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Abstract: The present work emphasizes the isolation of cellulose nanofiber (CNF) from the kenaf (Hibiscus cannabinus) bast through a chemo-mechanical process. In order to develop high CNF yield with superior properties of CNF for improving compatibility in varied applications this method is proposed. The fiber purification involved pulping and bleaching treatments, whereas mechanical treatment was performed by grinding and high-pressure treatments. The kraft pulping as a delignification method followed by bleaching has successfully removed almost 99% lignin in the fiber with high pulp yield and delignification selectivity. The morphology of the fibers was characterized by scanning electron microscopy, which showed a smooth surface, fiber bundles, gel-shaped nanofiber, and an average size of 94.05 nm with 69% of CNF in 34–100 nm size. The chemo-mechanical process exhibited a more crystalline nature in CNF than pulp kenaf. The low zeta potential values exhibit the distribution of fibrils and colloidal suspension stability without any further agglomeration. A lower concentration of CNF is less stable exhibiting the product agglomeration. Therefore, the chemo-mechanical process for the isolation of CNF (Hibiscus cannabinus) from kenaf involves sustainable, low-cost, non-toxic, and cheap alternatives than other traditional methods.
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1  Introduction

Kenaf plant (Malvaceae) is a non-wood lignocellulosic and 1.5–3.5 m tall annual/biennial plant with a stem consisting of two basic parts, i.e., the bast and core. The kenaf fiber is used as a reinforcing agent in the polymer matrixes and production of economic items. The cell wall of lignocellulosic biomass forms an important raw material for the pulp and paper industry consisting of lignin, hemicellulose, cellulose, other extractives, and minor proportions of pectin [1]. It is the most abundant renewable natural resource rich in chemical compounds that can be harnessed to meet the daily needs and demands of the market. Cellulose is a linear homopolysaccharide consisting of unbranched β-(1,4)-D-glucose units connected by β-1-4-linkages [2]. In cellulose, every single monomer unit comprises three hydroxyl groups responsible for cellulose’s bonding and characteristic properties. Different types of methods have been reported to isolate the Cellulose Nano Fiber (CNF) from lignocellulosic materials, which include acid hydrolysis (yellow thatching grass) [3], high-pressure homogenization, ball milling, and grinding [4], catalytic oxidation (e.g., Oryza sativa) [5], ultrasonication [1] and enzymatic technique [6], respectively.

Chemo-mechanical treatment increases the interfacial bonding strength by making the CNF surface available for further modification through hydrogen bonding during the preparation of CNF-based nanocomposites and potential mechanical interlocking between the CNF surface and base matrix of polymer nanocomposite [7]. Further, this paper reports the isolation of CNF from the kenaf bast fiber using chemo-mechanical treatment as the product is obtained in high yield, possesses more crystallinity, purity and is free from non-cellulosic impurities (e.g., lignin, hemicellulose, wax, etc). Instead of depending on synthetic fibers, the natural CNF obtained from kenaf exhibits superior mechanical properties. Chemo-mechanical isolation helps to improve biocompatibility, hydrophilicity, resistance to high shear force, and interaction with surface modifiers for varied applications [8].

To overcome the drawbacks in the pristine polymer materials, the CNF can be used as an efficient reinforcement filler to develop low-cost, hydrophobic, and improved polymeric composite materials with higher thermal stability and lower decomposition behaviour. Heidarian et al. prepared CNF from bagasse by using the modified sulphur-free approach with a high degree of fibrillation, a diameter of 11 nm, and increased crystallinity [9]. Sanchez et al. isolated CNF from different wheat straw pulp using soda and organosolv processes where the organosolv process exhibited higher parameters like surface area, yield, average diameter of 14 nm, and good fibrillation than the soda process [10]. Zhu et al. isolated CNF from Doughlas fir using hot water extraction treatment and ultrasonication with good thermal stability, good fibrillation, and crystallinity [1]. Ravindran et al. prepared CNF from pineapple leaf fibers through the green method using lime juice for acid hydrolysis and ball milling for defibrillation with a size of 50 nm [11]. Syafri et al. prepared ramie CNF through a chemical ultrasonication process and then reinforced cassava starch hybrid composite which exhibited higher tensile strength, moisture absorption, crystallinity index, and thermal stability [12]. Sulaiman et al. prepared CNF from kenaf bast fiber using an ultrasonication technique by decreasing the size of CNF and increasing the cellulose content as potential support for enzyme immobilization [13]. Pengiran et al. investigated the CNF as a potential larvicide nanocarrier and its ecotoxicity against Daphnia magna (planktonic crustacean) and Dania rerio (freshwater fish) where CNF did not cause any mortality, immobilization, or abnormality in any species [14]. Moreover, the CNF has also been isolated from bananas, oil palm trunks [15], cotton stalks [16], Macaranga hypoleuca [17], and Jute bast fiber [18], respectively.

Further, the CNF isolated in the present study reports the isolation of CNF from kenaf bast through chemo-mechanical treatment via kraft delignification, bleaching, and mechanical treatment. To the best of our knowledge, this approach has not been reported previously for producing CNF of kenaf bast fiber with excellent crystallinity, morphology, colloidal dispersibility, and delignification. The nominal value of the zeta potential of isolated CNF is attributed to the bursting of microfibrils to nanofibrils indicating colloidal stability with uniform dispersion. Due to easy availability, cheap, excellent crystalline nature, high mechanical properties, good surface area, environmentally friendly, and low coefficient of thermal expansion, the CNF finds its highest potential in various applications such as electronics, medicine, reinforcement of automobiles, cosmetics, and polymer nanocomposite fields, respectively.

2  Materials and Methods

2.1 Materials

Dried kenaf stem fiber used in this research was procured from National Fiber Council Indonesia (DSN), Banten, Indonesia. Analytical grade Hydrogen peroxide (H2O2, mol. wt. 34.01 g/mol), sodium bromide (NaBr, mol. wt. 150.89 g/mol), sodium chlorite (NaClO2, mol. wt. 90.44 g/mol), hydrochloric acid (HCl, mol. wt. 36.46 g/mol), and ethanol (C2H5OH, mol. wt. 46.06 g/mol) were purchased from Sigma Aldrich (Darmstadt, German). Technical grades of chemicals including sodium hydroxide (NaOH) and sodium sulfide (Na2S) purchased from CV Sarana Global Sejahtera, Bogor, Indonesia were used for kraft pulping of kenaf fibers. For other analyses such as Kappa number, chemicals for titration were directly used without any purifications.

2.2 Methods

2.2.1 Preparation of Cellulose Fiber from Kenaf Stem

The isolation of CNF from kenaf bast fiber (KBF) from kenaf stem was carried out in two steps, which are discussed under (i) delignification (kraft pulping) and (ii) bleaching as reported in the Indonesian registered patent in 2023 (No. P00202306957). First KBF was cut to a length of 1–2 cm and collected in a tray before soaking it in water thrice and oven dried at 60°C (12 h). After that, the delignification was done using optimized kraft pulping conditions: NaOH (w/v, 22%), Na2S (w/v, 25%), 170°C and kept in a rotary digester for 2 h with liquor to fiber ratio of 20:1. The pulp was cleaned with water to remove the excess chemicals, impurities before starting the next bleaching step. To remove the residual lignin, hydrogen peroxide (w/v, 10%) was used prior to bleaching. Further, the pulp was bleached with MgSO4 (0.039 M), H2O2 (W/V, 35%), and NaOH (30%), maintaining the pH of the slurry at 10.5. The slurry was transferred and kept in a water bath for 120 min at a temperature of 80°C until separate white pulp and cooking liquor were obtained (Indonesian Patent No. P00202306957). The samples were washed until neutral pH, and thereafter, the mechanical treatment was performed on the bleached pulp. After pulping, the pulp yield for evaluating the effectivity of delignification to preserve carbohydrates was determined as follows TAPPI T210 cm-93). Besides that, the Kappa number of kenaf kraft pulp and bleached pulp was then determined by titration technique as reported in TAPPI (TAPPI T236 cm-85).

2.2.2 Preparation of Kenaf Cellulose Nanofiber-CNF

As reported in our registered Indonesian Patent (No. P00202306957), the bleached slurry (10 g) was hydrolyzed in distilled water (w/v, 1%). The slurry was ground using an ultrafine grinder with a double cycle until gel was formed, which is CNF. Further, centrifugation followed by homogenization was carried out on CNF suspension to decrease the fiber’s size. The gel was centrifuged twice at 7000 rpm for 15 min, and the precipitate was collected. The precipitate was re-suspended in distilled water and stirred under strong mechanical intense agitation, and the process was repeated until neutral pH. To obtain the CNF the suspension was further passed through an ultrafine friction grinding machine (super grinder) at 8000 rpm for 4 h with a time gap of 10 min between 4 times.

2.2.3 Characterization

Various properties of extracted CNF were evaluated by Scanning Electron Microscopy (SEM), FT-IR (Fourier-Transform Infrared Spectroscopy), X-ray diffraction (XRD), Particle Size Analyzer (PSA), Dynamic Light Scattering (DLS) and Zeta potential (ζ-potential). equipped with a capillary cell 1070. The particle size distribution and zeta potential of kenaf CNF suspended in water (0.25% wt.) were determined by laser Doppler electrophoresis technique according to the zeta potential value measured with a zeta sizer instrument (Horiba SZ-100). and Horiba Partica LA-960, respectively.

Scanning Electron Microscopy (SEM) images were taken on a (JSM, IT 200) instrument, and the samples were coated with a thin layer of carbon (around 20 nm) before imaging with micrographs taken at 5 kV. ATR-FTIR (Frontier, Perkin Elmer Inc., Waltham, MA, USA) spectra were used at a resolution of 4 cm−1 with a range of 400–4000 cm−1 wavelengths for functional group identification. XRD analyses were performed using an X-ray diffractometer (Shimadzu, XRD-7000, Japan), using a CuKα radiation source (wavelength (λ) of 0.15406 nm) at 40 kV, 30 mA electrical current with diffractograms of 2θ range 10–60° at a speed of 2°/min). Crystallinity percentage (Xc) was calculated based using the Lorentz fitting curve with Origin Pro 8.5.1 software (Origin Lab Corporation, Northampton, MA, USA). The following Eq. (1):


Xc(%)= Crystalline fractionCrystalline fraction+amorphous fraction
(1)

3  Results and Discussions

3.1 Effectivity Delignification and Bleaching of Kenaf Fiber

The isolation of CNF passes through different stages of delignification by kraft pulping and bleaching which was performed through chemo-mechanical treatment. Different parameters like NaOH and Na2S loading, temperature, processing time, and concentration of various solutions are used to influence the fibrillar nature, structure, purity, and morphology. It is a necessary step in the pulping process for the lignin to break down into smaller fragments that could wash out of the fiber [19]. Rich lignin concentration in kraft black liquor is another benefit of effective delignification processes like kraft pulping, which can be utilized to create chemicals and functional materials [20]. Further, the delignified products are mostly lignin involving hydrosulfide (HS) and sulfide ions that are selective to preserve more cellulose than only NaOH (soda pulping). The chemo-mechanical method accelerates delignification by attacking β aryl ether bonds and thus preserving the pulp yield [21,22]. Pulp yield is an important parameter to evaluate the pulping quality. Compared to the previous kraft pulp yield of A. melanoxylon (47%–58.2%) [23] and sorghum bagasse (40%–55%) [24], Agave gigantea (48.3%) [25], Punica granatum (30%–35%) [26] the pulp yield of this study (53.61%) is comparable. The different sources of fiber and pulping conditions might contribute to the variation in pulp yield.

The bleaching process using peracetic acid, and hydrogen peroxide (H2O2) in the bleaching also plays an important role in the removal of residual units and degradation of non-cellulosic segments such as hemicellulose, waxes, chromophores, etc., from the reaction mixture [27]. As a result of an oxidative reaction during the bleaching process, the hydroxyl groups undergo displacement reaction and form soluble derivatives which are leached off during washing. The lignin was mostly removed in the kraft pulping step, while further continued by bleaching but not too much with an extent of about 32.4% (Table 1).
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The mechanical treatment by ultrafine grinding makes defibrillation bleached pulp into CNF and is beneficial for utilization in different processes. The effectivity of the lignin-extraction phase of pulping and bleaching was evaluated by the Kappa number that represents lignin content in residual pulp. It closely relates to the pulp’s remaining lignin content. Table 1 shows the kraft pulping and bleaching treatment indicating the removal of lignin and other impurities. It is in agreement with the previous statement that residual lignin is still present after bleaching and other procedures, but excessive lignin removal is needless considering redundant paper bleaching, unnecessary contaminating agent consumption, and preventing pollution to the environment [28]. Up to 99% lignin has been successfully removed from kenaf fiber with a Kappa number below 10 on the unbleached and bleached pulp. Delignification selectivity (DS) can be used to describe the effectivity of the pulping process in which high DS represents higher lignin removal than carbohydrate degradation (cellulose degradation). Preserving cellulose with a low Kappa number value can be achieved by the kraft process, as previously stated [29]. Thus, in this study, kraft pulping was chosen for the delignification of kenaf fiber to produce CNF.

3.2 Functional Group Identification by FTIR

The FTIR spectroscopic technique was used to analyze the chemical compounds in the kenaf, unbleached pulp, bleached pulp, and CNF in the crystalline phase (Fig. 1). The absorption peaks at 1735, 1633, and 1242 cm−1 indicate the presence of hemicellulose and lignin were absent in the chemo-mechanically treated fibers, whereas the presence of peaks at 1327 cm−1 indicates the presence of lignin [30]. The characteristic peaks at 3330 cm−1 correspond to OH vibrations, 2900 cm−1 to aliphatic saturated C-H unit. The peaks at 1620–1595 cm−1 arise due to the lignin’s aromatic ring, and the peak at 1250 cm−1 is due to the C-O stretching of the ether linkage. The peaks from 1055–1032 cm−1 appear due to C-O (C2, C3, C6) and the peak for anomeric carbon (C1) at 900 cm−1 and C-O-C at 1158 cm−1, respectively [31]. Moreover, the absorption peak at 1035 cm−1 is attributed to stretching -OH and -CH groups, whereas the peak at 828 cm−1 is assigned to the presence of β-glycosidic bond [30,32]. Based on FTIR, the non-cellulosic parts were effectively removed during the chemical-mechanical treatment.

[image: images]

Figure 1: FTIR spectra of kenaf, unbleached pulp, bleached pulp, and CNF

3.3 The Crystallinity Analysis by XRD

The crystalline behavior of CNF was measured by XRD analysis. Fig. 2 illustrates the X-ray diffractogram of unbleached, bleached pulp, and CNF from kenaf. The isolated cellulose contains both crystalline and amorphous segments due to the presence of glycosidic units. This indicates the presence of H-bonding in the crystalline unit and its absence in the amorphous unit [7]. From the XRD results, the peaks at around 2θ = 16° and 22.7° are attributed to the typical pristine cellulose crystalline structure [33], suggesting that the crystal integrity was maintained during chemo-mechanical treatment.
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Figure 2: X-ray diffractograms of unbleached pulp, bleached pulp, and CNF

The crystallinity of CNF was determined at every stage of chemo-mechanical treatment. The observation affected crystallinity at each process, with the highest percentage observed at the final process (59%). During the dissolution at each stage, the amorphousness decreases with the increase in crystallinity and removal of non-cellulosic components (lignin, hemicellulose) and other impurities [34]. The crystallinity values for unbleached, bleached pulp, and CNF were 56.1%, 58.34%, and 59.32%, respectively. Thus, pure CNF is isolated with higher crystalline units, which will be used for diversified applications, respectively.

3.4 Morphological Analysis by SEM

To better understand the morphology of the kenaf, unbleached, bleached pulp and cellulose nanofiber, SEM images (Figs. 3a `–3d `) were taken at different magnifications in Fig. 3, for interfacial bonding, polymer composite treatment involving a chemical process helps the uneven surface of the pristine fiber to be actively assisted for higher molecular interaction. The soda pulping and alkaline peroxide bleaching chemical treatment on the pristine fiber removes the coverings from the fiber, like lignin, hemicellulose, wax, etc. [35,36].
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Figure 3: SEM micrograph of (a `) raw kenaf (b `) kraft pulping-treated (c `) bleached (d `) CNF

The chemical treatment makes the fibers smooth and removes the impurities besides separating the fiber bundles, with an excellent aspect ratio. After the alkaline treatment, the fiber bundles open (defibrillation) with a low diameter which can be chemically tuned for strong interactions and cross-linking at the interface. However, the alkaline treatment with varying NaOH concentrations, acid-to-fiber ratio, and immersion times affects the fiber’s morphology (Fig. 3d `), fiber texture, size, fibrillar tension, and surface roughness [37]. As a result, 5% alkali solution (3 h) and 17.5:1 acid to fiber ratio (2 h) are the optimum conditions for kenaf fiber treatment (Fig. 3c `) compared to higher concentrations, for obtaining crystalline CNF, respectively.

3.5 Particle Size Analysis

Dynamic Light Scattering (DLS) was used to determine the particle size of kenaf CNF. This method measures the average hydrodynamic particle size, which indicates how the CNF particle diffuses in a fluid. CNF particles suspended in a fluid are in constant Brownian motion with a size in the nanometer range [36,38]. This motion is the result of interaction with the molecules of the suspending fluid of known temperature and viscosity [39]. The success of the chemo-mechanical method of making CNF was evaluated by characterizing the morphology and size of the nanofiber prepared from the kenaf bast substrate using particle size analysis. This method succeeded in producing smaller nano-size CNF which were compared to kraft pulp and bleached pulp (11839.54 and 7867.19 nm) (Table 2). Based on the morphological characterization of CNF in the form of gel-shaped nanofibers with an average size of 94.05 nm which is dominated by 34–100 nm size as much as 69% and ≥100 nm size as much as 31% of CNF, this method is proven to produce CNF from kenaf bast fiber which has a higher percentage of nano-size.
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However different evaluation with PSA, Fig. 4 shows that the majority of the particle sizes were in the range of 1 to 200 μm with the mean size distribution at 35.15 μm. The CNF structures are still in the micrometer range. According to Sofla et al. [40], some particles are still in the micrometer range or longer fibers due to breakage and growth of a fibrous layer on the grinding media that decreased the effectiveness of the impact force of the media on the particles. In order to make kenaf CNF into nano size, the process of grinding may take a longer period of time. Improving the mechanical treatment in the experiment will lead to the breakdown of weaker interactions between the crystalline region and the amorphous region of CNFs, forming CNFs with smaller sizes [41].
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Figure 4: Particle size distribution of kenaf cellulose nanofibril

3.6 Zeta Potential (ζ-potential)

Zeta potential evaluates the stability and dispersion of fibers/extracted solids in an aqueous solution. Zeta potential (estimated as surface charge) can be measured by tracking the rising rate of negatively or positively charged particles across an electric field [42]. Fig. 5 shows a negative zeta potential value of kenaf CNF which was −25.3 mV. This is a clear indicator of the negative electrostatic repulsion achieved by the presence of carboxylic groups on the CNF surface [43]. The force of repulsion between the individual fibers leads to a uniform and stable dispersion in aqueous media. The carboxylic group is present due to the oxidation of cellulose [44].
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Figure 5: Zeta potential of kenaf-based CNF

Based on the result of zeta potential analysis, the particle stability behavior of kenaf CNF was considered incipient instability with heterogenicity of particle size distribution. Hence, kenaf CNF is anticipated to agglomerate over time due to interparticle interaction such as van der Waals and hydrophilic interaction [14,45].

3.7 CNF Condition during Storage

A thorough evaluation of the kenaf CNF shelf life was carried out following a 40-day storage period. Kenaf CNFs were diluted in 3 different concentrations: 1%, 5%, and 10%. From Table 3, we can see that all CNF dispersions started to settle from day 1, and for each concentration completely settled on day 1 for 1% (v/v), day 10 for 5% (v/v), and day 40 for 10% (v/v). Cellulose nanofibrils settle to a certain degree, as shown by distinct turbidity variations along the cell height [46]. This indicates that CNFs with lower concentrations tend to be more prone to agglomeration.
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The stability behavior of kenaf CNFs in this experiment was also seen as less stable. There are several factors that affect the stability of kenaf CNF. The first factor is likely due to the CNF being slightly coarser and having a broad size distribution. The mechanical disintegration of the pulp fiber fibrils is much less intense, resulting in a lower viscosity and a wider size distribution of the fibrils formed, which affects the overall colloidal stability. The second factor is influenced by the total charge of the CNF, evaluated by zeta potential measurement, which is −25.3 mV (Fig. 5), regardless of the pH or ionic strength [47,48]. These values indicate that the electrostatic contribution to the stability is low, and relatively small changes will interfere with the stability in the absence of other stabilizing mechanisms [49].

4  Conclusion

The isolation of CNF from kenaf using chemo-mechanical treatment was carried out successfully. The kraft pulping following bleaching treatment has been successful in removing lignin with preserving carbohydrates, as indicated by low Kappa number and high pulp yield of kraft pulping by 53.61%, including effective kraft pulping of biomass of 45%–55%. The majority of lignin removal is in the pulping process while the bleaching step only reduces the lignin content of unbleached pulp by 31%. Based on morphological observation, the CNF is a gel-shaped nanofiber with an average size of 94.05 nm and a yield of 69%. The characteristics of CNF indicate that CNF has a higher crystallinity degree with strong interfacial interactions after treatment. However, the zeta potential values indicate that the electrostatic contribution of CNF to stability is low, which can be overcome during organo-polymeric reactions. Evaluation of the stability behavior of CNF in various concentrations by storage time indicates that lower concentration tends to be more agglomerated and less stable. The chemo-mechanical process of isolation suggests that the CNF has a prospect as a reinforced material for polymer nanocomposites.
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Table 1: Kappa number and Pulp yield after treatment of kenaf bast fiber

Sample Kappa number  *Lignin content (%) Pulp yield (%) Delignification selectivity
Pulp kenaf 8.51 +£0.63 1.11 £0.08 53.61 £ 4.07 47.68 £+ 3.61
Pulp bleaching 5.75+£0.12 0.75 £ 0.02 92.58+19.26 —

Note: * lignin content: 0.13x Kappa number [24].
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Table 3: The kenaf CNF condition during the storage period

Storage period (days) CNF concentration (%)
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Table 2: The average size of unbleached pulp, bleached pulp, and CNF

Sample Average size (nm) Shape
Unbleached pulp (A) 11839.54 Fiber
Bleached pulp (B) 7867.19 Fiber
CNF (C) 94.05 Gel
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