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Abstract

Lignocellulosic nanofibers derived from tobacco stalk can have countless applications in polymers composites, textile,
cosmetics, and pharmaceuticals. Thus, it is important to evaluate biomass characteristics such as the presence of
nicotine. In this study, nanofibers were obtained by mechanical fibrillation while cellulose content (0.5 and 2.0%) and
drying methods were varied. Nanofibers were characterized by thin layer chromatography, '"H NMR, morphological
analysis, a-cellulose content, Fourier transform infrared spectroscopy, X-ray diffraction and thermal analysis. Results
demonstrate the absence of nicotine in tobacco stalk. The grinding mill process was efficient to produce by freeze-
drying, nanofibers with fiber’s mean diameter of ~30 nm. Solid concentrations can influence the diameter of obtained
fibers. Thermal stability increased and crystallinity decreased when alkali treatment was applied. The characterization
techniques applied enable the evaluation of tobacco stalk and expanded its application to pharmaceutics.

Keywords: Tobacco stalk; Lignocellulosic nanofibers; Cellulose nanofibers; Characterization techniques; CNF.

Resumo

Nanofibras lignoceluldsicas derivadas do caule do tabaco podem ter inimeras aplicagdes em compdsitos poliméricos,
tecidos, cosméticos e produtos farmacéuticos. Assim, é importante avaliar caracteristicas da biomassa como a presenga
de nicotina. Neste estudo, as nanofibras foram obtidas por fibrilacdo mecénica, enquanto o teor de celulose (0,5 e 2,0%)
e 0s métodos de secagem foram variados. As nanofibras foram caracterizadas por cromatografia em camada delgada,
IH RMN, anélise morfoldgica, contetido de a-celulose, espectroscopia de infravermelho com transformada de Fourier,
difracdo de raios-X e analises térmicas. Os resultados demonstram a auséncia de nicotina no caule do tabaco. O processo
de moagem foi eficiente para produzir por liofilizagdo, nanofibras com didmetro médio da fibra de ~ 30 nm. As
concentracdes de solidos podem influenciar o diametro das fibras obtidas. A estabilidade térmica aumentou e a
cristalinidade diminuiu quando o tratamento alcalino foi aplicado. As técnicas de caracterizacao aplicadas possibilitaram
a avaliacdo do caule do tabaco e ampliaram sua aplicacdo na area farmacéutica.

Palavras-chave: Caule de tabaco; Nanofibras lignoceluldsicas; Nanofibras de celulose; Técnicas de caracterizagéo;
NFC.
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Resumen

Las nanofibras lignoceluldsicas derivadas del tallo del tabaco pueden tener innumerables aplicaciones en compuestos
de polimeros, textiles, cosméticos y productos farmacéuticos. Por tanto, es importante evaluar las caracteristicas de la
biomasa como la presencia de nicotina. En este estudio, las nanofibras se obtuvieron mediante fibrilacion mecanica
mientras se variaba el contenido de celulosa (0,5 y 2,0%) y los métodos de secado. Las nanofibras se caracterizaron por
cromatografia en camada delgada, 1H RMN, analisis morfoldgico, contenido de a-celulosa, espectroscopia infrarroja
por transformada de Fourier, difraccion de rayos X y analisis térmicas. Los resultados demuestran la ausencia de nicotina
en el tallo del tabaco. El proceso del molino fue eficiente para producir mediante liofilizacién, nanofibras con un
didmetro medio de fibra de ~ 30 nm. Las concentraciones de solidos pueden influir en el diametro de las fibras obtenidas.
La estabilidad térmica aumenté y la cristalinidad disminuy6 cuando se aplicé un tratamiento con alcali. Las técnicas de
caracterizacion aplicadas permiten evaluar el tallo del tabaco y ampliar su aplicacion a la industria farmacéutica.
Palabras clave: Tallo de tabaco; Nanofibras lignoceluldsicas; Nanofibras de celulose; Técnicas de caracterizacion;
NFC.

1. Introduction

The present emphasis on green chemistry and on chemical processes, as well as the application of the fundamental
principles of the environmentally correct on nanotechnology and on nanomaterials has been a frequent interest target (Trache et
al., 2017), chiefly as relates cellulosic materials. Among renewable sources, biomasses of vegetable origin are widely researched
since their natural and lignocellulosic origin involves high contents of cellulose in their composition (Poletto et al., 2012b; Trache
et al., 2016; Wongsiriamnuay & Tippayawong, 2010).

Cellulose is the organic compound derived from the most abundant plant biomass on the surface of the earth, having an
estimated annual production of 7.5 x 10% tons (Habibi et al., 2010; Jia et al., 2014). The natural polymorphic form is cellulose |
(native) which is constituted of two different crystalline forms: Ia and If that can be found together on the same cellulose sample
and throughout microfiber (de Souza Lima & Borsali, 2004; Lavoine etal., 2012; Trache etal., 2016). Besides the native cellulose
form, which is thermodynamically less stable, there is also the occurrence of other crystalline structures such as II, 11l and IV
(Klemm et al., 2005; Pachuau, 2015; Trache et al., 2016). However, the most stable crystalline form is cellulose Il (Klemm et
al., 2005; Lavoine et al., 2012; Trache et al., 2016), it being considered as regenerated cellulose because it is obtained by
mercerization (cellulose treatment with sodium hydroxide aqueous solution). To obtain celluloses I11, and 111y cellulose I and 11
is treated with ammonium. Cellulose 1V is formed by the modification of cellulose 111 (Lavoine et al., 2012).

Nanofibrillated cellulose (NFC), also called nanocellulose (Brinchi et al., 2013; Klemm et al., 2011; Lavoine et al.,
2012), belongs to an emerging class of biomaterials having desirable properties, mainly related to the raw material being of
relatively low-cost, biodegradable, biocompatible, having higher water absorption capacity and strength and stiffness mechanical
properties (Lin & Dufresne, 2014; Roman, 2015).

The expression “nanocellulose” is generally employed to refer to cellulosic materials having at least one dimension in
the nanometric scale and being obtained by different methods. Nanocellulose belongs to three categories according to its
production method: a) bacterial cellulose (also known as microbial cellulose or biocellulose), obtained using strains of
Acetobacter xylinum (Klemm et al., 2018); b) cellulosic nanocrystals (also called nanowhiskers or nanocrystalline cellulose
(NCC), obtained by acidic hydrolysis (Klemm et al., 2011), and c) nanofibrillated cellulose (NFC), obtained by mechanical
methods such as micronized milling, microfluidization, cryocrushing, high-intensity ultrasonication and high-pressure
homogenization (Abdul Khalil et al., 2014).

Nanofibrillated cellulose from biomass has been gained attention due to its characteristics of high surface area, strength
and stiffness combined with high porosity, biodegradability and renewability (Brinchi et al., 2013; Lavoine et al., 2012; Trache
et al., 2020) which allowed its application in polymer composites (Kalia et al., 2011) and paperboard panels (Li Xiaoping, Wu
Zhangkang, 2014). The challenge now is to extract and characterize these NFCs from renewable sources (Credou & Berthelot,

2014; Kalia et al., 2011) in order to apply them as byproducts to produce pharmaceuticals and other health products.
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Regarding drug development, some studies have shown nanocellulose films as coatings for tablets to modified release
drugs evaluation (Kolakovic et al., 2012, 2013). Furthermore, there are studies concerning the modification of nanocellulose
surface to alter tablets disintegration time or to improve the affinity with hydrophobic drugs (Carlsson et al., 2014; Pachuau,
2015). Such properties can aid in the development of solid pharmaceutical forms, such as tablets, having both improved
mechanical resistance and solubility features, according to the drug used in the formulation, allowing it to be dissolved quicker
or slower.

Several sources of environmentally friendly cellulosic materials have been used to obtain cellulose nanostructures and
the most used ones include cotton (Mohanty et al., 2002), birch (Kolakovic et al., 2011) and pineapple leaf fibers (Cherian et al.,
2010), whereas few studies were dedicated to evaluating the cellulose content of an unconventional source as tobacco (Agrupis
et al., 2000; Agrupis & Maekawa, 1999; Kuli¢ & Radojicic, 2011; Shakhes et al., 2011; Tuzzin et al., 2016).

Tobacco (Nicotiana tabacum L.) is a crop of major importance in Brazil and mainly in the Southern region of the
country, where in the last 20 years accentuated concentration of cultivation and industrial plants for processing and export could
be observed. The country has been leading the international market, and more than 85% of the tobacco produced in Brazil is
negotiated abroad (MDIC, 2020).

Although tobacco is not an eatable plant, its economical relevance worldwide is of utmost importance. Because of the
leaves’ high-quality grade, tobacco cultivation is only for commercial purposes as cigarettes and cigars (Agrupis & Maekawa,
1999). After all the leaves are harvested, the stalks remain, which are generally incorporated into the soil (Shakhes et al., 2011).
As the tobacco stalk is of lignocellulosic nature, it can be classified as an agricultural waste and converted into a wide variety of
chemicals, such as alcohol, sweeteners, prebiotic oligosaccharides, plastics (Akpinar et al., 2010) while also being considered as
a lignocellulosic biomass. However, the biggest concern related to this kind of biomass is the presence of noxious substances
such as nicotine, especially when the target of the study is to apply it in the development of products for human use.

The purpose of this paper is to obtain lignocellulosic nanofiber from tobacco stalk through micronized grinding and to
characterize it in order to enlarge its application considering the 4R’s rule (Reducing, Reuse, Repair, Recover and Recycling) as
a green, sustainable biomass directed to a possible use as a novel pharmaceutical excipient and exploring its potential functions

as binder, diluent and/or disintegrating agent for the preparation of granules and further tablets production.

2. Materials and Methods
2.1 Materials

Tobacco stalks (Virginia species, crop of 2014/2015) were obtained from Recon INC. (Santa Cruz do Sul- RS, Brazil).
Nicotine standard (99.1%) was purchased from Sigma-Aldrich (Brazil). Methanol, toluene, ethyl acetate, diethylamine and
benzene were obtained from Vetec (Brazil), ammonium hydroxide was obtained from Lafan (Brazil). Sodium hydroxide (NaOH)
was purchased from Vetec (Brazil); acetic acid was supplied by Dindmica (Brazil) and deuterated chloroform from Sigma-

Aldrich (Brazil). Distilled water was used.

2.2 Tobacco stalk pretreatment

In natura tobacco stalks (Fig. 1a) were oven dried (De Leo, Brazil) at 40 + 5°C for 10 days and ground in a knife mill
(Fig. 1b) (Willye TE 650, Tecnal, Brazil) generating a non-treated tobacco stalk powder (Kaya et al., 2018). After that, the
powder was pretreated using the mercerization process. This pretreatment comprises the sample constant heating at 100°C and
stirred for 90 min in a 1.0% (w/v) NaOH solution (Vetec, Brazil) and subsequent pH neutralization with 20% (v/v) acetic acid
solution (Dindmica, Brazil) and washing with distilled water followed by filtration (Li Xiaoping, Wu Zhangkang, 2014). The

solid portion was used.
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2.3 Nicotine determination in tobacco stalks
2.3.1 Proton nuclear magnetic resonance (*H NMR) spectroscopy

Verification of the nicotine presence in raw tobacco stalk and in treated tobacco stalk was performed by *H NMR in a
Bruker Fourier 300 (Germany) spectrometer operating at 300 MHz. Deuterated chloroform (CDCI3) was used as solvent.

Chemical shifts (8) were expressed in parts per million (ppm) (Berger & Sicker, 2009).

2.3.2 Thin layer chromatography

By this method (Wagner & Bladt, 1996), 1 g of raw tobacco stalk was mixed with 1 mL 10% ammonia solution (w/v)
and extracted with 5 mL of methanol under reflux for 10 minutes. The filtrate was concentrated with methanol. The solvent
system was prepared in the proportion of 70:20:10 (v/v/v) of toluene-ethyl acetate-diethylamine. Silica gel Fzsa (Merck,
Darmstadt, Germany) plates without fluorescence were employed. Raw tobacco stalk powder (i), tobacco leaves powder (ii) and
cigarette blend (iii) were used for comparison with nicotine standard (iv) (Sigma-Aldrich, Brazil). Dragendorff’s reagent was
used as detecting agent. Results were expressed as Retention factor (Rf), which is equal to the distance migrated over the total

distance covered by the solvent. Samples were used as received.

2.4 Tobacco stalk mechanical fibrillation to produce lignocellulose nanofibers

In order to obtain lignocellulosic nanofibers (TS-NFC), the treated tobacco stalk was transferred to a micronizer mill
Masuko® MKCA 6-2J (Japan) (Lavoratti et al., 2016; Nogi et al., 2009; Spence et al., 2011; Tuzzin et al., 2016; Vartiainen et
al., 2011) (Fig. 1c). The proportion of treated tobacco stalk and distilled water used in grinding process was 30 g: 6 L, and
120 g: 6 L to obtain theoretical concentrations of 0.5% and 2.0% (w/v) lignocellulosic nanofibers suspensions respectively (Fig.
1d). TS-NFC suspensions were processed for 5 hours with 2500 rpm disks rotation keeping a null space between the stone disks

(Lavoratti et al., 2016) and were later used for theophylline granules development.

Figure 1. Steps in the process of tobacco stalk lignocellulosic nanofibers suspension obtaining. (a) in natura tobacco stalks; (b)
transformation of tobacco stalk into powder form by knife mill; (c) tobacco stalk mechanical fibrillation to produce (d)

lignocellulose nanofibers suspensions.

Source: Authors.
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2.5 Characterization
2.5.1 Loss on drying

The confirmation of the theoretical concentrations obtained in lignocellulosic nanofibers suspensions (0.5 and 2.0%,
w/v) after the grinding process was carried out in triplicate by determining the loss on drying (USP 42, 2019). Approximately
2 g of TS-NFC suspensions was transferred to previously calibrated Petry plates. The essay was conducted in a circulating oven
(Tecnal, Brazil) at 105°C until constant weight. The percentage of loss on drying (Pd) was obtained by applying
Equation 1:

Pu—Ps

Pd =

—— x 100 (Eq.1)
where, Pa is the sample mass; Pu is the mass of the Petry plate containing the sample before drying, and Ps is the mass of the

Petry plate with sample after drying.

2.5.2 Determination of lignocellulosic constituents

After the micronized grinding process (Fig. 1c), samples were assessed according to the Technical Association of Pulp
and Paper Industry (TAPPI) standards for: extractives (TAPPI, 1997), ashes and insoluble lignin (TAPPI, 2002). Cellulose
content was performed according to National Renewable Energy Laboratory (Determination of Structural Carbohydrates and
Lignin in Biomass, 2012) methodology whereas the samples’ bleaching was not required. The moisture content was performed
at 105°C with a Mettler Toledo HB43 (Switzerland) infrared drying unit. Results were compared to raw tobacco stalk powder
(Fig. 1b).

2.5.3 Lignocellulosic suspensions drying and morphological analysis

Three different drying methods were tested: freeze-drying (FD); spray-drying (SD) and oven-drying (OD) aiming at
selecting the technique enabling better fibril visualization.

For FD samples, the lignocellulosic suspensions were dried in a Lio Top, model L-101 Liobrés (Brazil) freeze-dryer
equipment at a freezing temperature of -50°C for 24 hours. After that, the samples were transferred separately to a vacuum
chamber (Lio Top, model L-101 Liobras, Brazil) for ice sublimation, using initial vacuum of 500 pHg and final vacuum of
100 pHg (Zanini et al., 2017).

For SD samples, lignocellulosic suspensions were dried in a Buichi mini spray dryer B-290 (Switzerland) in open mode
using compressed air and rate of 4 mL.min’. The inlet and outlet temperatures were 150°C and 89°C, respectively (Macedo et
al., 2017).

The OD samples were dried in a Tecnal (Brazil) oven with air circulation at 105°C for 2h (Peng et al., 2012). The ideal
conditions for time and temperature were 2 h at 105°C for carrying out water evaporation. Water removal was ascertained by
sample mass inspection to constant weight.

The morphological analysis was performed after micronized grinding and the three drying methods assayed were
analyzed by using a Field Emission Scanning Electron Microscope (FESEM) by Tescan, model Mira 3 (Czech Republic) in
order to evidence the presence of lignocellulosic fibers and nanofibers. A small fraction of the dried samples was carefully
deposited on a stub containing conductive adhesive tape and covered with gold for 1 minute. The images were obtained at an

acceleration voltage of 5.0 kV and fibers diameters were measured by using ImageJ software.
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2.5.4 Fourier transform infrared (FTIR) spectroscopy
Fourier transform infrared spectra (FTIR) were obtained using a Nicolet 1S10 Thermo Scientific (United States)
spectrophotometer. Raw tobacco stalk powder (RTSP) and freeze-dried tobacco stalk lignocellulosic samples were prepared

using the KBr pastille method and scanned in the range from 4000 to 400 cm™, with spectral resolution of 4cm™.

2.5.5 X-ray diffraction analysis (XRD)

The cellulose crystallinity of raw tobacco stalk powder (RTSP) and tobacco stalk lignocellulosic nanofibers (TS-NFC)
samples was evaluated by X-ray diffraction (XRD) in a Shimadzu XRD-600 (Japan) diffractometer using the following
conditions: Cu Ka = 0.1542 nm, 40 kV, 30 mA, 2°< 20 < 50°, 0,05°, 2s™. The crystallinity index was calculated according to the
empirical formula (Equation 2) proposed by Segal et al. (1959):

1(%) = (222222 x 100 (Eq. 2)

200

where, l200 is the peak intensity corresponding to the (2 0 0) plane at the diffraction angle of 26=22.5° and I.m the valley intensity
between the (2 0 0) and (1 1 0) planes at the diffraction angle of 26=18".

2.5.6 Thermal analysis
The analysis by differential scanning calorimetry (DSC) for raw tobacco stalk powder (RTSP) and TS-NFC samples
was carried out in a Shimadzu DSC-50 (Japan) equipment using a heating rate of 10°C.min* under nitrogen atmosphere at a rate
of 50 mL.min from 25°C to 270°C. The values were obtained from the curves generated in the first heating and cooling run.
Thermogravimetry (TGA) was performed in a Shimadzu TGA-50 (Japan) equipment under nitrogen atmosphere at a
rate of 50 mL.min. The heating rate was 10°C.min! at a temperature range from 23°C to 800°C. The sample mass was

approximately 10 mg.

3. Results and Discussion
3.1 Nicotine determination in tobacco stalks
3.1.1'HNMR
The 'H NMR spectra of raw tobacco stalk powder (RTSP) and pretreated tobacco stalk lignocellulosic nanofiber
(TS-NFC) are shown in Figure 2(a).
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Figure 2. (a) 1H NMR spectra showing the chemical shifts for (i) raw tobacco stalk powder (RTSP) and (ii) pre-treated tobacco
stalk lignocellulosic nanofibers and (b) tobacco stalk thin layer chromatography being (i) raw tobacco stalk powder; (ii) tobacco

leaves powder; (iii) cigarette blend; (iv) nicotine standard.

(a) (b)

(i)

Nicotine * «— RTSP

Nicotine - ’

< TS-NFC

Source: Authors.

Based on nicotine standard, it was possible to evidence all chemical shifts according to data shown in the literature
(Hosu & Cimpoiu, 2015; James F. Pankow et al., 2002). *H NMR (300 Hz, CDCl3) & 8.54 (s, 1H), 8.48 (d, J=5.0, 1.5 Hz, 1H),
7.68 (d, 1H), 7.24 (dd, J= 8.0, 5.0 Hz, 1H), 3.24 (t, J = 7.5 Hz, 1H), 3.09 (t, J = 8.5 Hz, 1H), 2.36 - 2.27 (m, 1H), 2.17 (s, 3H).
Therefore, the expected signals related to the nicotine molecule in nicotine standard could be obtained. Hydrogens 1 to 4 on
nicotine molecular structure refer to the aliphatic chain while hydrogens 7 to 9 relate to signals corresponding to pyridine
hydrogens.

As expected for RTSP and TS-NFC, neither sample had shown the presence of nicotine in its composition. The signals
collected for RTSP *H NMR (300 Hz, CDCls) were § 7.26 (s, CDCl3), 1.61 (s, J= 5.0, 1.5 Hz). The signals obtained for
TS-NFC, were *H NMR (300 Hz, CDCls) & 7.25 (s, CDCls), 2.15 (s, J= 5.0, 1.5 Hz).

In nicotine standard, the corresponding chemical shift occurs at 2.17 ppm and for the RTSP sample; there was no peak
nearby the nicotine standard signal. For TS-NFC sample the chemical shift was very close, at 2.15 ppm, to the one obtained for
the nicotine standard. Although numerically the values are close, it is not possible to assure that 2.15 ppm refers to the same
substance, since the peaks do not overlap.

Therefore, the absence of nicotine in the composition of tobacco stalk nanofibrillated cellulose (TS-NFC) sample and

in tobacco stalk in natural form can be strongly demonstrated.

3.1.2 Thin layer chromatography
Chromatographic plate obtained by TLC on (i) raw tobacco stalk powder, (ii) tobacco leaves powder, and (iii) cigarette
blend comparing with (iv) nicotine standard is presented in Figure 2(b). Thus, for certain identification of nicotine, the plate was

sprayed with a specific color Dragendorff’s reagent. This reagent usually forms an orange-red colored complex in the reaction
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with alkaloids. Consequently, the characteristic zone of nicotine appears as orange bands on a yellow background of derivatized
chromatographic plate (Hosu & Cimpoiu, 2015).

The intensity of the bands separated on the chromatographic plate seem to be different in distinct samples. Raw tobacco
stalk powder (i) showed an alkaloid presence at Rf 0.46 while nicotine standard (iv) presented the nicotine band at
Rf 0.67 which indicates the presence of different alkaloids, which may be attributed to nicotine derivatives such as nornicotine
or anabasine (Wagner & Bladt, 1996).

3.2 Characterization
3.2.1 Loss on drying
Results of real concentration of tobacco stalk lignocellulosic nanofibers suspensions are shown in Table 1 and as

expected, solid proportion corresponds to theoretical concentration.

Table 1. Real concentrations of tobacco stalk lignocellulosic nanofibers suspensions.

Theoretical concentration Real concentration
Sample
(%) (%)
Tobacco stalk lignocellulosic nanofibers 0.5 0.57 £ 0.03
suspensions 2.0 2.26 +0.32

Results are expressed as mean =+ standard deviation (n = 3). Source: Authors.
3.2.2 Determination of lignocellulosic constituents
Table 2 shows the characterization of tobacco stalk lignocellulosic nanofibers (TS-NFC) compared to its natural form

(RTSP).

Table 2. Chemical characterization of raw tobacco stalk powder versus tobacco stalk lignocellulosic nanofibers.

Constituents

(%, i) RTSP TS-NFC?
o-cellulose 324+13 29.2x0.7
Hemicellulose 11.0+£05 10.0+£0.8
Insoluble lignin 22.1+35 20.1+£0.2
Extractives 10.7+1.0 0.00+0.0
Ashes 48+1.0 2.6 £0.05
Moisture content 6.6+0.6 6.3 +0.00

RTSP: Raw Tobacco Stalk Powder; TS-NFC: Tobacco Stalk Lignocellulosic Nanofibers; 2 Extractive free basis. Results are expressed as mean
+ standard deviation (n = 3). Source: Authors.

Extractives free basis concentration of insoluble lignin (20.1 £ 0.2 %) was higher than the value presented by Agrupis
and Maekawa (1999), 17.3 %. Due to the composition of tobacco stalk being mainly starch, pectin and compounds that give
tobacco’s color and flavor (Shakhes et al., 2011), it was necessary to determine the extractives content. The removal of extractives
might have influenced the ash content when compared with raw tobacco stalk.

It was not possible to completely remove lignin in TS-NFC samples, which is present in lower amount as compared
with RTSP. As a result, the materials cannot be considered as cellulose, but instead, lignocellulose, since some non-cellulosic

material is still present in the fiber composition.
8


http://dx.doi.org/10.33448/rsd-v10i14.22261

Research, Society and Development, v. 10, n. 14, e522101422261, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i14.22261

The literature shows some differences related to a-cellulose content in which the results may vary due to the tobacco
species and stalk portion according to plant height (Soni et al., 2015). According to Agrupis et al. (2000) and Shakhes et al.
(2011), tobacco stalk contains from 35 to 40% of cellulose. In a study reported by Kuli¢ and Radoji¢i¢ (2011), the content of
a-cellulose in Virginia species tobacco stalk was 30.5%. In the study conducted by Agrupis & Maekawa (1999) on the same
tobacco stalk species, the a-cellulose content found was 33.9%. Tuzzin et al. (2016) reported a-cellulose content for tobacco
stem (midrib) on an extractives free base as being 41.75% while in the raw tobacco stem sample the content was 20.85%. The
results reported by the above-mentioned authors supported and confirmed those obtained for the evaluated compositions with
and without pretreatment.

3.2.3 Lignocellulosic suspensions drying and morphological analysis
Three drying methods were assayed: freeze-drying (FD), spray-drying (SD) and oven-drying (OD) and the micrographs
are shown in Figure 3.

Figure 3. FESEM micrographs of dried tobacco stalk lignocellulosic nanofibers (TS-NFC) at 0.5 and 2.0% (w/v). Freeze-dried
tobacco stalk lignocellulosic nanofibers at 50,000x magnification (a) at 0.5% (w/v); (b) at 2.0% (w/v). Spray-dried tobacco stalk
lignocellulosic nanofibers at 30,000x magnification (c) at 0.5% (w/v); (d) at 2.0% (w/v). Oven-dried tobacco stalk lignocellulosic
nanofibers at 1,000x magnification (e) at 0.5% (w/v) and (f) at 2.0% (w/v).

Source: Authors.

All samples are agglomerated and difficult to observe individual lignocellulosic nanofiber however, among the tested
drying methods, visualization was facilitated by freeze-drying (FD) tobacco stalk lignocellulosic nanofibers (Fig. 3a-b). Fibrils
were more preserved than the others applied techniques and shown certain individualization, despite the agglomeration, relative
to the other techniques applied at both concentrations tested, 0.5 and 2.0 %, w/v. Despite fiber agglomeration, it was possible to

measure the diameter of some fibrils, as shown in Fig. 3(a-b), in which they appeared to be in the nanometric range. At the lower
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concentration (Fig. 3a), the sample mean diameter was 32.8 nm and for the higher concentration (Fig. 3b), the mean diameter
was 34.3 nm among the measured fibrils.

According to Trache et al. (2017) and Brinchi et al. (2013), freeze-drying and supercritical drying are capable of create
highly networked structures of agglomerates with multi-scalar dimensions including nanoscale. In the present study, the FD
method was able to dry tobacco stalk lignocellulosic nanofibers (TS-NFC) fibrils for both concentrations used and kept them
partially individualized. Among the available techniques, FD seems to be a low-cost, simple and versatile route for
lignocellulosic nanofibers obtainment. During an aqueous suspension FD process, suspended particles are organized in the space
between growing ice crystals, forming a crystalline structure after ice crystals sublimation (Han et al., 2013)-

Spray-drying (SD), Fig. 4(c-d), was not the best technique to obtain nanocellulose from cellulosic fiber, once it may
have caused fiber agglomeration and fiber dimension were kept in the micrometric scale. This situation was observed for both
concentrations, 0.5 and 2.0%. Peng et al. (2012) described that a disadvantage of SD is that agglomeration can occur, and the
particles size range from nano to micron size. Zimmermann et al. (2016) reported that the size and type of nanocellulose
(nanocrystals or nanofibers) in the suspension also affect the final size of the dried product. Agglomeration tends to appear more
easily in nanofibrillated cellulose (NFC) than in cellulose nanocrystals (CNC) and, thus, larger droplets are formed during
spraying. For this reason, SD has been suggested as a technically suitable production procedure for drying lignocellulosic
nanofibers suspensions (Brinchi et al., 2013; Trache et al., 2017). The larger the lignocellulosic nanofibers droplets, the larger
the dried fibrils and the greater the particles irregularity (Zimmermann et al., 2016). In spite of this drawback, it is an important
method to obtain cellulose nanocrystals (CNC) (Abdul Khalil et al., 2014; Han et al., 2013; Peng et al., 2012; Zimmermann et
al., 2016).

Fiber agglomeration was also observed in oven-dried (OD) tobacco stalk lignocellulosic nanofibers (Fig. 4 e-f), making
them a unified single surface which did not allow to distinguish fibers and, because of this, the presence of nanocellulose was
not evidenced. Oven-dried samples showed a rough and unified surface that made it not possible to distinguish fibrils
individualization. The loss of nanoscale dimension is a common disadvantage in OD. This could have happened since the
distance between lignocellulosic nanofibrils became smaller, promoting molecular contact by capillary effect and diffusion
forces. This situation may favor strong intermolecular hydrogen bond formation promoting a continuous fiber network and a
bulk network structure (Zimmermann et al., 2016). This technique was used as lignocellulosic nanofibers negative control.

The difference among drying methods was explained by Peng et al. (2012) and Han et al. (2013) as being due to
hydrogen bonds and van der Waals forces that keep fibrils united after water removal and then forming agglomerates.
Nanocellulose obtainment is complete according to the drying method chosen (Brinchi et al., 2013), where water removal
becomes a delicate process, being determinant to keep fibrils in the nanoscale range (Peng et al., 2012).

Different drying methods are efficient in terms of avoiding agglomeration (Peng et al., 2012, 2013), such as for example,
supercritical drying. However, this technique requires several solvent exchange steps, besides requiring huge amounts of solvents
in the drying step. Nonetheless, the non-agglomeration of nanofibers depends on the drying method and the kind of raw material,
among other features.

After lignocellulosic biomass manufacturing, an evenly dispersed lignocellulosic nanofibers aqueous suspension as a
colloidal system was obtained. The hydroxyls present in cellulose structure form strong hydrogen bonds between cellulose and
water molecules, keeping the system stable (Brinchi et al., 2013; Peng et al., 2012).

3.2.4 Fourier transform infrared (FTIR) spectroscopy
FTIR spectra for RTSP, TS-NFC-05 and TS-NFC-2 samples are shown in Figure 4(a).
10
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Figure 4. (a) FTIR spectra showing bands and their respective cellulosic samples functional groups and (b) X-ray diffractogram

of tobacco stalk lignocellulosic nanofibers after 5h grinding comparing with tobacco stalk cellulose in its natural form.
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The broad band between 3400 — 3340 cm* was assigned to the stretching vibration of the O—H bonding of cellulose
and absorbed water (Lavoratti et al., 2016). An interesting characteristic observed was the different bands width of the three
samples at 3400 — 3340 cm™. In RTSP the band is wider and may be related to the associated O—H bond due to agglomeration,
whereas in TS-NFC-05 and TS-NFC-2 spectra the band is thinner and possibly may be related to the free O—H bond due to
nanofibril formation. In a study performed by Han et al. (2013) on wood nanocellulose, their samples presented narrow bands in
the 3442 cm region, these being assigned to intramolecular hydrogen bonding in cellulose 11, which confirms the result found
for mercerized tobacco stalk lignocellulosic nanofibers. There is a thorough discussion about intra- and inter- molecular H-
bonds in cellulose I, 1l and lignin, which is very well explained elsewhere (Poletto et al., 2012a).

Between 2919 — 2900 cm™* the absorption band was attributed to the stretching vibration of the C—H bonding of cellulose
(Ashori et al., 2014; Gémez-Siurana et al., 2013).

Unlike TS-NFC-05 and TS-NFC-2, RTSP exhibits an absorption band at 1733 ¢cm™ which is attributed to the acetyl
group of hemicelluloses uronic ester or to the carboxylic ester group of the ferulic ring and p-coumaric acid (Maafi et al., 2010;
Trache et al., 2014), while its absence in TS-NFC-05 and TS-NFC-2 indicates the successful removal of hemicelluloses during
the mercerization treatment (Haafiz et al., 2016). The band at 1618 cm™* was present in all the three samples and is related to the
bending of absorbed water (Kalita et al., 2013).

For lignocellulosic nanofiber samples, the bands around 1432 cm* were attributed to the CH, bending vibration (Ouajai
et al., 2004). This band is also known as the crystallinity band and an increase in its intensity demonstrates higher degree of
crystallinity (Kalita et al., 2013). The band at 1522 cm™ is assigned as the C=C stretching of the lignin aromatic ring (Haafiz et
al., 2016; Rosa et al., 2012), since some non-cellulosic material is still present in the fiber composition thus, this observation
demonstrates that the micronized mill grinding process was efficient to obtain lignocellulosic nanostructures and that the
pretreatment process was able to partially remove lignin, this being based on the presence of an absorbance band at the region
around 1500 cm™ on TS-NFC-05 and TS-NFC-2 samples.
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The other bands appeared in all samples. The band at 1317 cm™* was related to CH; wagging (Chen et al., 2015; Soni et
al., 2015). The band at 1233 cm was assigned as C—OH bending in the plane at C6 (Han et al., 2013).

At 1035 cm?, the band was attributed to the C—O deformation at C6 in cellulose (Soni et al., 2015), and finally at
894 cm the absorption band was attributed to the B-glycosidic linkages of cellulose glucose ring (Chen et al., 2015; Kaushik &
Singh, 2011; Rosa et al., 2012).

3.2.5 X-ray diffraction analysis

X-ray diffraction analyses were performed, and the crystallinity index of tobacco stalk lignocellulosic nanofibers was
calculated. Figure 4(b) shows the diffractogram of raw tobacco stalk powder (RTSP) and tobacco stalk lignocellulosic nanofibers
(TS-NFC-05 and TS-NFC-2) samples.

The biomasses evaluated show values of 22.08° for the (2 0 0) planes. Native cellulose (cellulose 1) diffraction peaks
appeared at 14.67° and 22.53° for the (1 1 0) and (2 0 0) planes (Klemm et al., 2005). For cellulose 11 the diffraction peaks
generally appear at 12.1° and 22.0° for the (1 1 0) and (2 0 0) planes. The XRD of TS-NFC-05 and TS-NFC-2 shows the patterns
of crystalline native cellulose I with non-existing cellulose |1, indicated by the absence of a doublet located at 22° (Haafiz et al.,
2016; Rosa et al., 2012).

By applying the equation shown in section 2.5.5, the samples crystallinity index data were summarized in Table 3.

Table 3. Crystallinity of TS-NFC-05 and TS-NFC-2 compared to the original fibers (RTSP).

Crystallinity
Sample
(%)
RTSP 46.7
TS-NFC-05 354
TS-NFC-2 42.2

RTSP: raw tobacco stalk powder; TS-NFC-05: tobacco stalk lignocellulosic nanofibers at 0.5 % (w/v); TS-NFC-2: tobacco stalk lignocellulosic
nanofibers at 2.0 % (w/v). Source: Authors.

The crystallinity of RTSP was higher than the other two samples since this one was used in pure form, that is, without
any sample treatment. The aim of this analysis was precisely to compare the results between the non-treated, non-processed
sample with the treated, processed samples, hence the difference in crystallinity.

Lignocellulosic nanofibers’ crystallinity of both cases, TS-NFC-05 and TS-NFC-2, was lower than the original fibers
(RSTP) meaning that in lignocellulosic materials, only cellulose exhibits a crystalline structure, whereas hemicelluloses and
lignin are amorphous (Poletto et al., 2012b).

The lower crystallinity index of TS-NFC-05 can also have occurred because of the mercerization treatment applied to
samples in which random cellulose cleavage can occur in accessible chains with crystalline domains, contributing to the
amorphous character increase (Klemm et al., 2005). The significant drop of crystallinity index and the earlier treatment with
NaOH of tobacco stalk cellulose were indicative of lower alkalinity resistance compared with raw tobacco stalk powder (RTSP)
(Ouajai et al., 2004).

Similar decrease of crystallinity was observed by Iwamoto et al., (2007); Lavoratti et al., (2016); Lengowski et al.,

(2013); and Tuzzin et al. (2016) where these authors used the micronized mill. The authors reported lignocellulosic nanofibers
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production by applying mechanical processes. Notwithstanding, the mentioned process can frequently cause lignocellulosic
fibers crystalline parts to break down leading to rise in the amount of amorphous structures.

Despite the lower crystallinity index, by carefully studying Figure 4(b), it was possible to notice that TS-NFC-05 and
TS-NFC-2 diffractograms had lower peaks when compared with RTSP, which is a characteristic of the presence of
nanostructures, and for this reason, it was possible to consider the samples after micronized mill grinding as lignocellulosic
nanofibers.

3.2.6 Thermal analysis

The thermogravimetric curves for tobacco stalk lignocellulosic nanofibers after grinding are shown in Figure 5.

Figure 5. (a) DSC curves and (b) TGA-DTG curves for tobacco stalk lignocellulosic nanofibers at both evaluated concentrations
(0.5 and 2.0%, m/v) compared with raw tobacco stalk powder (RTSP).
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Figure 5(a) shows the DSC curves for tobacco stalk lignocellulosic nanofibers at the evaluated concentrations of 0.5
and 2.0 %, w/v. DSC was used in materials characterization, specifically to characterize lignocellulosic nanofibers, since it
enables prediction of material’s thermal stability, this information being relevant for the design and material application step.

The first characteristic noticed in the curves was the difference between samples TS-NFC-05 and TS-NFC-2. This was
probably due to concentration difference, since TS-NFC-2 is more concentrated and, therefore, more similar to RTSP. Besides,
sample concentration submitted to grinder stones can influence the result. Moreover, fiber size is also a factor that can influence
the properties of cellulosic material (Dinh Vu et al., 2017).

The TS-NFC-2 and RTSP curves show a weight loss event under 50°C, referring to cellulose moisture vaporization
(Ramiah, 1970). There is a small event at around 160°C that shifted to 165°C for TS-NFC-2 and RTSP. This was probably due
to hemicelluloses content, more specifically, xylan content, which is responsible for curve smoothing (Lengowski et al., 2013).
This result can be confirmed by FTIR results presented at section 3.2.4. It is unlikely that the slight endothermic shoulder at
170°C corresponds to a xylan dehydration process since this phenomenon involves a primary OH group and xylan does not have
any primary OH groups as does cellulose. However, this temperature could correspond to xylan softening (Chen et al., 2015).

For TS-NFC-05 curves, a weight loss event at 75°C related to moisture (Ramiah, 1970) was observed. Over 180°C,

cellulose degradation begins, which is a consequence of cellulose dehydration and depolymerization, leading to formation of
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volatile products. Approximately between 200-300°C heat flow becomes linear and crescent which could be indicative of lignin
thermal degradation (Shen et al., 2010).

Thermogravimetric analysis was performed in order to characterize tobacco stalk lignocellulosic nanofibers thermal
behavior for untreated and treated samples. To RSTP three main weight loss events were observed in Figure 5(b), in which the
event at 60°C is associated to water evaporation (5.6% loss) (Trache et al., 2014). At 341°C, the event is related to cellulose
dehydration followed by thermal depolymerization; and at 368°C the event is referred to cellulose thermal decomposition into
D-glucopyranose monomers (Ashori et al., 2014; Trache et al., 2014). For TS-NFC-05 and TS-NFC-2, the events were the same
but shifted relative to the tobacco sample in its natural form.

Figure 5(b) depicts the TGA-DTG curves for RTSP where it was possible to observe a maximum for cellulose
degradation at 327°C. To the processed samples TS-NFC-05 and TS-NFC-2, the maxima occurred at 376°C and 363°C,
respectively. DTG observed peak refer to the second TGA event. Table 4 shows the main weight loss events and maximum

degradation temperatures (Tmax) Of samples.

Table 4. Main weight loss events and maximum degradation temperatures (Tmax) Of tobacco stalk samples.

First event Second event Third event
_ Residual char

Samples Tmax ) Tmax Weight loss Weight loss

Weight loss (%) (%)
°C) °C) (%) (%)

RTSP 60.0 5.6 327 44.3 22.1 48.0
TS-NFC-05 55.2 7.0 376 54.2 29.4 94
TS-NFC-2 59.7 6.7 363 52.7 28.3 12.3

RTSP: raw tobacco stalk powder; TS-NFC-05: tobacco stalk lignocellulosic nanofibers at 0.5 % (w/v); TS-NFC-2: tobacco stalk lignocellulosic
nanofibers at 2.0 % (w/v). Source: Authors.

This result corresponds to that mentioned by Tuzzin et al. (2016) in which the maximum thermal degradation peak was
around 360°C. The difference observed between raw material and treated material is probably due to cellulose regeneration
process that starts by the mercerization process (Li Xiaoping, Wu Zhangkang, 2014) leading to sample crystallinity index
reduction in alkaline medium resulting from fibers swelling. In this case, pH neutralization in an acidic medium indicates
cellulose restructuration and higher thermal stability (Kaushik & Singh, 2011).

Since cellulose thermal degradation is influenced by its composition and crystallinity (Poletto et al., 2012b), the
agglomeration of cellulose fibrils might provide an opportunity to increase the tobacco stalk lignocellulosic crystallinity index.
For higher concentrations of cellulose solutions, hydrogen bonding can occur directly among cellulose chains hydroxyl groups.
Hydrogen-bonding drives nanocellulose fibrils to approach each other more closely and form tight aggregates resulting in

crystalline structures formation (Peng et al., 2013).

4. Conclusion

Every effort for environmental preserve requires an in-depth study and evaluation of new materials, especially when it
is intended to apply to health. Giving an unusual destination of an agricultural waste as it is the tobacco stalk and transform it in
a potential novel excipient for pharmaceutical application seemed to succeed throughout the performance of the present work.
The assays conducted in tobacco stalk samples permitted to conclude for the absence of nicotine in the examined samples. The
grinding process was successful for obtaining lignocellulosic nanofibers (LNF) showing that the material concentration

influenced the diameter of freeze-dried fibers. Measurements for the elucidation of lignocellulosic nanofibers were more efficient
14
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when XRD and FESEM were conducted whereby LNF exhibited an approximate diameter of 30 nm for both tested
concentrations. Nanofibers from TS-NFC-05 had lower crystallinity and higher thermal stability, which can be attributed to the
lower fiber dimension in comparison with TS-NFC-2. The characterization techniques applied permit to evaluate the tobacco’s
stalk biomass and expand its application field to pharmaceutics as a valuable excipient for drug development. Therefore, further
studies comprising the development of solid dosage forms applying lignocellulosic nanofibers are required, as well in vivo safety

in order to determine its promising use as excipient.
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