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ABSTRACT: This study prepared and characterized amphiphilic carboxymethyl cellulose stearate (CMCS) recycled
from sugarcane bagasse agro-waste (SB). The Fourier-transform infrared (FTIR) analysis confirmed cellulose, car-
boxymethyl cellulose (CMC), and CMCS structures, with CMCS showing increased H-bonding. X-ray diffraction
analysis (XRD) revealed reduced crystallinity in CMC and CMCS. CMCS exhibited a hydrophobic nature but dispersed
in water, enabling nanoemulsion formation. Optimal nanoemulsion was achieved with CMCSI, showing a particle
size of 99 nm. Transmission electron microscopy (TEM) images revealed CMC’s honeycomb structure, transforming
into spherical particles in CMCSI. Antimicrobial tests demonstrated strong activity of CMCS formulations against
Escherichia coli and Staphylococcus aureus, with CMCS3 exhibiting the highest efficacy. These findings highlight the
potential of CMCS-based nanoemulsions for antimicrobial applications and nanoemulsification.

KEYWORDS: Carboxymethyl amphiphilic cellulose; carboxymethyl cellulose-stearate; chrysanthemum essential oil;
nano-emulsification; pickering emulsion

1 Introduction

The genus Chrysanthemum belongs to the family Asteraceae, most of which are cultivated as ornamen-
tals worldwide because of their good adaptation to different environments [1]. The genus is a good source
of secondary metabolites, represented by polyacetylenes, flavonoids, steroids, terpenoids, and essential oils
constituting a wide variety of volatile terpene hydrocarbons and their corresponding oxygenated deriva-
tives [2-4]. These plants exhibit antibacterial, antioxidant, anti-inflammatory, and immunomodulatory
activities [5,6]. Chrysanthemum frutescens, also known as “Marguerite Daisy”, well-reputed in Egyptian folk
medicine, is either cultivated as cut flowers or pot plants or both [7]. For this reason, we try to emulsify
Chrysanthemum frutescens by dispersant polymers for medicinal applications.

Pickering emulsions, stabilized by solid particles rather than surfactants, offer a promising platform
for dispersing oil materials due to their exceptional stability, low toxicity, and adaptability to various
environments [8-10]. Nano-emulsions (NEMs) are tiny spheres, ranging from 10 to 100 nm in size, created
by combining typically immiscible liquids like water and oil. Scientists use specialized chemicals called
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surfactants and co-surfactants to stabilize these droplets, acting as intermediaries between the oil and water
to prevent them from recombining [11,12]. Traditional oil dispersants, often made from harmful organic
solvents, pose a greater threat to the environment than the oil spills they aim to clean up. However, research
into environmentally friendly alternatives, such as dispersants made from biodegradable agricultural waste,
offers hope for a less toxic solution to this pressing environmental challenge. Agricultural wastes represent
a readily available source of raw materials that can be transformed into valuable products for diverse
applications, such as the production of surfactants [9].

Sugarcane bagasse agro-waste (SB), a byproduct of agricultural processing, contains cellulose, a chain-
like molecule composed of sugar units known as D-glucose [13]. Cellulose, the building block of plants,
exhibits both hydrophilic and hydrophobic characteristics due to the structure of its glucopyranose units. The
axial orientation of C-H bonds within the ring contributes to hydrophobic properties, while the equatorial
positioning of hydroxyl (OH) groups at carbons 6, 2, and 3 imparts a hydrophilic nature, allowing for
interactions with water molecules [9]. Cellulose molecules possess a unique combination of hydrophilic and
hydrophobic properties, making them amphiphilic. This dual nature significantly influences how cellulose
interacts with both water-soluble and water-insoluble substances, impacting their behavior in aqueous
environments [9]. Amphiphilic cellulosic polymers are created by chemically modifying cellulose derived
from agricultural waste through a process called esterification, which imparts both water-loving and water-
repelling properties to the resulting material [9]. Stearic acid, when combined with carbohydrates, forms
a powerful emulsifier that is used in small quantities to effectively blend flavors and colors within a
product [14]. In addition, cellulose carboxymethylation imparts a more hydrophilic nature to the cellulose
backbone which makes it a good surfactant for Pickering emulsification of hydrophobic oil [9,13].

This research employed a gentle, chemical-free method to create a stable emulsion incorporating
Plectranthus amboinicus extract. The study centered on examining the properties of SB-derived cell-
stearate, assessing its role in enhancing emulsion stability and antimicrobial activity, and identifying the key
constituents within the plant extract.

In this work, we presented a carboxymethyl cellulose stearate (CMCS) using the Pickering emulsifi-
cation method to prepare an amphiphilic emulsion incorporating the essential oil of C. frutescens. The oil
components were investigated via Gas chromatography/mass spectrometry (GC/MS) analysis.

2 Materials and Methods
2.1 Materials

The sugarcane bagasse (SB) used in this experiment was provided by Quena Company for Paper
Industry in Quena, Egypt, and the paraffin oil was obtained from Sigma-Aldrich in St. Louis, MO, USA.
Neither the SB nor the paraffin oil underwent any further purification before being used in the experiment.

2.2 Plant Material and Extraction

The aerial parts of C. frutescens were collected from the National Research Centre gardens in spring,
according to the national institutional guidelines and regulations. The plant was authenticated at the
Agricultural Museum, Dokki, Giza, Egypt, and a voucher sample was kept at the herbarium of the National
Research Center (No. M218). The fresh plant (flower heads and leaves) was placed in a conical flask
with distilled water, and the volatile oil was obtained by the hydro-distillation method using a Clevenger
apparatus. The oil was stored in a clear glass vial for GC/MS analysis [15].
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2.3 Cellulose Preparation

SB (150 g) underwent a multi-step process. Initially, it was hydrolyzed using dilute hydrochloric acid
(1.5%) at 120°C for 2 h. Subsequently, the resulting material was converted into pulp by treating it with sodium
hydroxide (20 gin 300 mL water) at 170°C for 2 h. The obtained pulp (80 g) was then subjected to a bleaching
process involving chlorite (3%) and acetic acid (1.7 mL) at 80°C for 2 h to eliminate lignin, resulting in pure
a-cellulose. Throughout the bleaching stage, acetic acid was continuously added to maintain a pH between
1 and 3, ensuring optimal reaction conditions [9,16].

2.4 Carboxymethyl Cellulose Preparation

Pure a-cellulose (2.5 g) was dissolved in isopropanol (75 mL) and reacted with sodium hydroxide (40%,
3 gin 7.5 mL water) and monochloroacetic acid (3 g) for 3.5 h at 55°C with constant stirring. The resulting
carboxymethyl cellulose (CMC) was precipitated by adding 70% ethanol, filtered, and dried [13,16].

2.5 Amphiphilic Carboxymethyl Cellulose Stearate (CMCS)
The process involved treating CMC (1.6 g; DS = 0.7) with DMSO (35 mL) and stirring until complete
dissolution. The stearic acid (3 g) was mixed with acetic anhydride (2 mL) and a few drops of sulfuric acid

as a catalyst. This mixture was stirred at 90°C until it became viscous for 30 min, then filtered, washed with
ethanol, and finally dried.

2.6 CMCS as a Dispersant in O/W Emulsion

The performance of amphiphilic CMC-Stearate as a dispersant was investigated by mixing CMC-
Stearate (0.5 g) with water (1.5 mL). The oil (with different weight percentages of 2.5%, 5%, and 10%; denoted
as CMCS1, CMCS2, and CMCS3, respectively) was added by mixing through an Ultrasonicator (700 W;
Sigma-Aldrich) for 3 min in an ice water bath [17].

2.7 Characterization
2.71 FTIR

The Fourier-transform infrared (FTIR) spectroscopy was used to analyze the chemical composition of

the samples. They employed a Mattson-5000 instrument (Unicam, Somerset, UK) and prepared the samples
using the KBr disk method. The FTIR analysis covered a range of wavenumbers from 4000 to 400 cm™’,
providing detailed information about the molecular vibrations within the samples.

The degree of substitution (DS) was calculated according to the following equation:

Ac-o

DS = )
Ac-o-c
where Ac_o and Ac_g refer to the FTIR absorbance bands at C=0 and C-O-C [17].
The hydrophilic-lipophilic balance (HLB) value can be calculated by using the following equation:
HLB = ZOXMHydrophilic moieties (2)

Cell-stearate

where My, arophilic moieties i the molecular weight of the hydrophilic moiety and Mc.11—stearate is that of the
whole surfactant molecule (i.e., CMCS) [18,19].
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The empirical crystallinity index (LOI) and mean hydrogen bond strength (MHBS) were calculated
according to the following equations:

LOI = Al42s 3)
900
MHBS = S0H (4)
CH

where Aj4,5 and Agg refer to the FTIR absorbance at 1425 and 900 cm™!. In addition, Aoy and Acy refer to
the FTIR absorbance for the OH and CH peaks [16].

2.7.2 XRD Spectra

XRD was determined by Bruker D8 Advance X-ray diffractometer (Karlsruhe, Germany) using copper
(Ka) radiation (1.5406 A) at a 40 kV voltage and a 40 mA current.

Crystallinity index Cr.I. (%) was determined using Eqs. (5).
Cr.I (%) = (AC/At) x 100 )
where Ac is the crystalline peak area and Ay is the total area [9].

0941
B Cos6

Thickness (d; nm) = (6)

where A is the wavelength,  and 0 are full widths at half maxima and Bragg’s angle of the XRD peak,
respectively [9].

2.7.3 Size Distribution and Zeta Potential

A particle size analyzer (Nano-ZS, Malvern Instruments Ltd., Malvern, UK) was used to assess the
average diameter, size distribution, and zeta potential of the samples. To ensure accurate measurement of
size distribution and zeta potential, the samples were sonicated for 30-60 min before the analysis.

2.7.4 Morphological Properties

The morphology was established via transmission electron microscopy (TEM, JEM-1230, Gunma,
Japan) with magnification 600 x 103, resolution 0.2 nm, and 120 kV.

2.7.5 Contact Angle

Contact Angle (C.A.) was measured on glass using Ramé-Hart 500-F1 at 25°C, following DIN ISO
55660-1/2.

2.8 Antimicrobial Activity

The qualitative tests were performed by the disc diffusion method using nutrient agar plates [20].
Inoculations of pathogenic microorganisms used in this study included the gram-positive bacteria Bacillus
cereus, Micrococcus luteus, and Staphylococcus aureus; the gram-negative bacteria Escherichia coli and
Helicobacter pylori; and the pathogenic yeast Candida albicans.
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2.9 Statistical Analysis

The analysis used Excel software for particle size distribution. To ensure accuracy, each experiment
was repeated three times, and the reported results represent the average of three samples with less than
5% variation.

3 Results and Discussion
3.1 Volatile Oil Analysis

The yield of the volatile oil extracted from the aerial parts of C. frutescens using the hydro-distillation
method was 0.11% v/w. Based on their mass spectrum data (MS), 36 metabolites were identified using the
Wiley spectral library collection, GNPS, and NIST library database [20]. The total percentage of identified
compounds was estimated to be 68.7%. The distribution of the main essential oil classes of C. frutescens
investigated is shown in (Fig. 1).

Chrysanthemum frutescens (HD)
Oxygenated monoterpenes | :: -+

Monoterpene hydrocarbons - 311

Benzenoids [J 0.71

sesquiterpene hydrocarbons |, 2773
alkanes _ 4.8

Oxygenated sesquiterpenes - 2.49
Oxygenated diterpenes - 1.82

0 o 10 15 20 25 30 35 40

(%)

Figure 1: The distribution of the major classes of C. frutescens volatile oil

Volatile oil constituents along with their respective retention times (Rt), experimental Kovats retention
index reported in the investigation (KI*), Kovats retention index from the literature (KI**), and percentages
are listed in (Table 1, Fig. 1).

As illustrated in Fig. 2, oxygenated monoterpenes (28.54%) and sesquiterpene hydrocarbons (27.23%)
were the predominant classes, while alkanes, monoterpene hydrocarbons, and oxygenated sesquiterpenes
were demonstrated at moderate levels (4.8%, 3.11%, and 2.49%, respectively). Contrariwise, benzenoids
were present with a percentage of 0.71, and the percentage of oxygenated diterpenes was 1.82 under
hydro-distillation conditions.

Oxygenated monoterpenes were the predominant class in C. frutescens essential oil extracted (28.54%).
The most privileged-identified compounds are dihydrocarveol and isopulegol acetate, which occurred with
relative percentages of 12% and 5.5%, respectively. Dihydrocarveol is used as an important additive in the
flavor industry and as a building block in the synthesis of natural products [21].
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Figure 2: GC/MS chromatogram for C. frutescens volatile oil

Also, the most abundant sesquiterpene hydrocarbons were f-caryophyllene (15.7%), followed by
aromadendrene (6.85%). B-caryophyllene has antioxidant, anticancer, cardioprotective, hepatoprotec-
tive, nephroprotective, immunomodulatory, gastroprotective, and antimicrobial activities [8,22]. While
aromadendrene is used to produce environmentally friendly insecticides against cereal pests, it also
has anticholinesterase, antinociceptive, anti-hyperalgesic, and anti-mycobacterial activities [22]. 2-methyl
decane was an abundant alkane present in the oil (4%). 1, 3, 8-p-menthatriene was the major monoterpene
hydrocarbon (2.4%). Nerolidol (1.71%) was presented as a major oxygenated sesquiterpene. It possesses
pharmacological and biological activities such as anti-biofilm, anti-microbial, anti-parasitic, antioxidant,
anti-inflammatory, anti-ulcer, skin penetration enhancer, insect repellent, and anti-cancer effects. Nonethe-
less, verticiol (1.82%) was the only oxygenated diterpene detected; similarly, benzenoids were present
at far lower quantities (0.17%). Notice that the antimicrobial activities of the essential oils of various
Chrysanthemum species against a wide range of microbes were investigated, aiming to use these plants and
their oils as natural spices and preservatives in food and pharmaceutical preparations, along with other
various applications [3,23].

3.2 Characterizations of the Amphiphilic Cellulose Stearate
3.2.1 Fourier-Transform Infrared Spectra

Cellulose and CMC were identified through their characteristic infrared spectroscopy bands, with
peaks between 3462-3418 cm™! (O-H stretching), 2882-2902 cm™! (C-H stretching), 1375-1377 cm™! (CH,
bending and C-O-C of pyranose ring vibration), and 1040-1057 cm™' (the B-glycosidic linkage between
glucose units in the cellulose structure) [15,19]. The cellulose showed a peak at 1650 cm ™!, which is attributed
to OH bending of adsorbed water for cellulose, while CMC showed a peak at 1715 cm™!, which is attributed
to the C=0 group [13,16].

CMCS exhibited additional characteristic absorption bands at 2915 and 2848 cm™!, which are attributed
to CH, and CHj3 groups, respectively. In addition, the C=0 group was shifted to 1700 cm™', and the OH group
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was shifted to 3336 cm™!, which means the strong H-bond after preparing CMC-Stearate. Moreover, 1471
(0=C-0), 1297 (C-0), and 1037 cm™* (C-O-C) [9]. Moreover, a band at 717 cm™* ((CH, rocking), which
is characteristic of at least four linearly connected CH, groups), and at 894 cm™ (related to the last carbon
from the aliphatic chain) [24,25]. These findings prove that cellulose was esterified (Fig. 3a).

(a) CMCS

CMC

Cellulose

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'])

Sample Aon Ac=o
MHBS (22%) Ds (—_ﬁc—o-c)
Cellulose 0.61 -
CMC 0.86 -
CMCS 1.21 1.05
o e

—CMCS

Position [°2Theta] (copper (Cu))

Sample Cr.I (%)
Cellulose 61
CMC 43
CMCS 40

Figure 3: (a) FTIR spectra of cellulose, CMC, and CMCS, and (b) XRD spectra of cellulose, CMC, and CMCS

The esterification process transformed cellulose into CMCS, leading to several changes. Hydrogen
bonding increased between stearate and cellulose functional groups, causing the MHBS value to rise from
0.61 to 1.21. In addition, the relative absorbance of the CH, group for CMC and CMCS was 0.70 and 0.90,
respectively, which proves the esterification reaction. The calculated DS for stearic acid was 1.05.
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3.2.2 X-Ray Diffraction Analysis

The characteristic peaks for cellulose were identified at 11°, 20°, and 21°0. Interestingly, the splitting of
the peaks at 20° and 21° suggests the formation of cellulose II [16]. In addition, the CMC powder indicates
reflections at 10° and 20°6. The broadening of the 20.22°0 peak indicates the amorphous structure of
CMC [9,13].

In the case of CMCS, slightly broader reflections may be observed at 15°, 21°, and 22°. The reflection
for CMCS at 15° represents the patterns of the amorphous structure. However, CMCS exhibits the formation
of a new reflection band at 34°, which is attributed to the stearate side chains (Fig. 3b) [9]. As calculated
from the X-ray patterns, it is clear that the Cr.I (%) of CMCS (40%) was decreased compared to cellulose
(61%), because of the esterification reactions that led to the cleavage of the H-bonds, which broke down the
H-bonds, which minimized the Cr.I. (%) (Fig. 2b). The FTIR MHBS results do not correlate with the XRD
Cr.I (%) readings, as a result of intramolecular H-bonding.

The decreased Cr.I. (%) observed in CMC (43%) and CMCS (40%), as evidenced by XRD analysis,
has significant implications for their properties and emulsification behavior. Reduced Cr.I. (%) often leads
to increased amorphous regions, which can enhance solubility, swelling, and interaction with solvents [17].
In the case of CMCS, the lower crystallinity may facilitate the formation of smaller, more stable nanopar-
ticles. The increased amorphous character can also influence the mechanical properties of the material,
potentially affecting its film-forming ability and stability under various conditions. Additionally, the reduced
crystallinity may enhance the interaction between CMCS and the oil phase, promoting interfacial adsorption
and stabilization of the emulsion.

3.3 Characterization of the Oil/Water Systems
3.3.1 DS and HLB Values

The CMCS mixture exhibited a calculated HLB value of 3.02 and a DS 0f 1.05, suggesting predominantly
hydrophobic characteristics. However, despite the low HLB, the mixture readily dispersed in water when
combined with CMCS, likely due to the hydrophilic nature of CMCS. This aqueous dispersion allowed for
the successful detection of antimicrobial compounds from the extract within the resulting nanoemulsions
(NEMs).

3.3.2 Size Distribution and Zeta Potential

This study explored the impact of cell-Stearate on the size and polydispersity index (PDI) of PEE for the
first time. Results (Fig. 4) indicate that a 2.5% w/v concentration of CMCSI yielded the smallest particle size
at 62.12 nm. This reduction in particle size and PDI, as depicted in Fig. 3, suggests that CMCS]1 provides the
most stable nanoemulsion (NEM) formulation compared to other concentrations tested.

3.4 Morphological Properties

TEM analysis revealed that CMC-Stearate formed irregular honeycomb structures with a radius of
0.12 ym (Fig. 5). However, upon nanoemulsification, CMCSI transformed into discrete, rounded particles
ranging from 2.46 to 3.51 nm in diameter, demonstrating its effective dispersion capabilities.

TEM analysis revealed a striking morphological transformation from the irregular honeycomb struc-
tures of CMC-Stearate to discrete, spherical nanoparticles in CMCS/2.5% oil (i.e., CMCSI). This transition is
crucial for the formation of stable nanoemulsions. The spherical nanoparticles, with their high surface area
and reduced particle size, effectively adsorb at the oil-water interface, acting as Pickering stabilizers. The com-
pact and spherical morphology minimizes interfacial energy, enhancing the stability of the nanoemulsion
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against coalescence and Ostwald ripening. Additionally, the smaller particle size contributes to improved
colloidal stability and prevents sedimentation. This morphological change, induced by the esterification
of CMC with stearic acid, underscores the importance of molecular design in tailoring the properties of
nanomaterials for nanoemulsification applications.

50
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500 1000 1500 20pc¢
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Figure 4: Particle size distributions of the prepared NEMs (a—c)



992 ] Renew Mater. 2025;13(5)

Figure 5: TEM for (a) CMC-stearate and (b) CMCS1

3.5 Antimicrobial Activity of the Prepared NEMs

The standard well diffusion assay was used to record the inhibition zone [16]. Table 2 and Fig. 6
show that the CMCS1, CMCS2, and CMCS3 had strong antimicrobial activity against Escherichia coli, with
inhibition zones of 17, 18, and 21 mm, while only CMCS2 and CMCS3 had strong antimicrobial activity
against Staphylococcus aureus, with inhibition zones of 20 and 22 mm. The CMCS1 didn’t give any inhibition
zone against Staphylococcus aureus. This activity is likely due to a combination of volatile and non-volatile
compounds in the material [26]. The CMCS3 exhibited a stronger antibacterial activity against Escherichia
coli and Staphylococcus aureus than CMCS1 and CMCS2 due to their low content of C. fructescens.

Table 2: Inhibition zones for the tested samples using the agar plate method

Test bacteria CMCS1 CMCS2 CMCS3 CN**
Escherichia coli 17.00 18.00 21.00 22.00
Helicobacter pylori Nil Nil Nil 19.00
Bacillus cereus Nil Nil Nil 22.00

(Continued)
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Table 2 (continued)

Test bacteria CMCS1 CMCS2 CMCS3 CN**
Staphylococcus aureus Nil 20.00 22.00 21.00
Candida albicans Nil Nil Nil -

Note: Nil; No antimicrobial activity, CN**; and Gentamicin 10 mcg (standard antibiotic).

Figure 6: Inhibition zone diameter (mm) of the prepared NEMs towards Escherichia coli, Helicobacter pylori, Bacillus
cereus, Staphylococcus aureus, and Candida albicans

The standard well diffusion assay used in this study gave a higher inhibition diameter compared to the
disc diffusion method.

The activity profile for MICs of C. fructescens extracts (Table 3) appeared to give super antibacte-
rial activity against all types of bacteria. In addition, CMCS3 gave the best antibacterial activity (i.e.,
100.00%, 85.20%, 80.00%, 100.00%, and 76.43% against Escherichia coli, Helicobacter pylori, Bacillus cereus,
Staphylococcus aureus, and Candida albicans) due to its high content of C. fructescens.

Table 3: (%) CFU reduction of bacterial strains after incubation applying the tested samples using the shake flask method

Test bacteria CMCS1 CMCS2 CMCS3
Escherichia coli 95.31 100.00 100.00
Helicobacter pylori 70.49 95.39 85.20
Bacillus cereus 55.24 76.45 80.00
Staphylococcus aureus 51.88 100.00 100.00

Candida albicans 49.88 70.94 76.43
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4 Conclusion

This research aimed to develop low-cost dispersants from the volatile oil of C. fructescens. They
successfully created CMCS using a simple esterification process with stearic acid. The formation of this
CMCS was confirmed by specific techniques. This eco-friendly method used cell-stearate to emulsify the
plant oil through a straightforward ultrasonic technique, achieving a successful oil-in-water emulsion.
Microscopic analysis showed oil-in-water emulsions were between 27 and 59 nm in size. As the oil content
increased, the cell pores filled, blocking them. This was confirmed by contact angle analysis, which showed
that the oil wet the cell wall perfectly up to a certain concentration. Further research is needed to find
eco-friendly materials for these applications.
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