or atomic force microscopy, according to Chen et al. [62].
The crystallites may be linked by amorphous cellulose that is
not removed during the acid hydrolysis or may be initially
separated particles that are strongly hydrogen bonded [62].

3.3 | Elemental Composition

The elemental analysis of the samples is shown in Table 4. The
carbon content of the samples is in the range between 66% and
80%. Also, the oxygen content of the samples is in the range
between 16% and 33%. The increased oxygen content observed
in the treated samples most likely indicates the presence of C-O,
C-C, O-C- 0, C=0, 0-C=0, and C-OH groups on the surface of
the samples [45]. The alkali pulped sample, NaOH_P, has the
lowest Silicon content, confirming the results from the mor-
phology, where the sample had a completely fragmented

TABLE 4 | Elemental analysis of samples.
Element, wt%

Sample C (0] Si Ca Na Mg
Raw 74.86 + 3.25 21.64 +0.94 3.29+£3.01 0.22+0.25 — —
NaOH_ P 65.71 +3.26 32.90 +3.28 0.42+0.10 0.19+0.13 0.49+0.16 0.29 +0.08
DES_P 76.80 + 6.16 20.26 + 3.22 2.93+3.03 — — —
NaOH_B 68.65 +2.01 31.31 +2.06 — 0.05 +0.08 — —
DES_B 76.35+1.89 23.65+1.89 — — — —
NaCNC 76.22 +2.38 23.78 +2.38 — — — —
DESCNC 72.63+1.81 23.57+1.74 3.80+1.96 — — —
UNNaCNC 79.78 £1.41 19.07 £1.38 — 0.43+£0.12 0.73 £0.12 —
UNDESCNC 80.04 +£1.53 16.60 +1.07 3.19+£0.95 0.17 +0.02 — —

TABLE 5 | Trace elements in selected samples.

RAW UNDESCNC DESCNC UNNaCNC NaCNC

Si 4.26 2.44 2.83 0.04 0.04
Al <0.01 <0.01 <0.01 <0.01 <0.01
Mg 0.12 0.10 0.01 0.08 0.04
Na <0.01 0.03 <0.01 0.24 0.03
P 0.20 <0.01 <0.01 <0.01 <0.01
Fe 0.01 0.01 0.01 0.21 0.02
K 0.64 0.01 <0.01 0.01 0.01
Ca 0.10 0.11 <0.01 0.18 0.04
Zr <0.01 <0.01 <0.01 <0.01 <0.01
Cr <0.01 <0.01 <0.01 0.06 <0.01
S 0.01 0.01 <0.01 <0.01 <0.01
Cl 0.06 0.01 0.05 <0.01 0.02
Ni — <0.01 <0.01 0.02 <0.01
Zn — <0.01 <0.01 0.01 <0.01
Cu — <0.01 <0.01 0.01 <0.01
Mn — <0.01 <0.01 0.01 <0.01
Ba 0.10 — — — —
I 0.04 — — — —
Cs <0.01 — — — —
w <0.01 — — — —
Cellulose rest% 94.38 97.13 96.95 99.01 99.61
TOTAL 99.91 99.84 99.84 99.89 99.82

Note: Bold values is for emphasis of the total elements and cellulose detected with the XRF.
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surface. The Silicon content of the DES_P sample is comparable
to the raw sample, indicating that the structure was mostly
unaltered during treatment. The presence of Silicon in plant
material is problematic in industrial utilization of biomass as it
forms insoluble precipitates and causes wear of equipment.
Cell-wall-bound Silicon also affects the composition of plant cell
walls by altering the linkages of non-cellulosic polymers and
lignin [63].

The increase in the concentration of trace elements such as Na
in processed samples, on the other hand, is due to the intro-
duction of these elements from the reagents employed to pro-
cess the sample [64].

3.4 | Trace Elements in CNCS

The trace elements in the CNCs were further examined by X-ray
fluorescence (XRF) because the detection limit of XRF is better
than that of EDS [65]. The results in Table 5, for example, show
a small amount of Si, Cl, Mg, Ca in NaCNC and UNNaCNC that
were not originally detected in the EDX test. In comparison to
the raw sample, the CNC samples have a much lower concen-
tration of the majority of trace elements due to the thermo-
chemical processing. The trace elements present in yellow
thatching grass are also comparable to other grass species like
Eri and Loudetia grass, although the compositions vary due to
differences in the grass species, phonological stage and en-
vironmental conditions in the eco-system [66-69].

3.5 | Surface Chemistry of the CNCS

The changes in the surface chemistry of the samples is illus-
trated by the FTIR spectra in Figure 5 and the main peaks
summarized in Table 6. All the spectra display the typical peaks
for lignocellulosic biomass along with variations in wave-
number and absorption intensity in the fingerprint and func-
tional group regions for the samples. The fingerprint region in
particular is characterized by the appearance and disappearance
of some peaks as shown in Table 6 in line with observations
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from other authors [10, 70-77]. The peak at 1735cm™" is
assigned to the radical of C=0, that is either for the ester car-
bonyl group or carboxylic group from cellulose esterification by
citric acid [22, 78]. This peak was only dominant in the UN-
NaCNC sample, although it was expected to appear in all the
CNC samples. This is probably because UNNaCNC has the
smallest particle size, as shown in Table 3, thus having a larger
contact surface area to undergo the esterification reaction with
citric acid [22, 79]. Furthermore, absorption between 1750 and
1700 cm™! also indicates the presence of a carbonyl compound
such as a ketone, aldehyde, ester, or carboxylic acid [80, 81].
Absorption between 1650 and 1600 cm™' further confirms the
presence of these groups due to a conjugated double bond
[57, 80]. These absorptions were observed for all the CNCs, as
shown in Table 6, which would indicate successful carboxyla-
tion of the CNCs. A conductometric titration test is however
required to further investigate the extent of carboxylation of
the CNCs.

3.6 | Crystallinity of CNCS

The X-ray diffraction (XRD) pattern of the raw and extracted
CNCs is shown in Figure 6, and the crystallinity index is in
Table 7. The XRD pattern for all samples is typical of the cel-
lulose I polymorph as observed by other authors [82]. The major
crystalline peak was observed at approximately 26 = 26 ° for all
the samples, showing that the native cellulose crystal I struc-
ture was preserved [23]. The presence of a peak at 26 = 14° and
a shoulder peak at 20 = 24° in NaCNC and UNNaCNC samples
shows the presence of cellulose II polymorph. The existence of
the cellulose II structure indicates that cellulose is dissolved and
regenerated by the citric acid [70]. The peaks are also observed
at higher angles due to the nature of the cellulose (some per-
sistent lignin and trace elements, as shown in Tables 2 and 5).
Also, the removal of lignin and hemicellulose in the sample
changes the hydrogen bond between the cellulose chains,
causing a slight change in the position of the peaks [77]. Fur-
thermore, these peaks are speculated to be the result of gra-
phitic structures forming from prolonged exposure to high
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FTIR Spectra (a) entire spectra and (b) fingerprint region recorded for selected samples.
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acidity or pseudolignin deposition as seen in the SEM
images [83].

Additionally, the intensity of the crystallinity peaks decreased
in the following order: NaCNC, UNNaCNC, DESCNC, UN-
DESCNC, and raw sample. The bleached CNCs had higher
intensity peaks and crystallite size than their unbleached
counterparts due to chemical purification as noted by other

authors [77, 84]. However, the crystallite size is 3-10 times
smaller than the diameter measured from the TEM analysis in
Table 3, due to the presence of aggregated and individual CNCs
after freeze-drying as noted by other authors [40, 62]. The
crystallite size and crystallinity index are also compared to
previously derived CNCs from other sources, as shown in
Table 7. However, the degree of crystallinity of nanocellulose
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TABLE 7 |

Crystallinity index and size of cellulose nanocrystals from yellow thatching grass.

Sample Crystallite size, nm d spacing, nm Crystallinity index, % Reference
Raw 3.88 0.351 79 This study
NaCNC 4.14 0.356 80 This study
DESCNC 4.06 0.354 76 This study
UNNaCNC 4.20 0.355 81 This study
UNDESCNC 4.01 0.353 77 This study
CNC from jackfruit peels 2.80 0.21 83 [40]
Commercial CNC 4.4 — 85 [82]
Bacterial cellulose 6.5 — 70 [72]
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FIGURE 7 |
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TGA and DTG curves for all samples; (a) TGA profile for samples and CNCs pulped with NaOH. (b) DTG profile for samples and

CNCs pulped with NaOH. (c) TGA profile for samples and CNCs pulped with DES. (d) DTG profile for samples and CNCs pulped with DES.

also depends on the cellulosic raw material, as noted by other
authors [85]. The decrease in the crystallite size of the
bleached CNCs in comparison to the unbleached CNCs is
associated with the strong hydrolysis at both a high tempera-
ture and reaction time that eliminated the amorphous com-
ponents and even portions of the crystalline component,
producing the reduced crystallite sizes and crystallinity [84].
To increase the crystallinity of the CNCs, the acid hydrolysis
conditions must consequently be optimized. The crystallinity
of the CNCs obtained from the sodium hydroxide and deep
eutectic solvent pretreatments is comparable to values re-
ported in literature [78, 86-88].

3.7 | Thermal Stability

The thermogravimetry (TG) curves and derivative thermo-
gravimetry (DTG) curves for all the samples are depicted in
Figure 7, and a summary of the weight loss, onset temperature
(Ty), final temperature (Ty), and peak temperature (T,) of the
two stages of thermal decomposition is in Table 8. The weight
loss within the temperature range of 29°C-101°C is associated
with evaporation of intermolecular hydrogen-bonded water,
free moisture, or degradation of low molecular weight com-
pounds in the sample [77, 90]. The UNNaCNC sample exhibited
the least weight loss in this temperature range due to its high
crystallinity, as shown in Table 7 [84].
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TABLE 8 | Summary of TGA data.
Moisture loss Thermal decomposition Residual
Samples Am,% T;,°C T°C Am,% T;°C Ty,°C  Tp,°C char, % Reference
Raw 6.46 38.43  86.81 72.98 31449 369.78 331.23 19.71 This study
NaOH_P 8.36 37.99 101.82 87.39 275.19 449.35 348.94 4.58
NaOH_B 7.88 40.96 101.22 87.97 304.10 421.71 348.75 4.50
NaCNC 4.65 3799 81.74 85.47 304.02 404.16 350.64 8.26
UNNaCNC 1.49 28.71  81.17 79.65 221.59 381.12 338.89 16.91
DES_P 6.40 46.17  92.20 89.08 29245 383.67 336.91 4.09
DES_B 6.47 40.27  87.15 87.39 290.21 389.43 336.82 6.912
DESCNC 5.62 42.88 85.33 89.92 280.95 366.27 325.17 3.98
UNDESCNC 6.76 28.20  56.50 77.90 298.98 389.12 349.30 14.22
CNCs from chemical treatment of — — — — 285 — 343 40.6 [89]
North African grass
CNCs synthesized from Gliricidia — — — — — — 335 ~15 [88]
sepium via citric acid hydrolysis
CNCs from Ethiopian lowland — — — — 290 345 325 — [78]

bamboo synthesized via citric acid/
H,SO, hydrolysis for 5h at 80°C

The major thermal decomposition stage occurs between 222
and 449°C and is related to depolymerization of biopolymers to
produce volatiles such as carbon monoxide, methane, and car-
bondioxide, as well as the release of chemically bound water
[90]. The weight loss of the samples in this region ranges from
73% to 90%. Additionally, the peak temperatures of all the
samples are in the range of 325°C-351°C. All the CNCs ex-
hibited a higher thermal resistance than the untreated sample,
except DESCNC, which can be associated with dissolution of
the crystalline regions of cellulose during acid hydrolysis, as
observed by other authors [84]. This sample also had the lowest
crystallinity, as shown in Table 7. Moreover, NaCNC has a
higher degradation and onset temperature than UNNaCNC.
The decrease in degradation temperature in this case is attrib-
uted to the gradual removal of hemicellulose and lignin and the
increase in crystallinity, consistent with the results in Table 7
[77]. Furthermore, the presence of a carboxylic group in the
UNNaCNC sample may be responsible for the lower onset and
peak temperature, as noted by other authors [22]. However, the
presence of lignin in micro-quantities has also been proven to
contribute to a higher thermal stability of CNCs. The lignin acts
as a natural compatibilizer, protecting the surface of the na-
nocellulose at high temperatures [91]. The excellent thermal
stability of the NaCNC sample may have been influenced by
this phenomenon.

From approximately 450°C-700°C, the mass loss is associated
with combustion of residual compounds and lignin with char
formation until a constant weight is achieved [75]. Char is
produced due to the presence of lignin, hemicellulose, inorganic
minerals, and stable oxides in the raw biomass source [92]. The
final residue of the unbleached CNCs was also higher than that
of the bleached CNCs at 700°C. This is associated with the
chemical composition of the CNCs, with the unbleached CNCs
containing more lignin, hemicellulose, and trace elements as
shown in Table 2 and Table 5, in agreement with literature [93].

The residual char for the samples is also comparable to other
lignocellulosic biomass previously reported [85]. The thermal
profiles of all the samples are comparable to similar biomass
published in literature [78, 88, 89].

4 | Conclusion

In this study, cellulose nanocrystals (CNCs) were successfully
extracted from Hyparrhenia filipendula (also known as yellow
thatching grass) through a series of pre-treatment procedures
and Citric acid hydrolysis. The efficacy of two fractionation
techniques was also compared: alkali treatment with NaOH and
deep eutectic solvent of Ethylene glycol and Citric acid (1:2).
The isolated CNCs were characterized for chemical and
elemental composition, morphology, functional groups, crys-
tallinity, and thermal stability. Based on the chemical compo-
sition, alkali fractionation was the most successful for
delignification and depolymerization of hemicellulose, with the
bleached sample achieving the greatest cellulose purity of 93%.
The alterations in functional groups on the surface of the
samples confirmed the changes in chemical composition with
subsequent treatments.

The morphology of the CNCs fractionated with NaOH was needle-
like, whereas the CNCs in the samples segregated with DES were
rod-like. The average diameter of CNCs fractionated with DES was
also greater than that of NaOH fractionated samples. The DES
fractionated samples likewise had the lowest crystallinity, whereas
the Alkali fractionated samples had the highest crystallinity. The
highest crystallinity of the samples obtained in this study was 81%
for the unbleached Alkali-pretreated CNC. This sample was also
the only one with a dominant carboxylic functional group from
the FTIR analysis. Furthermore, NaCNC, isolated using alkali
fractionation, bleaching, and acid hydrolysis, had the highest
thermal stability.
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In general, the CNCs exhibited properties comparable to those
found in the literature. Hence, the CNCs isolated from Hypar-
rhenia filipendula can be potentially employed for various ap-
plications, particularly as reinforcing agents in nanocomposites.
Future work will focus on studying the reaction mechanisms to
determine at which stage of CNC synthesis the DES is most
effective. Additionally, a technoeconomic evaluation of DES
integration in biorefineries should be conducted to evaluate its
scalability and feasibility.
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