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Abstract: This work reports on the structural modification of cellulosic materials with magnetic iron
oxide nanoparticles through the co-precipitation method. Cellulose is one of the most abundant
natural polymers with chemical variability brought about by the presence of several hydroxyl
groups, allowing its surface modifications through the insertion of several chemical groups to impact
its cellulosic characteristics. Thus, the objective of this study was to synthesize magnetic iron
oxide nanoparticles (MNPs) through co-precipitation, followed by in situ incorporation of MNPs
onto chemically purified cellulose (CPC) and cellulose nanocrystals (CNC). The composites were
characterized for thermal properties using TGA, molecular structure using FTIR, surface morphology
using SEM, elemental composition using electron dispersion spectroscopy (EDS), and crystallinity
using XRD. The prepared composites presented improved crystal, thermal, and surface properties.
CNC-MNPs and CPC-MNPs bore particle sizes of 26.94 and 37.72 nm, respectively, whereas MNPs’
particle size was 10.3 nm. EDS analysis indicated that Fe, C, and Cl were the main elements present
in the composites. Surface modification of the cellulosic materials presented excellent sorption
surface properties and can be used in several industrial processes, such as wastewater purification,

air filtration, and various environmental remediation processes.

Keywords: nanotechnology; iron oxide; cellulose; modification; composites; co-precipitation

1. Introduction

Cellulosic materials have recently attracted a wide range of applications in research,
many geared toward environmental engineering. These interests are sought due to the
size effects, unique structural properties, and high specific surface areas of cellulosic
materials. Additionally, these nanomaterials have attracted much attention from researchers
worldwide in industries, medicine, technology, government, and academia [1,2]. Relatively
new agro-based nanomaterials have attracted a more significant number of potential
applications, which are countless and ever-increasing, and many are already coming
to reality [3]. Furthermore, cellulosic materials have a chemical structure that contains
numerous hydroxyl groups (OH) which form an interconnected network structure via
hydrogen bonding. Due to these hydroxyl groups, cellulose may be easily blended with
other materials, such as synthetic and natural polymers and other inorganic materials, to
increase mechanical, sorption, electrical, and biological characteristics [4,5].

On the other hand, metal oxide nanoparticles have great importance in medicine
and health. The metal and its oxide are more stable at high temperatures and pressures.
Magnetic iron oxide nanomaterials are important surface modifiers for cellulosic nanoma-
terials, especially magnetite (Fe3O4) and maghemite (FepO3). These nanoparticles have
gained wide applications in resonance imaging, catalysis, environmental remediation,
magnetic fluid, nanocarriers for cancer theragnostic, etc. [6,7]. In addition, magnetic iron
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oxide nanoparticles” inertness, biocompatibility, and low toxicity present a magnificent
perspective in combination with biotechnology [8].

Modified cellulosic materials are more attractive due to improved features ascribed
to their cooperative effects and synergistic properties. The chemical modification process
improves covalent bond formation through the interaction between the modifier agent and
the interactive center of the solid surface. The insertion of organic molecules into the solid
support surface provides superior and additional properties that differ from the original
support [9]. Studies on the modifications of cellulosic materials have been developed;
these include modification of cellulose with diethylenediamine, aminoethanothiol, car-
boxymethyl [10], phosphate [11], acryls [12], amine [13], etc. Cellulosic nanomaterials have
also been used as organic surface coatings and stabilizers due to their superior properties,
such as natural abundance, low cost, renewable, and biodegradability. Cellulosic materials
combine with a wide range of nanoparticles to create new bio-nanocomposites with en-
hanced beneficial properties, such as magnetic, photo-catalytic, electrical conductivity, and
antibacterial properties [14].

The bio-composites of magnetic iron oxide cellulose composite are a leading means of
producing cheap devices for data storage and security. In addition, modified cellulosic com-
posites have been widely applied as adsorbents in wastewater treatment for the removal of
heavy metals and the degradation of organic pollutants.

Various approaches of magnetic iron oxide nanoparticles functionalization onto differ-
ent materials have been developed. These methods include co-precipitation [15], thermal
deposition [16], micro-emulsion [17], the hydrothermal method [18], the polyol medicated
method [19], the sol-gel method [20], bio-mineralization [21], and sputter deposition [22].
However, the co-precipitation method has proven the best, giving particle sizes between
5 and 40 nm, with magnetic spin (Ms) of 36.8 emug ™!, at operating temperatures between
20 and 150 °C, in a synthesis time of 1 h [23,24].

Chira et al. (2019) [25] and Akhtar et al. (2020) [26] used magnetic nanoparticles to
study the surface properties and structural features of cellulose nanocrystals. They found
that the incorporation of the magnetic nanoparticles strengthened the interactions between
the nanocrystals and decreased the crystallinity of the material [25,26]. On the interactions
between cellulose nanocrystals and other nanomaterials, the authors found that the incor-
poration of the magnetic nanoparticles increased the interactions between the materials and
improved the stability of the composite material. Similarly, De Oliveira et al. (2019) [27]
used magnetic nanoparticles to study the mechanical properties of cellulose nanocrystals.
Their findings indicate that the incorporation of the magnetic nanoparticles increased the
tensile strength of the material [27]. Conversely, Bharambe et al. (2020) [28] used magnetic
nanoparticles to study the nanomechanical properties of cellulose nanomaterials. Their
results revealed that the incorporation of magnetic nanoparticles improved the mechanical
properties of the material [27,28].

Vilaga et al. (2020) [29] and Duarte et al. (2020) [30] established that the incorporation
of magnetic nanoparticles increases the thermal stability of both synthetic and natural
polymeric materials [29,30]. Carvalho et al. (2020) [31] and Gomes et al. (2021) [32] used
magnetic nanoparticles to study the magnetic properties of cellulose nanocrystals. The
authors found that the incorporation of magnetic nanoparticles increased the magnetic
response of the material. They further noticed that the electrical properties of cellulose nano-
materials increased with the addition of iron oxide nanoparticles [31,32]. In general, several
studies have investigated the structural features of cellulose and cellulose nanocrystals
with the incorporation of magnetic iron oxide nanoparticles and compared the properties of
the material before and after the incorporation. The results show that the incorporation of
magnetic nanoparticles can improve the properties of cellulose nanomaterials, such as the
thermal stability, mechanical strength, optical transparency, hydrophilic nature, magnetic
response, and electrical conductivity of the material. However, most of the studies did not
dwell on comparing the features and behavior of cellulosic material of the same nature
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with different particle sizes when incorporated with iron oxide nanoparticles under the
same conditions.

In this work, structural modification of the cellulosic materials was performed to im-
prove the crystallinity, particle sizes, thermal stabilities, and surface properties to establish
their thermal behavior, crystallinity, and surface properties while drawing comparisons
between the two cellulosic materials. The co-precipitation method was chosen for its
undebatable features, such as the production of composites with smaller particle sizes,
synthesis of an immense amount of nanocomposites within a shorter duration, efficiency,
and economical nature in terms of production cost. Additionally, it can be performed
without ideal conditions with no complications. The method also enhances the production
of a homogenous matrix of the composites.

The study thus was geared toward developing nanocomposites with enhanced prop-
erties, such as thermal stability, sorption effectiveness, low cost, environmental friendliness,
reusability, and sustainability, for wastewater purification and environmental remediation.
This in turn aimed at reducing environmental pollution caused by waste Bagasse disposal;
increasing the production of cellulosic materials from waste biomass for industrial, chemi-
cal, environmental, and pharmaceutical applications; and producing cellulosic materials
that can withstand harsh environmental conditions through modification.

2. Materials and Methods
2.1. Materials

Cellulose nanocrystals and chemically purified cellulose were derived from sugarcane
bagasse waste [33]. (The sugarcane bagasse, an agricultural waste, was gathered from the
South Nyanza Sugar Company in Awendo, Kenya) (Sony Sugar Company, Nairobi, Kenya).
Analytical-grade nitric acid HNO3 (98.99%), sodium hypochlorite (NaOCl), sulfuric acid
H3504 (99.9%), acetic acid, sodium hydroxide, and acetone (99.9%) were utilized. Deion-
ized water, cerrous sulfate heptahydrate (FeSO4 x 7H,0), methanol, iron (III) chloride
hexahydrate (FeClz x 6H,0O), and 25% NH4;OH were used throughout the experiments.
All the chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA).

2.2. Methods
2.2.1. Synthesis of MNPs through Co-Precipitation

Synthesis of MNPs was conducted as illustrated in Figure 1 below. The process
involved measuring 100 mL of deionized water and transferring it to a clean, dry, three-
neck round-bottomed flask fitted with a magnetic stirrer and a Liebig condenser. The
deionized water in the flask was degassed for 15 min by heating at 80 °C, then bubbled
with nitrogen gas for 15 min to establish an inert environment. Next, 3.1 g of ferric chloride
hexahydrate and 2.1 g of ferrous sulfate heptahydrate salts were added to the oxygen-free
inert water under robust mixing for 1 h. The, 25% NH4OH was added dropwise into the
solution mixture for co-precipitation until the color turned dark brown. The stirring was
allowed to continue for 1 h. The residue was allowed to settle and then washed with the
deionized water—ethanol mixture in a ratio of 1:1 (20 mL ethanol:20 mL double-deionized
water), repeatedly permitting the residue to decant under the influence of a magnet while
discarding the supernatant. After that, the pure precipitate obtained was allowed to dry in
a vacuum oven for 12 h at 60 °C.
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Figure 1. The schematic diagram for the synthesis of MNPs.

2.2.2. Preparation of CPC-MNP Composite through In-Situ Co-Precipitation

Synthesis of MNPs was conducted as illustrated in Figure 2 below. First, 100 mL of
deionized water was measured and poured into three-neck round-bottomed flask with
1.5 g CPC powder. The three-neck bottomed flask was equipped with a magnetic stirrer
and a Liebig condenser. Degassing of the deionized water in the three-neck flask was
conducted for 15 min by heating at 80 °C; then, I was bubbled with nitrogen gas for 15 min
to establish an inert environment. Next, 3.1 g of ferric chloride hexahydrate and 2.1 g
of ferrous sulfate heptahydrate salts were added into the inert water chemically purified
cellulose (WCPC) mixture, under robust mixing for 1 h. Then, 25% NH;OH was added
dropwise into the solution mixture for co-precipitation until the color turned dark brown,
after which the stirring process was prolonged for an hour. The residue was allowed to
settle and then washed using a deionized water—ethanol mixture, repeatedly permitting the
residue to decant under the influence of a magnet and while discarding the supernatant.
Finally, the pure residue was dried in a vacuum oven for 12 h at 60 °C.
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Figure 2. The schematic diagram for the synthesis of CPC-MNPs.

For the preparation of CNC-MNP nanocomposites, the above procedure was repeated;
in the place of chemically purified cellulose, cellulose nanocrystals were used.

2.3. Characterization
2.3.1. Fourier Transform Infrared Spectroscopy (FTIR)

Nicolet, iS50, FT-IR (Thermo Nicolet, Thermo Fisher Scientific, Madison, WI, USA)
infrared spectroscopy was used to determine the molecular structures of the MNPs and the
produced composites (MNPs, CPC-MNPs, and CNC-MNPs). In the transmittance mode,
the spectra of the magnetic nanoparticles and the produced composites were recorded
in the range of 4000 to 500 cm~!. The baseline was estimated by initially running the
background before placing the sample on the sample holder and obtaining the scans in the
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range of 500 and 4000 cm~!. The spectra were normalized at 1230 cm ™! and corrected by
the baseline. Finally, the peaks from the library were identified and matched to the chemical
structures. All samples were analyzed in triplicate to validate the obtained spectra.

2.3.2. Thermal Properties

A Perkin Elmer Pyris 1 Thermogravimetric analyzer (TGA) was used to quantify the
loss of mass for the materials under a controlled temperature change. Approximately
11.000 mg of MNPs, CPC-MNPs, and CNC-MNPs were examined using a TGA (Pyris 1;
Perkin Elmer, MA, USA) Thermogravimetric analyzer linked to an inert nitrogen gas flow
and heated at a rate of 10 °C/min from 30 to 1000 °C. TGA was also utilized to validate the
approximate percentage weight loss with temperature change and the successful loading
capacities of MNPs on CPC-MNP and CNC-MNP composites.

2.3.3. Morphological Properties

Field emission Scanning electron microscopy (FE-SEM, JEOL-JSM, JEOL Ltd, Tokyo,
Japan) was used to directly investigate the surface characteristics and to observe the
produced composites” morphological appearance. The photographs were taken at an
operating voltage of 5 kV. Before the SEM measurements, the samples were coated with a
7 nm thick gold under a high vacuum environment.

2.3.4. Crystal Properties

A Shimadzu XRD-700 X-ray diffractometer (Shimadzu Corporation, Kyoto, Japan)
with a scanning rate of 10 °C per min, and Cu K« radiation source (A = 1.54060 A) operating
at 40 kV and 30 mA was used to investigate the crystal characteristics of the produced
composites with MNPs. The XRD patterns were recorded across a 260 = 10-80° angular
range. The Scherrer equation was used to calculate the crystal size in (nm).

KA

Crystal size (D) = 5 Cos 0

)

where D is the crystal size of the particle (nm), K is Scherrer constant (K = 0.91), the X-ray
wavelength (1.54060 A) was given by A, B is full width at half maximum (FWHM) of the
diffraction peak, and 6 is the angle of diffraction.

The crystallinity index (C,I) is an important parameter for understanding the structural
features of compounds. The C,I values of the MNPs and the composites were calculated
using Equation (2) below.

Cr1(%) = Tooz = Tam 4 )
002
where Iy is the maximum intensity of the 002 lattice diffraction peak and I, is the intensity
scattered by the amorphous part of the sample.

2.3.5. Elemental Determination

Electron diffraction spectrum (EDS) EOL JEM 2100 LaB6, JEOL Ltd., Tokyo, Japan)
analysis was carried out to quantify the contents of various elements present in the
prepared composites.

2.3.6. Particle Size Analysis

The images of MNPs, CPC-MNPs, and CNC-MNPs were captured using at trans-
mission electron microscope (Tecnai G2 20 S-twin, FEI Company, Hillsboro, OR, USA).
The samples were dispersed in an appropriate aqueous solution, and then a thin carbon
film (0.1 wt.%) was placed on the surface of a copper grid covered with thin carbon film.

Thereafter, the samples were dried before conducting TEM analysis at an accelerating
voltage of 100-120 kV.
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2.4. Data Analysis

Origin Pro 2018 statistical software (version 9.5.1) was used to draw the FTIR (Fourier
transform infrared) spectra, XRD graphs, TGA (thermogravimetric analysis) curves, and DTG
(derivative thermogravimetric) curves from the raw data obtained during characterization.

3. Results and Discussion
3.1. XRD Patterns for MNPs, CPC-MNPs, and CNC-MNPs

Figure 3 shows the XRD patterns for MNPs, CPC-MNPs, and CNC-MNPs. Both
MNPs and nanocomposites displayed spectral peaks at 26 ~ 30.27°, 35.86°, 43.82°, 54.19°,
57.5°, and 63.2°, which corresponded to indices (220), (311), (400), (422), (511), and (440),
respectively. These spectral peaks corresponded and tallied with data for synthetic mag-
netite according to the JCPDS 019-0629 and JCPDS 039-1346 [34,35]. The amorphous peak
for synthesized cellulose was also at 26 ~ 22.4° for CPC-MNPS. This peak is not seen in
CNC-MNPs spectra, indicating that cellulose nanocrystals displayed higher crystallinity
than chemically purified cellulose (Appendix A) [33].

=~ g = S 5 MNP
o — _— S
s g F g 3 3
AL <
. S , = ., ——CPC-MNPs
——CNCs - MNPs

Intensity (arb. units)

15 25 35 45 55 65 75
20 (Degree)

Figure 3. XRD patterns for MNPs, CPC-MNPs, and CNC-MNPs.

The crystallinity of composites is significant in determining thermal stability, elasticity,
sorption efficiency, and other physical properties vital in industrial applications. Increased
crystallinity enhances the substance’s rigidity and stiffness, hence boosting its strength. As a
result, compounds with improved mechanical characteristics can be created [36]. The in situ
incorporation of MNPs onto CPC and CNC improved the crystallinity, as observed in the
diffraction patterns (Figure 3). This can also be confirmed by the C,I values in Table 1, where
there are considerably higher crystallinity values of 88.68% for MNPs, 81.78% for CNC-
MNPs, and 72.25% for CPC-MNPs. When compared to the precursors (Appendix A) [33],
the integration of MNPs enhanced the crystallinity of the cellulosic materials.

Table 1. Crystallinity Indices for MNPs, CPC-MNPS, and CNC-MNPs.

20 (Amorphous) ©) 20 (002) ©) Crystallinity
Sample o
Degree Intensity, I,m Degree Intensity, Ipp2 Index (CrI %)
MNPs 22.42 55.87 36.16 493.43 88.68
CPC-MNPs 22.40 87.53 35.94 339.88 72.25
CNC-MNPs 22.49 69.54 35.7 382.23 81.81
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The results further established reduced particle size for the prepared composites, and
this was more pronounced in the CNC-MNPs composite in comparison to CPC-MNPs.
According to the calculated data obtained using the Scherrer equation, CNC-MNP and
CPC-MNP composites had particle sizes of 24.12 nm and 32.8 nm respectively, while MNP
had a particle size of 10.3 nm.

Several studies established that the crystallinity of composites can be further improved
when nanoparticles are incorporated into cellulosic materials. Li et al. (2020) [37] showed
that the incorporation of graphene oxide into cellulose nanocrystals led to an increase in
the crystallinity index from 77.16% to 87.12%. Similarly, Li et al. (2019) [38] found that the
crystallinity of cellulose-nanocrystal-reinforced bio-nanocomposites rose from 78.24% to
92.15% when silica nanoparticles were incorporated [37,38].

Marques et al. (2020) used X-ray diffraction (XRD) to investigate the structures of
cellulose nanocrystals (CNC) and CNC-magnetic iron oxide nanoparticles (MNPs) [39].
The results indicated that the CNC-MNPs had higher crystallinity than the CNC alone,
suggesting that the MNPs had a stabilizing effect on the crystalline structure of the CNC.
In addition, Giil et al. (2018) [40] used XRD to investigate the effects of doping with iron
oxide nanoparticles on the crystallinity, mechanical properties, and thermal stability of
cellulose nanocomposites [40]. The results showed that the CNC-MNPs had improved
crystallinity, mechanical properties, and thermal stability compared to the CNC alone.
In general, the incorporation of MNPs into natural polymers can improve the structural,
mechanical, optical, and thermal properties of their nanocomposites [40].

3.2. Molecular Structures of the MNPs, CPC-MNPs, and CNC-MNPs Nanocomposites

The IR spectra of magnetic nanoparticles (MNPs), modified cellulosic materials (CPC-
MNPs), and CNC-MNP nanocomposites are presented in Figure 4a. The spectra of cellulosic
materials (CPC and CNC) were obtained from our previous work; see Figure 4b [33]. There
were slight variations in the positions and intensity of the functional group signals of the
nanocomposites after the in situ incorporation of MNPs. At around 3340 cm !, the flattened
peak, which is associated with O-H stretching of intramolecular hydrogen bonds of the CPC
and CNC from Figure 4b, is observed to decrease in intensity as a result of Fe attaching itself
to O-H groups present on the surfaces of the chemically purified cellulose, which associates
with a reduction in hydroxyl groups’ intensity [41]. This effect is more pronounced for
the CNC-MNP nanocomposite in comparison to the CPC-MNP nanocomposite. The
modest shifts in the peaks of CPC-MNPs and CNC-MNPS nanocomposites at about 1261
to 1226 cm ! in the identical IR spectra are due to the production of carboxylic acids and
aldehyde groups in the process of in situ integration of MNPs [42]. Peaks between 1649 and
1634 cm ™~ of MNPs, CPC-MNPs, and CNC-MNPs were caused by O-H bending caused by
adsorbed water [43].

2585 ant 12lan’ 160, @
z 3
| z
=) =
8 £
gl £
o g
g £
=1 i
= o
-E MNPs g
E :
g CPC-MNPs B
=
CNCs-MNPs — CPC 100
554 an ——CNCs
T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 35:1]] 30‘00 15:00 ZOIOO 15:)0 10‘00 500
Wavelength (Cm_ll Wavelenght {em™)

Figure 4. FTIR spectra: (a) MNPs, CPC-MNPs, and CNC-MNPs; (b) SCB, CPC, and CNC.
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Peaks between 1430 and 1420 cm ! in the identical spectra of CPC-MNPs and CNC-
MNPs are due to the CH scissoring motion in cellulose. Additionally, the spectral peaks
between 1727 to 1721 cm ™! of both cellulosic materials composites shifted to 1226 and
1601 cm 1. After the structural modification of the cellulosic materials, the peaks around
2988 and 2292 cm ™!, which are associated with the C-H stretching of the cellulosic materials,
persisted, though with slight reductions in intensity. This observation indicated that the
structural properties of the cellulosic materials were not completely altered. Additionally,
the presence of the peaks at 2922 and 554 cm ™! of the prepared nanocomposites confirmed
successful incorporation.

3.3. Thermal Properties

The experimental research of thermal properties of materials (TGA-DTG) is a dynamic
phenomenological technique for studying the response to temperature change. Thermal-
gravimetric curves reveal weight changes during heating, whereas their derivation indicates
changes in the TGA slope which may not be easily observed. The thermal characteristics of
the produced MNPs and cellulosic composites were investigated to determine their thermal
stabilities (Figure 5a). The TGA results confirmed that MNPs were stable. There is no ob-
servable mass change throughout the degradation curve from 30 to 600 °C. Additionally, in
Figure 5a, multi-step degradation for CPC-MNPs and CNC-MNPs is seen at temperatures
below 150 °C, resulting from the loss of moisture absorbed by the composites [44].

(b 9
0t @ 1004 00
S — 0.0 4. WS OPEII———
P e~
%0 - !
& _ 804 4
s e 02
& 04 ~ \ = /
= ] \ =
~< = 2 g W
= = 60 \ =
- N 3 \ v 5
= b = -04
& &
] H
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cre 06 MNPs
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CNCs-MNP: 204 CNs-MNPs!
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Figure 5. TGA curves for (a) MNPs, CPC-MNPs, and CNC-MNPs; (b) SCB, CPC, and CNC. DTG
curves for (c) MNPs, CPC-MNPs, and CNC-MNPs.

Furthermore, the weight loss in the composites preceded the moisture loss. The weight
loss between 150 and 230 °C was a result of the hemicelluloses that were not eliminated in
the preparation and synthesis of both the CPC and CNC (Figure 5b) [45]. The weight loss
was more pronounced in CPC-MNPs in comparison to CNC-MNPs, indicating that CPC-
MNPs had much lignin and hemicellulose. According to a similar study, Candido et al. [45]
found that, at about 230460 °C, the weight loss resulted from lignin that was not eliminated.
For the MNPs, the slow weight loss between 220 and 330 °C resulted from the dihydrox-
ylation of Fe3Oy to FeO [35]. Moreover, the weight loss of the nanocomposites from 310
to 470 °C was due to the reduction of Fe, O3 to Fe3Oy4, with the release of CO [46]. Above
480 °C, there was an increase in the weight of the MNPs; this is attributed to the oxidation
of magnetite at higher temperatures. The final decomposition of the composites between
480-600 °C involved weight loss of the solid residue—slight weight loss of between 10-12%.
The absolute weight loss of the MNPs was less than 5%, whereas for CNC-MNPs it was
16%. CPC-MNPs had the largest absolute weight loss of approximately 20% [47]. The
reduced thermal stability of CNC-MNPs resulted from remnant sulfate ions used in the
hydrolysis of CPC. This is because the elimination of sulfated anhydrous-glucose units
requires lower temperatures [48]. The composition of the magnetic iron oxide nanoparticles
in the cellulosic composites was calculated using Equation (2). LTotal and LMNPs are total
iron oxide and iron oxide nanoparticles” weight loss [49]. The composition of MNDPs in the
cellulosic composites was found to be (36.70 &= 0.01) wt.% for CPC-MNPs and (40.45 =+ 0.03)
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wt.% CNC-MNPs, respectively. Given Figure 5a, incorporating MNPs into the CPC and
CNC improved their thermal stabilities (Figure 5b) [33].

o 1 — LTotal o

MNPs wt% = T IMNPs < 100% (©)]
The DTG curves (Figure 5¢) indicate degradation of CPC-MNPs and CNC-MNPs
in three stages of pyrolysis; first, at 220-270 °C, followed by degradation at 270-330 °C,
and finally at 330-470 °C. The mechanism involves two pyrolysis processes that are well
separated. The DTG curves’ temperature peaks occurred at much lower temperatures
than for the native cellulose [50]. From the thermal analysis, char formation from CNC-
MNPs was the most, at 3.83 wt.%. CPC-MNPs produced 2.62 wt.%. CPCs-MNPs consist of
crystalline and amorphous domains, in addition to the low-temperature-degraded materials
composed of lignin, hemicellulose, and pectin [51]. The highest char content for the CNC-
MNP composite stemmed from the highly crystalline nature of CNC precursors that are
attributed to the increased proportion of carbon associated with the increased char [51].
As a result, H,SOy, used during the hydrolysis process, acting as a dehydrating agent,
facilitated the depolymerization of cellulose by removing some of the -OH groups [52]. The
most char being produced by CNC-MNPs is articulated to be a result of its nano-size and
the more significant number of free ends of its chains that degrade at lower temperatures.
The TGA and DTG data were used to calculate the heat released and the enthalpy
change during the combustion of the MNPs and the composites. The heat released by the
composites was calculated by determining the energy released during the heating process.

The findings are presented in Table 2 below.

Table 2. Heat released and AH of MNPs and the composites.

Onset Temperature Maximum Peak

Material ©C) Temperature (°C) Heat Release (J) AH (J/mol)
MNPs 30 - - -
CPC-MNPs 30 274.56 1.69 13.63
CNC-MNPs 30 308.58 1.54 13.92

The onset temperatures for MNPs, CPC-MNPs, and CNC-MNPs were relatively
similar; however, the maximum peak temperature for CNC-MNPs was significantly higher
than that of CPC-MNPs, indicating that the CPC-MNPs had lower thermal resistance.
This is likely because CPC-MNPs are more amorphous than other CNC. Additionally,
the heat release of CPC-MNPs was much higher than that of CNC-MNPs, likely due to
CPC-MNPs having weaker thermal resistance, meaning that more energy is needed to
induce a reaction. The enthalpy change for CPC-MNPs was also smaller than that for
CNC-MNPs, indicating that less energy is required to induce a reaction in CPC-MNPs than
in CNC-MNPs. This is attributed to an additional barrier provided by CNC, preventing the
reaction from occurring [53].

These findings could suggest that the incorporation of iron oxide nanoparticles in-
creased the thermal stability of the cellulose and cellulose nanocrystals, but with a slight
difference. Furthermore, the findings revealed that the addition of iron oxide nanoparti-
cles could have led to the formation of a protective layer around cellulose and cellulose
nanocrystals, which further increased their thermal stability. The protective layer is per-
ceived to create a buffer between the cellulose and cellulose nanocrystals and the external
environment, which prevents the decomposition of the material and thus increases its
thermal stability [53,54].

3.4. Morphological Studies

Figure 6 shows SEM images of the composites under the same magnification. The
micrograph shows white and black surfaces uniformly distributed on the composite surface,
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which indicates that the CNC and the iron oxide nanoparticles were well dispersed on
the composite. Additionally, the surface was coarse due to visible pores, and it was a
homogeneous matrix with a large surface area. The particle sizes of the composites were
small. There were few agglomerations (Figure 6a).

Figure 6. SEM images for CNC-MNPs (a) and CPC-MNPs (b).

Figure 6b displays dark grey and light grey surfaces of the CPC-MNPs that are well
distributed on the surface of the composite. The CPC-MNPs composites were dominated
by agglomerates containing fewer pores on their surfaces. The agglomerations are con-
sidered to be a result of the amorphous nature of the CPC precursor, which resulted from
amorphous cellulose II. From the micrographs, we can see that in situ incorporation of
MNPs onto the cellulosic materials enhances the preparation of a homogeneous composite
with well-dispersed particle sizes. However, composites prepared from CPC displayed
several agglomerations, a poor property of composites. In contrast, the nano-range CNC
provide more binding sites of the MNPs, resulting in the production of composites with
better surface properties.

3.5. Particle Size Determination

Transmission electron microscopy was used to confirm morphological information
obtained from the SEM data and particle sizes obtained from XRD. Image] (ij-153) software
was used to measure the diameters and circumferences of the particles. Figure 7a—c illus-
trates micrographs from the TEM characterization of MNPs and the mean particle size of
the produced composites. Figure 7(al) shows a TEM image with a magnification of 200 nm.
The image is predominantly composed of small nanoclusters that were agglomerated and
measured between 4 and 17 nm in size and had an average diameter of 11.22 nm, as
shown in the histogram Figure 7(a2). These data were compared with XRD particle sizes of
10.30 nm calculated using the Scherrer equation (Section 3.1).

Figure 7(b1) shows the CPC-MNPs image with the same magnification (200 nm). The
micro-image shows that the composite particles were spherical but not uniform in size.
Some of the particles had uneven shapes with several agglomerations at the center and
slightly scattered toward the edges of the micrographs. The particle diameters ranged
between 10 and 70 nm; the average diameter was 37.72 nm, as indicated by histogram
Figure 7(b2). The results for CNC-MNPs showed that the particle sizes ranged from 10 to
50 nm; the average diameter was 26.94 nm. See Figure 7(c1,c2). The composite micrograph
shows somehow spherical particles, non-uniform in size, with a lot of agglomerations.

The results from this study are comparable with other research on the synthesis and
modification of iron oxide nanoparticles. For instance, Krishnamurthy et al. [55] reported
that iron oxide nanoparticles have an average size of 13.50 nm when synthesized by the
hydrothermal method. Additionally, Zhou et al. reported that the average size of iron
oxide nanoparticles synthesized by the chemical precipitation method was 9.10 nm [56].
These results are comparable to the particle size of MNPs obtained in this study, which was
11.22 nm. Regarding the particle size of the modified cellulosic materials, the results of this
study are in agreement with research by Liu et al., who reported that the particle size of
CPC-MNPs is between 20 and 90 nm, which is consistent with the results obtained in this
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study [57]. Similarly, Zhang et al. reported that the particle size of CNC-MNPs is between
6 and 80 nm, which is also consistent with the results of this study [58]. It can be noted that
the results of this study are consistent with other research work regarding the particle sizes
of iron oxide nanoparticles and modified cellulosic materials [55].
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Figure 7. TEM micrographs and histogram for MNPs (al,a2), CPC-MNPs (b1,b2), and CNC-MNPs
(c1,c2).
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3.6. Elemental Analysis

Energy dispersive X-ray diffraction spectroscopy (EDS) was carried out to quantify
the elemental composition of the prepared composites (Figure 8).

300pm

Figure 8. EDS micrographs and spectra for CNC-MNPs (al,a2) and CPC-MNPs (b1,b2).

The EDS for CPC-MNPs displays the peaks of Fe, C, O, Cl, S, and Si (Figure 8(a2)),
whereas CNC-MNPs have Fe, C, O, Cl, and S peaks (Figure 8(b2)). All the elements present
in the composites corresponded to their appropriate binding energies, Kev. The elements Cl,
S, and Fe were presumed to emanate from FeCl and FeSO, used during the in situ synthesis
of the composites. C and O emanated from CNC and CPC precursors. From CNC-MNPs
spectra, Si is a result of impurities from the sample collection site of sugarcane bagasse,
which was the primary precursor in the synthesis of chemically purified cellulose [33]. The
silica disappeared during the acid hydrolysis of CPC to form cellulose nanocrystals. In situ
incorporation of the MNPs onto the cellulosic materials indicates that the composites were
successfully prepared, and iron oxide nanoparticles were incorporated into CNC and CPC.

4. Conclusions

The in situ integration of MNPs into cellulosic composites during co-precipitation
modification resulted in a material with enhanced structural and physical characteristics.
From the FTIR analysis, the presence of the peaks at around 2922 cm ! associated with
cellulosic materials and 554 cm ™! associated with MNPs indicated successful preparation of
the cellulosic composites. The XRD data also proved that the prepared composites’ particle
size and crystal properties were improved. From the scanning electron microscopy, the
CNC-MNP composite presented a homogeneous surface with fewer agglomerations than
CPC-MNPs, which displayed several agglomerations with clumps on its surface. The EDS
spectrum indicated that Fe, C, O, and Cl were the main elements. Si and S were present in
small percentages. All elements corresponded to their binding energies, Kev. This study
confirmed that the CNC-MNPs and CPC-MNPs composites have excellent features when
compared to the precursor materials.
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Appendix A

Table A1l. Crystallinity of SCB, CPC, and CNC.

20 (Amorphous) ©) 20 (002) ©) Crystallinity

Sample ; ; Index (CrI %)

Degree Intensity, I.m Degree Intensity, Ipo2 °
SCB 16.34 394 22.28 664 40.66
CPC 16.12 292 22.38 892 67.26
CNC 16.32 214 22.34 926 76.89
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