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Characterization of Magnetic Bio-Nanocomposites of
Nanocrystalline Cellulose (NCC) Coated on Paper
Surface
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Effects of 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO) oxidation were
evaluated for magnetic bio-nanocomposites of nanocrystalline cellulose
(NCC). The magnetic bio-nanocomposites were prepared using NCC and
nanomagnetite (NM) to produce organic compounds. The NCC was
oxidized by sodium bromide (NaBr), sodium hypochlorite (NaOCI), and
TEMPO. The oxidized NCC (ONCC) was characterized by Fourier-
transform infrared spectroscopy (FTIR) and conductometry. The bio-
nanocomposite particles from the NCC and the ONCC were prepared via
in situ precipitation of iron salts from alkaline solution. The resultant bio-
nanocomposites were coated on the surface of kraft paper. The magnetic
bio-nanocomposite and coated papers were characterized using scanning
electron microscopy (SEM), atomic force microscopy (AFM), X-ray
diffraction (XRD), and vibrating sample magnetometry (VSM). The results
revealed that the carboxyl groups were introduced successfully on the
NCC surface. The bio-nanocomposite particles showed good dispersion
in the surface of the papers. The saturation magnetizations of the coated
papers with magnetic bio-nanocomposites of NCC and ONCC were 10.9
and 14.57 emu/g, respectively. The magnetic coated papers exhibited a
superparamagnetic behavior. The strengths, apparent density, and air
resistance of the coated paper with the ONCC bio-nanocomposites
increased in comparison to the NCC coated sample, while the water
absorption diminished due to the TEMPO-oxidation.
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INTRODUCTION

Environmental considerations have led to extensive research and development of
organic and natural materials (Lin ef al. 2012; Sibaja et al. 2015; Babaei-Ghazvini et al.
2020). Materials based on cellulose polymer are important in this regard (Isogai et al.
2011). Cellulose has been considered as the most abundant biopolymer on the planet.
Cellulose has attracted interest due to its interesting properties such as strengthening
features, low cost, biodegradability, renewability, environmental friendliness, and
versatility (Abe et al. 2007). Different cellulose derivatives have been produced and used.
In the derivation, the cellulose structure is modified and the cellulose hydroxyl groups are
replaced with other functional groups (Yang ef al. 2001; Chen et al. 2006). These processes
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lead to the production of cellulosic derivatives, which provide a wide range of applications.
One of the most important derivatives of cellulose is nanocellulose (Nechyporchuk ef al.
2016). There are different types of nanocellulose, each of which differs in size, production
method, surface chemistry, and source (Carlsson et al. 2014). In general, nanocellulose is
available in two main forms, nanofibrillated cellulose (NFC) and nanocrystalline cellulose
(NCC), which differ in their isolation and shape (Wang et al. 2007; Liu et al. 2015;
Nechyporchuk et al. 2016; Haniffa et al. 2017; Nypelo 2020). Nanocrystalline cellulose is
produced by chemical methods (Xu ef al. 2014; Haniffa et al. 2017). Nanocrystalline
cellulose is one of the most important natural nano materials due to its environmental
compatibility, biodegradability, abundance, high physical strength and stiffness, large
surface area, high aspect ratio, and nanometer width (Chen et al. 2011; Dufresne 2012;
Zhang et al. 2016; Faradilla et al. 2017; Chen et al. 2020).

Nanocellulose and metal bio-nanocomposites have been produced for different
applications (Biliuta and Coseri 2016; Salama et al. 2018). The metal in the bio-
nanocomposites can be iron and its derivatives such as iron oxide (magnetite). Magnetite
nanoparticles are the most important practical particles for preparing magnetic
nanocomposites (Nypeld 2020). Magnetic composites of cellulose have created new
definitions of smart and environmentally friendly materials (Chen et al. 2020). Many
researchers have studied the nature, different synthesis methods, applications, and
characteristics of magnetic cellulose materials including recyclable medical catalysts
(Xiong et al. 2013), magnetic-optical transparent films (Li et al. 2013), the magnetic
absorption of oil (Chin et al. 2014), functional composites of cellulose (Liu ef al. 2011;
Wu et al. 2011), magnetic aerogels, the purification of water and oil recovery (Olsson et
al. 2010; Rashid et al. 2017), security adhesives on paper (Fragouli et al. 2012), drug
delivery (Kaco et al. 2017; Zhu et al. 2022), storage of information, security cards and
electro-magnetic shielding (Marchessault et al. 1992; Mashkour et al. 2011). The bio-
nanocomposites of NCC and nanomagnetite (NM) have been evaluated by many
researchers for different applications (Anirudhan and Rejeena 2013; Nypelo et al. 2014;
Cao et al. 2015; Liu et al. 2015; Zhou et al. 2015; Ren et al. 2017; Zhu et al. 2022).

Multiple function bio-nanocomposites can be produced for storage of information,
magnetic shielding, and security applications of paper through coating NCC and NM bio-
nanocomposites on the surface of paper. Nevertheless, the NM acts as a filler in paper and
reduces the physical and mechanical properties of paper due to the diminished hydrogen
bonding between the fibers (Mo ef al. 2017). The mechanical properties can be improved
via the selective oxidation process. Functional groups can be replaced on the surface of the
NCC through chemical modification (Eyley and Thielemans 2011). Oxidation of cellulose
fibers by 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) has been extensively used for
chemical modification to introduce sodium carboxyl groups into the cellulose micro fibril
surfaces (Habibi et al. 2006; Biliuta and Coseri 2016; Du et al. 2016; Haniffa et al. 2017).
TEMPO is a water-soluble chemical catalyst, and TEMPO oxidation is a selective method
that is used to oxidize aqueous and non-aqueous polysaccharide solutions. The amount of
available carboxyl groups will grow through the oxidation treatment. The selective
oxidation reaction changes the carbon 6 of primary hydroxyl groups on the surface of the
crystalline cellulose micro fibrils (Saito and Isogai 2004; Puangsin ef al. 2013; Meng et al.
2016), where negatively charged carboxyl groups are introduced onto the micro fibrils
(Isogai et al. 2011).

In this study, the NCC was oxidized using TEMPO, and the effect of the oxidation
process was evaluated on the NCC. Magnetic bio-nanocomposites were produced based on

Rezanezhad et al. (2022). “Magnetic NCC on paper,” BioResources 17(3), 4607-4622. 4608



PEER-REVIEWED ARTICLE bi oresources.com

NM, NCC, and oxidized NCC (ONCC). The magnetic bio-nanocomposites were coated on
the surface of paper. The effect of the TEMPO oxidation was investigated relative to the
magnetization capacity of the coated papers. The results of the oxidation process, the bio-
nanocomposite synthesis, and the properties of the coated paper were characterized by
scanning electron microscopy (SEM), atomic force microscopy (AFM), Fourier-transform
infrared spectroscopy (FTIR), vibrating sample magnetometry (VSM), and X-ray
diffraction (XRD).

EXPERIMENTAL

Materials

Hardwood kraft fibers (KFs) were provided from the wood and paper industry
(Mazandaran Co., Sari, Iran). The iron dichloride tetrahydrate (FeCl2-4H20, 98.0% purity),
iron trichloride hexahydrate (FeCl3-6H20, 98.0% purity), ammonium hydroxide solution
(NH4OH, 28.0%), hydrochloric acid (HCI, 37.0%), sodium bromide (NaBr, 99%) with a
molecular weight of 102.9 (g/mol), sodium hypochlorite solution (NaOCl, 6-14% active
chlorine), and epichlorohydrin (C3HsClO) were purchased from Merck (Kenilworth, NJ).
The chitosan (CsH11NO4) with a medium molecular weight (190,000 to 310,000 Da),
TEMPO (98.0%), and sodium hydroxide (NaOH, 97.0%) were purchased from Sigma-
Aldrich (St. Louis, MO). The NCC was purchased from Nano Novin Polymer Co. (Gorgan,
Iran).

Methods
Preparation of the KFs and handsheet

The KF sheets were soaked in deionized water for 24 h. The kraft pulp was treated
mechanically using a laboratory refiner (PFI mill — IDM test, Spain) to a freeness level of
300 CSF. The KF handsheet had a basis weight of 120 g/cm* and was synthesized
according to the TAPPI standard T205 (2002).

TEMPO-oxidation

The TEMPO-oxidation was performed according to the methods outlined by Habibi
et al. (2006). Briefly, 1 g of NCC (based on the dry weight) was soaked in 100 mL of
deionized water, after which 15 mg of TEMPO, 165 mg of NaBr (per gram of NCC), and
10 mmol of NaOCI were added to the suspension slowly. The pH of the suspension was
elevated to 10 by adding NaOH 0.5 mmol at room temperature. The NCC was oxidized for
2 h. The oxidation was terminated by adding methanol (1 mL), and the pH of the suspension
was adjusted to 7 by adding 0.5 M HCL.

Production of the magnetic bio-nanocomposite

The synthesis of the magnetic bio-nanocomposite of NCC (MNCC) and ONCC
(MONCC) was performed using the method of Cao et al. (2015). The process was
performed for NCC and ONCC. The NCC (1 g) were dispersed in 200 mL of 1.5 wt.%
aqueous suspension followed by FeCl2-4H20 (0.5 g), FeCl3-6H20 (1 g), chitosan (0.6 g),
and epichlorohydrin (2% per the dry weight of the NCC) under a nitrogen flow. Next,
NH4OH was added until a pH of 11 was reached under continuous stirring at a temperature
of 40 °C for 30 min. Finally, the magnetic fiber was washed with distilled water.
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Coating method

For coating the papers, 1 g of the magnetic bio-nanocomposites was immersed in
20 mL of deionized water. The coating suspension was spread on the surface of the papers
with a metal roller. The coated papers were placed on oven at 30 °C and pressurized in
plastic frames for 24 h.

Determination of the mechanical paper properties

The tensile strength, tear strength, air resistance, apparent density, and water
absorption properties of the papers were measured according to the TAPPI standards T494
(2001), T414 (2004), T460 (2006), T220 (2001), and T441 (2013), respectively. The tests
of mechanical properties of papers were carried out three times for each sample.

Carboxyl content measurement

The carboxyl content of the ONCC was determined according to the methods
described by Habibi et al. (2006) using conductimetric titration. 0.05 g of ONCC was added
in 15 mL of HC1 0.01 M and stirred for 10 min. Then, the mixture was titrated by NaOH
0.01 M. The amount of carboxyl groups was calculated according to Eq. 1,

CNa
C= (V1—V0)X% (1)

where C is the carboxyl concentration (mmol), V7 and Vo represent the consumption of
NaOH (mL), Cneon shows the concentration of NaOH, and m is the dry weight of NCC

(mg).

FTIR analysis

The infrared spectra of the NCC and ONCC were measured using a Cary 630 FTIR
spectrometer (Agilent Technologies, Santa Clara, CA, USA). The spectra were measured
with a spectral width ranging from 600 to 4000 cm™' at a resolution of 2 cm’!,

XRD analysis

The XRD analysis was performed using a Philips X’Pert modular powder
diffractometer (MPD) (Almelo, Netherlands). The samples were scanned with Cu Ka =
1.5406 A radiation at a diffraction angle (20) ranging from 5° to 80° with a step size of
1°/min.

AFM analysis

Atomic force microscopy was employed to determine the size of the NM and NCC
particles. The AFM analysis was performed via an Easyscan2 Flex AFM probe microscope
(Nanosurf, Liestal, Switzerland) in air.

SEM and EDX analysis

The morphology of the NM particles and the coated papers was examined via SEM
analysis. The SEM micrographs of the samples were taken using an SNE-4500 scanning
electron microscope (SEC, Suwon, Korea). The samples were covered with a thin layer of
gold via sputtering. The EDX analysis was used to determine the chemical composition
analysis and the elemental mapping was conducted with the SNE-4500 electron
microscope equipped with an EDX system. The operating voltage was 30 kV.
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Magnetic measurements

The magnetization of the samples was measured via VSM using a Meghnatic
Daghigh Kavir company device (Kashan, Iran) in an applied magnetic field sweeping
between +10000 Oe.

RESULTS AND DISCUSSION

FTIR of the TEMPO-Oxidized NCC

Figure 1 indicates the FTIR of the NCC and ONCC. The broad peaks near 1059.8
and 3311 to 3415 cm™ correspond to the C—-O—C stretching vibration plus the free O-H
groups and hydroxyl stretching vibration (Sundar et al. 2010; Liu et al. 2015; Biliuta ef al.
2017). The peak around 2900 cm™ matches the C—H stretching groups (Liu et al. 2015;
Haniffa et al. 2017). The peaks around 1633 cm™ in the NCC and 1637 cm™ in the ONCC
are attributed to the glucosidic linkages between the cellulose units (Liu ef al. 2015). The
TEMPO-oxidized NCC exhibited a new peak at 1737 cm™ corresponding to the C=0
stretching vibration of carboxyl groups (Habibi et al. 2006; Saito et al. 2006). As can be
seen in Fig. 1, the intense peak around 3300 to 3400 cm™ in the NCC diminished due to
the oxidation process. This peak relates to the hydroxyl groups in the NCC. This confirms
the oxidation of the hydroxyl groups and their conversion to carboxyl groups.

Transmittance (%)

ONCC ——NCC

650 900 1130 1400 1650 1900 2150 2400 2650 2900 3150 3400 3650 3900
Wavenumber (cm-)

Fig. 1. The FTIR spectra of the NCC and ONCC samples

One of the most important factors in evaluating the oxidation reaction intensity is
the amount of carboxyl groups produced. When NCC is treated with NaClO, NaBr, and
TEMPO in aqueous solution, the hydroxyl group of carbon 6 is changed to the carboxyl
group selectively (Saito and Isogai 2004; Puangsin et al. 2013; Haniffa et al. 2017). The
amount of carboxyl groups depends on the method of oxidation and the NaClO dosage.
The concentrations of NaClO and carboxyl contents of the TEMPO-oxidized NCC
determined by conductimetric titration are reported in Table 1. The untreated NCC had the
lowest amount of carboxyl groups, and the NaClO treatment elevated the carboxyl content
(Saito and Isogai 2004; Djafari et al. 2018). Therefore, it can be concluded that the amount
of available carboxyl groups was increased through the oxidation treatment (Puangsin et
al. 2013). The amount of carboxyl groups in the NCC treated with NaClO in the presence
of TEMPO was 0.8 mmol/g.
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Table. 1. Conductimetry and Carboxyl Contents of the NCC, MNCC and MONCC

Samples Conductimetry (ms) Carboxyl Content (mmol/g)
NCC 0.5 0.05
ONCC (10 mmol NaClO) 2.29 0.8

AFM, SEM, and EDX Analysis

The surface morphology and particle size of the magnetite nanoparticles, the fibers,
and the magnetic fibers were observed via AFM and SEM micrographs. Figure 2a
illustrates the SEM micrograph of the NM. The cubic shape of the NM particles may be
because of the accumulation of particles (Rezanezhad et al. 2022).
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Fig. 2. SEM images of the a) magnetite nanoparticles, b) surface of the paper coated with the
magnetic bio-nanocomposite NCC, c) surface of the paper coated with the magnetic bio-
nanocomposite ONCC. The EDX graphs of the d) FesO4 nanoparticles, €) surface of the paper
coated with the magnetic bio-nanocomposite NCC, f) surface of the paper coated with the
magnetic bio-nanocomposite ONCC

Figures 2b and 2c¢ show the surface of the kraft papers coated with the MNCC and
the MONCC. The nanocomposites and the fibers can be seen clearly on the micrographs.

Rezanezhad et al. (2022). “Magnetic NCC on paper,” BioResources 17(3), 4607-4622. 4612



PEER-REVIEWED ARTICLE bi oresources.com

These images show that the magnetic bio-nanocomposites bonded to the fibers. The results
of the EDX analysis of the NM, the papers coated with the magnetic bio-nanocomposite
before the oxidation process, and the papers coated with the magnetic bio-nanocomposite
after the oxidation process are shown in Fig. 2e, 2d, and 2f, respectively. As can be seen in
the NM sample, the Fe element had the highest content. The Fe element values of the
samples before and after oxidation were 78% and 82%, respectively. The increase in the
amount of the Fe element suggests more precipitation of NM in the magnetic bio-
nanocomposite after oxidation.

The frequency of the NM and NCC particle size was measured by AFM. Figures
3a, 3b, and 3c reveal the AFM image, particle size distribution diagram, and three-
dimensional (3D) topography of the nanomagnetite. The NM particle size was within the
range of 1 nm to 85.1 nm. Figures 3d, 3e, and 3f depict the image, particle size distribution
diagram, and 3D topography of the NCC. The particle size of the NCC was within the
range of 1 nm to 93.2 nm.
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Fig. 3. The a) AFM image, b) 3D topography, and c) frequency of the particle diameter distribution
diagram of the nanomagnetite. The d) AFM image, e) 3D topography, and f) frequency of the
particle diameter distribution of the NCC

Strength Properties of the Coated Papers by Magnetic Bio-Nanocomposites

The tensile and tear strengths of the control (kraft paper) and coated papers were
investigated. The diagrams of the tensile and tear index values can be seen in Fig. 4. The
tensile and tear index diagrams indicated that the control paper had the highest strength.
However, the paper strength diminished substantially after it was coated with magnetic
bio-nanocomposites. The NM functions as a filler in the paper structure and reduces the
strength of the paper. The reaction sites increased due to the TEMPO oxidation, which
introduced carboxyl groups onto the NCC. As a result, the bonding between the fibers
increased and the strength of the paper increased. The strength of the coated papers
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increased due to the mechanical interaction between the magnetic bio-nanocomposite and
the fibers on the surface of paper. This formed hydrogen and covalent bonding between the
coating compositions such as the NCC, NM, chitosan, and the hydroxyl groups of the fiber
surface.
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Fig. 4. Tensile and tear index values of the control and coated paper by magnetic bio-
nanocomposites

Figure 5 shows results for apparent density and related paper properties. The
apparent density of the control (kraft paper) and coated papers can be seen in Figs. Sa.
Figure 5b shows the corresponding results for air resistance and water absorption. The
apparent density of paper is one of its basic physical properties that affects its other physical
and mechanical properties. The strength of paper has been found to increase by enhancing
the apparent density (Maurer and Kearney 1998). The apparent density of the paper is
obtained by calculating the ratio of the basis weight to the thickness of the paper. The
apparent density of the paper indicates the volume of paper filled with fibrous and non-
fibrous components such as fillers (FiSerova et al. 2007). The deposition of the coating
solution that contained magnetic bio-nanocomposites of the NCC and ONCC onto the
cellulose substrate of the papers augmented the thickness. Furthermore, the magnetic
particles were deposited in the empty spaces among the fibers in the paper. The SEM
micrographs indicated the deposition of the magnetic bio-nanocomposite coating layer on
the surface of the fibers, as well as the entry into the paper structure and the deposition in
the empty space among the fibers. This precipitation formed a coating layer on the surface
of papers. The thickness of the coating layer depends on the nature of the polymer and the
amount of soluble solids (Guillaume et al. 2010). The basis weight increased as the paper
was coated and the thickness increased. The apparent density increased as the basis weight
increased. The coating surface on the paper increased due to the small size and high specific
surface area of the NM and NCC.
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Fig. 5. The a) apparent density and b) air resistance and water absorption values of the control
and coated papers

Figure 5b illustrates the air resistance values of the observed samples. The Gurley
test measures the air volume that passes through the paper, where a longer time represents
greater resistance of the paper (Scott ef al. 1997). The air resistance values of the coated
papers were higher compared to the control sample. The air resistance was also higher in
the paper that was coated with the ONCC magnetic bio-nanocomposite as compared to the
non-oxidized sample. Coating creates a layer on the surface of the paper, bonds with the
fibers, and enhances the apparent density and air resistance of the paper (Gillstedt et al.
2005).

One of the disadvantages of paper is its low water resistance, which may interfere
with some of its applications, such as in insulating papers and oil absorption in printing.
As aresult, it is essential to control the water absorption of paper. According to the results,
the highest and lowest water absorption values were related to the uncoated sample
(control) and the paper coated with the ONCC magnetic bio-nanocomposite, respectively.
In a paper network, water molecules are absorbed by the fibers as well as the inter-fiber
empty space. Coating of composites impregnate the paper structure and fill the pores to
form a layer on the surface of the paper. The oxidation process increases the carboxyl
groups and enhances the reactivity between the fibers and the ONCC magnetic bio-
nanocomposite. The oxidation process also boosts the bonding, thereby reducing the
reactive points that can react with the water molecules. The contact angle of water droplets
with the paper surface increased due to the coating with magnetic bio-nanocomposite.
Therefore, the surface of paper tends to be hydrophobic (Marvizadeh et al. 2017). Water
molecules bond with hydroxyl and carboxyl groups introduced by oxidation and reduce the
water absorption capacity.
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XRD Analysis

Figure 6 displays XRD patterns of the NM, NCC, and papers coated with magnetic
bio-nanocomposites of NCC and ONCC. The NM had diffraction peaks at approximately
35°,41°,62°, 74°, and 87°. These diffraction peaks referred to the magnetite nanoparticles
with a cubic crystalline structure (Long ef al. 2009; Small and Johnston 2009; Dimitrov et
al. 2013). The diffraction pattern of the NCC revealed three intense diffraction peaks at
approximately 26 = 16°, 22.41°, and 26.34°, which are assigned to the native cellulose
(Mashkour et al. 2011; Wu et al. 2011; Cao et al. 2015). The peak at approximately 260 =
22° corresponded to the cellulose I structure and indicates the presence of crystalline phases
of NCC (Cao et al. 2015). Diffraction peaks for the paper coated with magnetic bio-
nanocomposites of the NCC and ONCC emerged at approximately 16°, 22.5°, 35°, 41°,
50°, 62°, and 74°, referring to both the NCC and NM (Long et al. 2009; Rashid et al. 2017).
The diffraction peak at approximately 26 = 32° indicated a hematite structure (Dimitrov et
al. 2013). The XRD patterns indicated that the intensity of the NM peaks decreased by
reducing the amount of precipitated NM. Pacurariu et al. (2015) confirmed that the
intensity of the XRD peaks diminished by decreasing the NM value in the samples. Thus,
the intensity of the XRD peaks of the paper coated with the ONCC magnetic bio-
nanocomposite was higher than that of the paper coated with the NCC magnetic bio-
nanocomposite.
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Fig. 6. The XRD patterns of the NM, NCC without treatment, NCC magnetic bio-nanocomposite,
and ONCC magnetic bio-nanocomposite

Magnetic Properties

The magnetic behavior of the samples was investigated via vibrating sample
magnetometry at room temperature. Figure 7 indicates the saturation of magnetization (Ms)
of the NM, the NCC, the paper coated with the NCC magnetic bio-nanocomposite, and the
ONCC magnetic bio-nanocomposite. The Ms values for the NM, NCC, paper coated with
NCC magnetic bio-nanocomposite, and ONCC magnetic bio-nanocomposite were 23,
0.12,10.9, and 14.57 emu/g, respectively. The Ms values of the MNCC and MONCC were
both lower compared to the NM particles, because of the reduction in the content of the
NM loaded onto the fiber. Furthermore, the M;s increased in the TEMPO-oxidized NCC.
The reactivity of the NCC after the oxidation treatment was high due to the carboxyl
functional groups in its structure. Carboxyl groups act as a linkage point for Fe3O4 and
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hydroxyl groups in the cellulose chain (Biliuta and Coseri 2016). The Fe** and Fe*" are
absorbed onto the NCC due to the negative charge of carboxyl group in NCC. As a result,
the Ms increased due to the rise in the content of iron salts absorbed onto the NCC. The
samples exhibited superparamagnetic behavior, as confirmed by the absence of coercivity
(Hc), remanence (M:), and the ferromagnetic behavior (Xiong et al. 2013; Biliuta and

Coseri 2016).

Magnetization (emu/g)
(=]

~NM
——NcC
MNCC
—— MONCC

Magnetic Field (Oe)

5000

10000

Fig. 7. The hysteresis loops of the NM, NCC without treatment, NCC magnetic bio-
nanocomposite, and ONCC magnetic bio-nanocomposite

CONCLUSIONS

1. Magnetic bio-nanocomposites of nanocrystalline cellulose (NCC) and oxidized
NCC (ONCC) were successfully prepared by 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-oxidation and in-situ synthesis.

2. The magnetic analysis revealed that the saturation magnetization of the paper
coated with the NCC magnetic bio-nanocomposite was enhanced due to the

TEMPO-oxidation.

3. The strength properties of the coated paper increased by increasing the carboxyl
groups and bonding between the fibers as well as bonding between the paper and

the bio-nanocomposite.

4. The water absorption properties of the coated papers diminished due to the coating
and surface smoothness.
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