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Abstract: Microcrystalline cellulose (MCC) is one of the cellulose derivatives produced as a result of the depolymerization of a part of cellulose to achieve high crystallinity. When implemented in other polymers, high crystallinity correlates with greater strength and stiffnes, but it can reduce the water-holding capacity. The acid concentration and hydrolysis time will affect the acquisition of crystallinity and water absorption capacity, both of which have significance as properties of hydrogel filler. The study aimed to evaluate the properties and select the MCC generated from varying the proportion of hydrochloric acid (HCl) and the appropriate hydrolysis time as a filler for film hydrogel. MCC was produced by hydrolyzing cellulose of oil palm empty fruit bunches (OPEFB) with the HCl solution at varied concentrations and periods. The results show that the longer hydrolysis times and higher HCl concentrations increase crystallinity and density while lowering yield and water absorption. The extensive acid hydrolysis reduces the amorphous area significantly, allowing the depolymerization to occur and extend the crystalline area. The morphological properties of the MCC, which are smaller but compact, indicate the presence of disintegrating and diminishing structures. A 2.5 N HCl concentration and a 45-min hydrolysis time succeed in sufficient crystallinity as well as maintaining good water absorption capacity. The treatment produced MCC with absorption capacity of 4.03 ± 0.26 g/g, swelling capacity of 5.03 ± 0.26 g/g, loss on drying of 1.44% ± 0.36, bulk and tapped density of 0.27 ± 0.031 g/cm3 and 0.3 ± 0.006 g/cm3, respectively, with a crystallinity index of 88.89% ± 4.76 and a crystallite size of 4.23 ± 0.70 nm. The MCC generated could potentially be utilized as a hydrogel film filler, since a given proportion will be able to maintain the strength of the hydrogel, not readily dissolve but absorb water significantly.
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1  Introduction

Cellulose is one of the main components in lignocellulosic biomass, usually representing 40%–70% of the dry mass of the material. Oil palm empty fruit bunches (OPEFB) is a lignocellulosic material containing 32.97% cellulose, 31.51% hemicellulose, and 19.79% lignin [1]. In the lignocellulosic matrix, cellulose molecules as microfibrils are a series of linear β (1,4)-glucan chains and have a small size [2,3]. The hydroxyl group (OH) in cellulose causes the stability and crystallinity of cellulose. Cellulose fibrils will form intra and intermolecular hydrogen bonds with one another, which will strengthen the crystalline structure [4]. Nature cellulose that has been purified from impurities such as wax, hemicellulose and lignin through a hydrolytic reaction process is called α-cellulose. A certain amount of α-cellulose must be obtained so that microcrystalline cellulose (MCC) and nanocellulose can be produced from lignocellulosic residues [5].

MCC obtained from a variety of sources using various processes and conditions will have characteristic differences including surface area, crystallinity, water content, porous structure, molecular weight, and particle size. MCC extraction involves two main processes of cellulose purification followed by acid hydrolysis. Both treatments affect the morphology, crystallinity, and thermal stability of the resulting MCC, all these properties are interestingly studied to apply these materials in the polymer matrix. Extensive MCC production studies are necessary depending on the source of lignocellulosic materials used, as well as compliance with MCC specifications for applied products [4].

In the hydrolysis method, the naturally solid cellulose microcrystals will be fragmented because the attached amorphous cellulose is dissolved. Several approaches are applied to the production of MCC and lead to various types of micromaterials. This depends on the source of cellulose, the treatment condition, and the disintegration process. These factors will give differences in crystallinity, water content, external surface, porous structure, particle size, and molecular weight. Among all methods, the acid hydrolysis method is widely used in MCC production on an industrial scale.

MCC can be produced from any material that contains high cellulose. MCC has been synthesized from several cellulosic materials including agricultural waste [6], Posidonia oceanica brown algae [7], bagasse and rice straw [8], sawdust waste [9], cotton [10], soybean skin [11], manau rattan [12], palm fiber [13], rice husk [14], corncob [15,16], bamboo betung [17], banana fiber (Musa balbisiana) [18], red seaweed [19], coconut fiber [20], conocarpus fiber [21], OPEFB fiber [22–25].

The manufacture of MCC began with the hydrolysis process, but many modification processes such as reactive extrusion, radiation-enzymatic, acid hydrolyze, and so on have been studied in the literature. Several methods have been performed including acid hydrolysis [19,25], chemomechanical processes [26], simultaneous ultrasonic and alkaline treatment [23], steam-hydrolysis of acids [24], reactive extrusion [11,27], and hydrothermal [28].

Acid hydrolysis is considered to be the most effective for eliminating lignin. The type and concentration of acid, reaction time, and temperature are the most important parameters to be controlled during hydrolysis [29]. Acid hydrolysis is an easy process to reduce particle size, increase crystallinity, and improve the mechanical properties of a lignocellulosic material after bleaching [30]. This condition occurs because the acid attacks the amorphous areas of the fiber, and the mostly crystalline remains insoluble in the acid [31].

MCC offers nontoxicity, good mechanical strength, low density, a large surface area, biodegradability, and biocompatibility. MCC is widely utilized as a thickening, bonding, and adsorbent in the pharmaceutical and cosmetic fields, as well as gel-forming agents, stabilizers, and anticaking agents in the food and beverage industries [32]. MCC are often characterized by a high degree of crystallinity, with varied values ranging from 55%–80% as assessed by X-ray diffraction (XRD). Furthermore, due to its crystallinity, MCC is insoluble in organic solvents and water. MCC is used as a hydrogel filler to improve the mechanical robustness of the hydrogel film so that it does not disintegrate readily.

Several research used commercial MCC specifications to investigate the usage of MCC in hydrogels [33–37], filler of biocmposites film [30,38–41], and filler of membrane [42]. This research review offers an overview of the utilization of MCC generated from OPEFB waste as a raw material in the production of hydrogel films. It should be mentioned that the properties of OPEFB fiber differ from those of other fibers, resulting in various crystallinity standards. Similarly, acid concentration and hydrolysis time will have an impact. As a result, particular information on the parameters of the acid hydrolysis process on cellulose from OPEFB is required, which can indicate the acceptability of the MCC product for use in hydrogel films.

MCC has been extensively used in medicinal industries, although research into MCC as a filler on hydrogel film is still limited. The research’s distinctiveness verifies the necessity for OPEFB-based MCC with water absorption, swelling, and crystallinity features to make hydrogel films with strong water absorbent capacity and non-melting structure. As a result, the acidic concentration and extended hydrolysis will impact the crystallinity of the MCC, resulting in some modifications in the MCC’s properties. Subsequently, the precise properties of the OPEFB base MCC are essential for the hydrogel film, which will definitely be affected by the acid concentrations and length of hydrolysis utilized. The right process parameters are selected to produce MCC with the high swelling and water absorption capacity that remains considered and high crystallinity to enable its usage as a filler in hydrogel films. A hydrogel film requires to have strong water absorption capabilities. MCC, the filler with a high degree of crystallinity, is required to sustain the hydrogel’s mechanical strength and prevent it from dissolving or tearing readily.

Most commercial MCC is produced from cotton; therefore, the production of OPEFB waste-based MCC from the palm oil industry strongly supports the circular economy. The novelty of the research is to find the MCC characteristics of OPEFB at the appropriate HCl concentration and hydrolysis periods that are suitable for the requirements of hydrogel film use. Extensive research has been conducted on the properties of MCC, with a primary focus on its efficacy as a binder or filler in tablets. The tablets must be able to form compact shapes when compressed, which makes MCC an ideal choice due to its exceptional properties. When it comes to tablet production, MCC is a crucial binder due to its excellent characteristics in terms of porosity, crystallinity, and particle size [43]. In the use of MCC as a hydrogel filler, the determination of characteristics will be based on the balance of water absorption ability and swelling power to support the nature of the hydrogel film with a large water absorption ability. Hydrogel film with MCC filler also considers the crystallinity index of MCC itself so that the hydrogel is able to absorb large amounts of water while still maintaining its mechanical strength without tearing or dissolving easily.

This research aimed to find the best properties of MCC for use as a filler in a hydrogel film. The hydrogel film used as a biowrapping or an absorbent on fresh fruit and vegetables should be able to absorb the amount of water emitted by the respiration and transpiration processes. As a result, in setting the process parameters for the optimum MCC, the balance of the ability to absorb moisture and not readily dissolve on the hydrogel film becomes essential.

2  Materials and Methods

2.1 Materials

OPEFB were supplied from PT Batu Gunung Mulia Putra Agro (BGMPA) South Kalimantan, NaOH (Merck), NaClO2 (Clover Chemicals Ltd., Bridge, England), glacial acetic acid (Merck), HCl (Merck), MCC commercial (Sigma Aldrich) and distilled water. The equipment includes a beaker glass, measuring cup, centrifuge, hotplate stirrer, spatula, filter paper, filter cloth, grinder (Getra IC-06B, China) oven (Memmert, Germany), and X-Ray Diffraction (Rigaku MiniFlex Hypix-400MF 2D HPAD detector, Japan), Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) (Bruker 200546 Model Alpha, Australia), Scanning Electron Microscopy (SEM) (Brand FEI Inspect-S50 type, Japan), and Simultaneous Thermogravimetry Differential Thermal Analyzer-Differential Scanning Calorimetry (TGA-DT-DSC) NEXTA STA (Hitachi STA200RV with Real View Sample Observation, UK), and Universal Testing Machne (Zwick type z0.5kN, Germany).

2.2 Experimental Design

The MCC produces OPEFB cellulose and utilizes a random set of two-factor experimental designs that comprise HCl solution factors with varying concentrations and extended hydrolysis times. The following are the detailed treatment factors:

1.    HCl solution concentrations: 1.5, 2.5, 3.5 N.

2.    Hydrolysis time: 15, 30, 45, and 60 min.

2.3 Preparation of OPEFB

OPEFB was washed with clean water, manually separated the fibers, and then rinsed for up to 4 cycles using clean water. The OPEFB was then immersed in hot water (±100°C) for 1 h to facilitate the release of fibrous oil residue. OPEFB fibers were soaked with a 2% soap solution with a ratio of fibers and soap solution 1:4 to remove residual oil and dust for 5 h, then rinsed with clean water. The clean OPEFB fibers were drained and dried in an oven at 60°C for 48 h. Dried OPEFB fibers, cut into 5 cm, then milled and sieved to 30 mesh.

2.4 Bleaching and Delignification Process

10 g of OPEFB fibers was bleached twice using 3.22% NaClO2 with a 1:25 w/v temperature of 70°C–80°C for 1 h. The bleached fibers are dried and weighed. The bleached fibers were delignified using a 10% NaOH solution with a ratio of 1:20 (w/v) at room temperature (30°C). The delignified cellulose was washed with distilled water. The cellulose was refluxed for 30 min with distilled water for washing and then dried at 60°C for 24 h.

2.5 Production of MCC

OPEFB cellulose was hydrolyzed using 1.5N, 2.5N, and 3.5N HCl solutions at 100°C ± 2°C for 15, 30, 45, and 60 min with a ratio of cellulose: HCl solution 1:30. The obtained MCC was filtered and washed using distilled water until neutral. MCC was dried at 60°C for 24 h. The obtained MCC was grounded to make powder.

2.6 Production of Hydrogel

The hydrogel is produced by combining a 3% MCC solution and a 3% CMC solution with a citric acid crosslinker. MCC 3% is prepared by dissolving 3 grams of MCC in a 6/4/90 ionic solution of NaOH/urea/water, whereas CMC 3% is made by dissolving it in aquades. MCC 3% solution and CMC 3% solution are mixed in a 90:10 and 80:20 ratio, respectively, and 10% glycerol (v/v) is added from the MCC/CMC mixture. The solution is mixed at room temperature, and then monohydrate citric acid is added as a 5% (b/v) crosslinker of the mixture of MCC and CMC solutions. For two hours, the solution was mixed to room temperature. The hydrogel solution is frozen for 24 h (−2°C) and then thawed at room temperature until it melts. The casting technique involves pouring the solution into a glass cup and crosslinking it for 24 h at a temperature of 80°C to produce a hydrogel film.

2.7 Characterization of MCC and Hydrogel

MCC was tested, including yield, loss of drying, bulk and tapped density, water absorption capacity, and swelling capacity. The chemical structure of cellulose was analyzed by Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) (Bruker 200546 Model Alpha), crystallinity analysis was carried out by X-Ray Diffraction (XRD) (Rigaku MiniFlex Hypix-400MF 2D HPAD detector), while the morphology analysis of MCC using Scanning Electron Microscopy (SEM) Brand FEI Inspect-S50 type, thermal properties using Simultaneous Thermogravimetry Differential Thermal Analyzer-Differential Scanning Calorimetry (TGA-DT-DSC). Tensile strength hydrogel measured based on ASTM D882 using Universal Testing Machne (Zwick type z0.5kN, Germany).

2.7.1 Loss on Drying

MCC initial (a) dried in an oven at 105 C for 24 h. MCC after drying weighed (b) and drying loss calculated by determining the amount of weight reduction after drying. Loss of drying was calculated using Eq. (1).


Loss on drying (%)=a−bax 100%
(1)

2.7.2 Bulk and Tapped Density

5 g of the MCC sample was weighed, put into a 50 mL measuring cup, leveled the surface, and read the volume. The bulk and tapped density were calculated as the ratio of the sample weight to the volume read on the measuring cup and volume after 500 tapps [44]. The tapped volume was determined by dropping/tapping the cylinder on a flat wooden platform from a height of about 2–3 cm at 2–3 s intervals until there was no further reduction in the volume of the material. Bulk density and tapped density were calculated by Eq. (2).


Density (g/cm3)=sample weight (g)/volume (cm3)
(2)

2.7.3 Water Absorption Capacity and Swelling Capacity

The centrifuge tube with known weight (c) was filled with 0.2 g of MCC (a), then 10 mL of distilled water was added and vortexed. Then it was left for 30 min, centrifuged at 3500 rpm for 10 min, and decanted and weighed (b) [44]. Water absorption capacity and swelling capacity were calculated by Eqs. (3) and (4).


Water absorption capacity (g/g)=b−am
(3)


Swelling capacity (g/g)=b−cm
(4)

a = dry sample weight + centrifuge tube weight (g).

b = weight of sample that has been wetted + centrifuge tube weight (g).

c = centrifuge tube weight (g).

m = sample weight (g).

2.7.4 Swelling and Ensile Strength of Hydrogel

The weighted hydrogel mass is immersed in the swelling medium of aquades pH 7 ± 0.5, during 24 h, the swollen gel is wiped with filter paper, the hydrogel is removed and then immediately weighed. The swelling is calculated using the following Eq. (5). Tensile strength of hydrogel was determined using an ASTM D882 by universal tensile machine.


Swelling (%)=WsWt x 100%
(5)

where Ws is the weight of the swelling hydrogel, and Wt is the dry weight of hydrogel.

2.7.5 Fourier Transform Infrared Spectroscopy

Fourier transforms infrared (FT-IR) spectra were acquired on an Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) (Bruker 200546 Model Alpha) using KBr discs. With a resolution of 2 cm−1, the scanned range was 4,000 to 400 cm−1. The peak areas were integrated using the OriginPro program.

2.7.6 X-Ray Diffraction

X-ray diffraction (XRD) was carried out to study sample crystallinity. The sample patterns of all cellulose samples were pressed to form pellets and recorded on an X’Pert X-ray diffractometer using Ni-filtered Cu Kα radiation (30 kV and 30 mA). The diffraction intensity was measured between the Bragg angle (2θ) of 3°–90°. Scan speed of 10°/min, step width of 0.02°. The crystallinity index (CrI) was calculated by the Segal formula at Eq. (6) [45].


CrI (%)=(I002−Iam)/I002 x 100
(6)

where I002 indicates the maximum intensity of the 002 peaks around 2θ = 22.0°–23.0°, and Iam is the lowest intensity corresponding to the value of 2θ around 15.0°–17.0°.

The d-spacings were calculated using Bragg’s equation (Eq. (7)) and the crystallite sizes were calculated from the Scherrer equation as follows:


L=Kλβcosθ
(7)

where L is the size of crystallite (nm), K is the Scherrer constant (0.94), λ is the X-ray wavelength (0.15418 nm), β is the FWHM (full-width half maximum) of the lattice plane reflection in radian, and θ is the corresponding Bragg angle (reflection angle).

2.7.7 Thermal Properties

The thermal properties of the MCC samples were examined using Thermogravimetry (TG), Differential Thermogravimetry (DTG), and Differential Scanning Calorimetry (DSC) on Simultaneous Thermogravimetry Differential Thermal Analyzer-Differential Scanning Calorimetry (TGA-DT-DSC) (NEXTA STA (Hitachi STA200RV with Real View Sample Observation). Samples weighing between 3 and 10 mg were utilized. Each sample was heated from ambient temperature (30°C) to 550°C at a rate of 5°C/min under nitrogen 100 mL/min.

2.8 Data Analysis

The quantitative data was evaluated using variance analysis (ANOVA) at a 5% error rate (α = 0.05), and if the treatment factor had significant effects, the Duncan Multiple Range Test (DMRT) was used to determine the distinction in treatment. The data was analyzed using IBM SPSS Statistics version 24. Data of FTIR, XRD, TG, DTG and DSC were analyzed by OriginPro program. Qualitative data were presented descriptively.

3  Results and Discussion

MCC is derived from the α-cellulose structure, which is insoluble in NaOH 17.5% solution. It is known that OPEFB fibers used as raw materials for MCC contain hemicellulose of 31.51%, cellulose of 32.97%, and lignin of 19.79%. Following the acid bleaching process in two phases and base delignification can greatly reduce impurities of hemicellulose and lignin. OPEFB-derived cellulose includes 83.0% cellulose, 9.30% hemicellulose, and 1.70% lignin. MCC is a cellulose derivative material that has the potential to evolve into a polymer composite. α-cellulose OPEFB extraction results vary from 83% to 94% [1] indicating that it has the potential to be developed into MCC. MCC is a partially hydrolyzed and depolymerized cellulase product with irregular amorphous areas [46]. The acid hydrolysis technique is used to process the OPEFB cellulose with concentration variations of 1.5, 2.5, and 3.5 N and extended hydrolyzing periods ranging from 15, 30, 45, and 60 min. The conversion of OPEFB cellulose into MCC is illustrated in Fig. 1.
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Figure 1: Process step of MCC from OPEFB

The acid hydrolysis process that converts OPEFB-based cellulose to MCC causes a variety of changes in the cellulose. The most noticeable change is that the cellulose structure will be shorter, which will correlate with the increased density as well as the shape on the rougher cellulosa surface. SEM is capable of illustrating the size of minute crushed cellulose particles. Acid hydrolysis will also eliminate the amorphous structure of hemicellulose as well as lignin. This relates to MCC having a higher crystallinity index than cellulose. Similarly, MCC crystals are greater in size than cellulose.

The structure and properties of MCC vary depending on the origin of the cellulose and the hydrolysis parameters used, such as temperature, hydrolyze time and acid concentration. MCC was chosen as a filler for film hydrogel products in this investigation. It should be emphasized that the MCC employed should sustain the hydrogel’s stiffness while also having a high moisture absorption capacity. To acquire such features, the acid concentration and hydrolysis time must be known.

Cellulose microfibrils lack a regular surface because they are composed of crystalline and amorphous areas. The cellulose chains in amorphous regions are randomly aligned in a long straight pattern, resulting in a reduced density in these noncrystalline regions. As a result, acid attack is possible in the amorphous area. Hydronium ions can penetrate the cellulose chains of these amorphous domains, causing hydrolytic fragmenting of glycoside bonds and, finally, the disintegration of individual crystals. Due to free movement following hydrolytic splitting, these crystals can grow in size. This implies that MCC crystallites were larger in dimension than the original microfibrils [47].

3.1 Yield and Loss on Drying

The acid hydrolysis method used in the MCC process will diminish the cellulose mass. The acid will degrade part of the cellulose structure, the amorphous part, leaving the crystalline part. The intensity of depolymerization depends heavily on the acid concentration and the hydrolysis length. Table 1 shows that the higher the concentration of HCl and the longer the hydrolysis will further reduce the yield of MCC. Cellulose hydrolysis with 1.5 N HCl provides MCC in the 80–90% range, although yield decreases at higher HCl concentrations. MCC yields range from 70% to 80% when using a concentration of HCl 3.5 N. The yield of MCC decreases with rising HCl concentrations and extended hydrolysis, as shown in Figs. 2a and 2b. The acid hydrolysis process will degrade some cellulose components, particularly the amorphous fragments of hemicellulose and lignin. The more intensive the hydrolysis, the greater the cellulose mass decrease and the increased cellulose crystalline component of the cellulose.
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Figure 2: The effect of hydrolysis time anc HCl concentration on yield (a, b); and density (c, d)

MCC suffers from drying loss due to moisture loss, with MCC hydrolysis results of HCl 3.5 N showing more significant drying losses than concentrations of 1.5 and 2.5 N. Drying loss rates vary but tend to be above 2% at HCl 3.5 N concentrations, while 1%–2% at HCl 1.5 and 2.5 N concentrations. MCC commercial has a loss on drying specifications of less than 7%, and the resulting OPEFB-based MCC passes the specifications.

When MCC is used as a binder or filler in granulation, its moisture content impacts cohesiveness. The compaction properties of MCC are insensitive to humidity fluctuations below 3% moisture content. Increasing the water content to a suitable level will usually boost the material’s binding strength. Moisture can boost the strength of a material’s van der Waals bond, but with over 3% water content, the bond strength decreases because the hydrogen bonds linking the hydroxyl groups in the cellulose chain are disrupted. Increasing the free water content reduces the intermolecular forces of attraction, allowing particle dispersion [48]. The mechanical properties of MCC change considerably when the moisture content surpasses 5%–6%; at greater moisture content, bond strength, and compaction decline.

3.2 Bulk and Tapped Density

MCC, a result of acid hydrolysis, has partially depolymerized, indicating a high crystalline structure. The crystalline structure will support the mass density of the MCC. The higher the HCl concentration the longer the hydrolysis time, resulting in higher bulk density (p ≤ 0.05) and tapped density (Table 2).
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A higher density signifies a lower volume level within the same unit mass. This implies that MCC hydrolyzed at HCl 3.5 N has a higher density. MCC hydrolyzed at HCl 2.5 N with hydrolysis times of 45 and 60 min exhibited bulk density and tap density similar to hydrolyzed MCC at HCl 3.5 N with hydrolysis times of 15 and 30 min.

The MCC density rises as the acid hydrolysis length increases, this phenomenon can be seen in Figs. 2c and 2d. The density characteristics are utilized to provide an overview of MCC’s compression and density, mainly if MCC is employed as a solid product filler. Adding MCC with high-density characteristics leads to a lower volume since it is more compact, as shown by the tap density.

MCC has a relatively low density, and MCC based on OPEFB is similar to MCC based on other material sources. The bulk density of Gossipium herbaceum-based MCC is 0.37–0.53 g/cm3, and the tapped density is 0.47–0.60 g/cm3, whereas MCC of Avicel PH 102 has a bulk density of 0.31 g/cm3 and a tapped density of 0.38 g/cm3 [49].

3.3 Water Absorption Capacity and Swelling Capacity

MCC is commonly used as a filler in various products to improve density and sturdiness. MCC is added to tablets to boost their binding capacity and reduce disintegration. MCC is used as a filler in the use of hydrogels to maintain the strength of the hydrogel, which is naturally easy to absorb water.

Water absorption in the hydrogel above its capacity causes the hydrogel to soften. MCC as a hydrogel filler necessitates a balance of properties as an absorbent and a hydrogel structural stabilizer. Tables 3 and 4 illustrate how each HCl concentration and hydrolysis time affected water absorption and swelling capacity. Increasing the HCl concentration to 3.5 N reduced water absorption and swelling capacity. Fig. 3 illustrates these phenomena. The same result is obtained by increasing the hydrolysis duration to 60 min. The hydrolysis of Gossipium herbaceaum cellulose in 2.5 N HCl for 15 min produced an MCC with a hydration capacity of 2.55–2.86 [49], and the MCC of OPEFB had a slightly higher water absorption capacity (Table 3) than Avicel PH 102, which was 3.55. Reduced hydroxyl in the acid hydrolysis process and higher structural crystallinity in MCC can both induce a decrease in water absorption capacity.
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Figure 3: The effect of hydrolysis time and HCl concentration on water absorption capacity (a, b); and swelling (c, d)

The changes in hydrogen bonding, the crystallinity of MCC, and the reduction of its amorphous part are significant factors in water absorption. As the crystallinity of MCC increases, its hydroxyl bonds and amorphous portion decrease, resulting in reduced water binding. Fick’s law explains how a particle can move from one component to another due to differences in concentration or available space. Water is absorbed into MCC through a phenomenon similar to water diffusion since it occupies the available space. However, if MCC is more crystalline, the strong bonds make it difficult for water to diffuse into it.

The acid hydrolysis process will diminish the amorphous structure in cellulose, allowing for easier water binding. Cellulose’s amorphous portions contribute significantly to water interactions. The hydration properties of cellulose are also strongly affected by the polymer’s supramolecular structural features, which are very heterogeneous and include multiple regions with intermediate qualities (paracrystalline) in addition to crystalline and amorphous regions [50]. The paracrystalline area is a charged area created during drying by internal tension contraction and thermal characteristics [51]. When cellulose is exposed to water, the water is first dispersed in the cellulose microfibril matrix, causing significant swelling. This swelling will drastically alter the form and size of the absorbent pore structure. The presence of a crystalline cellulose structure causes a minor absorption of water. The water absorption value can predict amorphocrystalline polymer crystallinity, which helps estimate their physicochemical properties and applications.

Table 4 presents the swelling ability of the MCC derived from OPEFB, and it was observed that the more intense hydrolysis resulted in lower swelling capacity, which was in line with the decreased water absorption capacity. MCC volume increases due to particle swelling. The swelling time and water retention rate are primarily determined by the structural characteristics of MCC, such as density, porosity, and crystallinity [43]. MCC, although naturally hygroscopic and insoluble in water, exhibits expansion when it comes into contact with water. These characteristics are crucial if MCC is utilized as a filler for granulated products.

MCC is a type of water-insoluble filler known for its ability to swell and retain water well, which is also shared by calcium pectinate and sodium alginate fillers. When MCC is used as a filler in the wet granulation method, it absorbs water and becomes moist quickly. MCC also has the ability to retain moisture, which makes the wet mass less prone to overwetting caused by excess liquid during granulation [52]. The swelling ability of MCC is the key to enhancing the mechanical strength of the hydrogel, enabling it to retain water in the matrix without dissolving.

In using MCC in hydrogel films, the ability to absorb water is essential because MCC provides support for mechanical strength and maintains water absorption binding capacity. The mechanical strength of a hydrogel will later be affected by the presence of a crystalline structure in the MCC. The larger the crystalline structure will affect the hydrogen bonding capacity of the hydroxyl structure in it so that the ability to absorb water decreases and the texture is not sturdy. As a result, the effectiveness of crosslinkers used in hydrogels to strengthen their bonds will also be reduced.

3.4 Fourier Transmittance Infrared Spectroscopy

The spectrum of various major functional groups in MCC is shown by FTIR analysis (Fig. 4). MCC’s essential wavenumbers are 1035, 1313, 2897, and 3313 cm−1. At a wavenumber of 1035 cm−1, the OPEFB MCC is higher and sharper than the commercial MCC, and it is broader with a wavenumber of 3309 cm-1. Meanwhile, OPEFB, cellulose, and MCC wavenumbers are underway to slope at 1252 cm-1, 1629 cm-1, and 2915 cm-1, respectively. The decline in absorption from 1629 to 1252 cm−1 suggests that converting OPEFB fibers into cellulose and MCC removes a large percentage of lignin and hemicellulose [53], and intermolecular hydrogen bonding decreases at that wavenumber [54].
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Figure 4: FTIR analysis of OPEFB fibers, cellulose, and MCC

The FTIR spectrum demonstrates a shift in the crystal structure of cellulose to MCC by an increase in the crystalline band. Fig. 4 depicts the intensity intensification of 3309 cm−1 caused by OH stretching vibrations in hydrogen bonds. The properties of the MCC spectrum’s hydrogen bond peaks are sharper than those of cellulose, which might be associated with the simplicity of intra and intermolecular hydrogen bonds. Similarly, the crystallinity band sharpens around 1312 cm−1 as a CH2 bending vibration. Likewise, the peak at 1035 cm−1 has a higher intensity than cellulose due to ring vibrations and C-O-C bonds. The wavenumber area of 2897 cm−1 indicates the presence of an amorphous area, characterized by C-H stretching vibrations to a higher wavelength than the cellulose and declines in intensity in the spectrum band.

3.5 X-Ray Diffraction

The hydrolysis of amorphous cellulose results in the formation of MCC, which increases the number of crystalline structures in cellulose. Acid hydrolysis with HCl causes partial destruction of disordered cellulose areas and breaks 1,4-glucan bonds to a certain degree of polymerization, resulting in a high degree of crystallinity [55]. In terms of yield, MCC yield loses linearly with acid concentration and hydrolysis time. This implies the presence of amorphous decay of the structure.

A crystalline structure in MCC correlates with a lower amorphous structural composition in cellulose. The amorphous structure enhances the ability to absorb water. The amorphous area of MCC is more hydrophilic than the crystalline component; hence, the absorbed water content is proportional to the amorphous fraction. MCC powder with a lower crystallinity level may contain more water than MCC powder with more crystals. MCC with a low degree of crystallinity will absorb water more easily because water absorption occurs in amorphous rather than crystalline areas.

Table 5 illustrates the way increasing the HCl concentration to 3.5 N and prolonging the hydrolysis time to 60 min impacts the crystallinity index of MCC. When cellulose is hydrolyzed with 2.5 N HCl, its crystallinity index rises, even though the acid hydrolysis periods of 45 and 60 min differ not appreciably (Figs. 5a and 5b). The higher the HCl content and the longer the hydrolysis period, the further the white cellulose turns cream, changing the hue of the final hydrogel.
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Figure 5: Effect hydrolysis time and HCl concentration on CrI (a, b), and crystallite size (c, d)

The XRD analysis revealed the size of the crystallites in the resulting MCC. The size of the crystallites in MCC grows with increasing HCl concentration and hydrolysis length time (Figs. 5c and 5d). In line with the crystallinity index, the crystallite size of MCC produced by 2.5 N HCl hydrolysis tended to be more significant, and the hydrolysis times of 45 and 60 min produced crystallite sizes that were not significantly different (Table 6). Acid hydrolysis causes cellulose fragmentation and the breakdown of individual crystals. Free movement occurs after hydrolytic splitting, and these crystals can increase, leading to larger MCC crystals [47]. When compared to commercial MCC, OPEFB MCC has a similar crystallinity index. The analysis results show that MCC commercial has a crystallinity index of 89.52% and a crystallite size of 3.94 nm. Several lignocellulosic materials have been investigated for MCC conversion, with varying MCC crystallinity results. MCC based on rice husk has a CrI of 52.2% [14], MCC from Saccharum spontaneum has a CrI of 74.06% [56], MCC from oil palm frond has an index of 87% [13], MCC from OPEFB has CrI of 87% [22] and MCC from jute with CrI of 74.09% [57].
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During hydrolysis, the acid will penetrate the amorphous region, causing the breakage of glycosidic linkages and the release of individual crystallites [47], which will grow and be ordered in parallel, increasing cellulose crystallinity [58]. The larger the crystallite size, the more extensive the hydrolysis. High crystallinity is influenced by the ability of the hydroxyl groups to form intramolecular and intermolecular hydrogen bonds in the cellulose chain to achieve a compact structure [59]. MCC with high crystallinity provides stiffness and strength when used as a filler in other polymers.

Cellulose has an amorphous phase with crystallographic planes centered at 2θ = 18° and a crystalline phase with peaks located at 16°, 22°, and 34°. Fig. 6 shows MCC crystallinity with an average peak 2θ of 22.54° and a range of 2θ from 22.24° to 22.82°. MCC is sharper and greater in intensity than cellulose or OPEFB fiber. Crystallinity is enhanced as intramolecular and intermolecular hydrogen bonding increases during the cellulose-to-MCC transformation [60]. The elimination of hemicellulose and lignin and an enhancement in tensile strength contribute to MCC’s increased crystallinity [55]. High crystallinity MCC can be used as a preferred reinforcement material in preparing composite products [4] focused on hydrogel films in particular.
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Figure 6: XRD analysis of OPEFB fibers, cellulose, and MCC

3.6 Scanning Electron Microscopy

Fig. 7 illustrates MCC’s structural and morphological changes after 45 min of hydrolysis with HCl concentrations of 1.5, 2.5, and 3.5 N. Increasing the HCl concentration disintegrates the cellulose structure, which is crumbly and smaller when investigated at the same magnification as the structure at 3.5 N HCl concentration. The degradation of the cellulose structure expands more intensely as the concentration rises, as seen in the image with a magnification of 1000x. The diminishing yield and growing crystallinity index will demonstrate it. Because hemicellulose is less rigid than cellulose, deterioration and abrasion will occur first in the amorphous cellulose structure, particularly in the hemicellulose component, during hydrolysis. With increasing concentration and length of time, the breakdown will lead to the cellulose component and give rise to a greater crystalline structure.
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Figure 7: SEM analysis of MCC in magnification 150x, 500x and 1000x on N1.5T45 (a, b, c); N2.5T45 (d, e, f) and N3.5T45 (g, h, i)

The acid hydrolysis process breaks cellulose into tiny fragments, as shown in Fig. 7, where it is broken down into smaller pieces at a concentration of 3.5 N HCl. The acid treatment reduces the fibril structure’s regularity and increases surface area with a significant degree of degradation. As a result of the hydrolysis of 3.5 N HCl concentrations, it seems that a more substantial number of fractures and fissures emerge on the MCC surface. The cracks form due to the rapid diffusion of acids into the cellulose structure, which decomposes the amorphous hemicellulose matrix and produces a dense structure containing patches of crystalline cellulose [15].

3.7 Thermal Properties

The thermograms of commercial MCC and OPEFB MCC hydrolyzed in 2.5 N HCl for 45 min, including TG and DTG, are shown in Fig. 8. The commercial MCC, a 5% mass reduction (onset temperature) decomposition process was obtained at a temperature of 298.14°C, while a 50% mass decomposition process was obtained at a temperature of 332.66°C. Compared to the OPEFB MCC, a 5% mass decomposition was obtained at 248.64°C, whereas 50% decomposition occurred at 336.19°C. The MCC OPEFB appears to have a higher amorphous structure. MCC loses mass at temperatures of 250°–375°C, with the maximum degradation occurring at 325°C [61]. The higher onset temperature suggests more thermal stability, which coincides with a high degree of crystallinity in MCC [62].
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Figure 8: Analysis of TG and DTG of MCC of OPEFB and commercial MCC (MCC-C); (a) correlation TG and DTG; (b) DTG curve; (c) TG analysis curve

The evolution of non-combustible gases such as CO2, CO, formic acid, and acetic acid causes the first breakdown of cellulose. The fraction is thought to be lower in OPEFB MCC than in commercial MCC, resulting in a lower percentage of mass loss at the onset of degradation. Pyrolysis and the evolution of flammable gases occur in the second degradation stage at temperatures greater than 350°C. According to Fig. 8c, the DTG profile reveals that the MCC OPEFB structure’s breakdown rate is higher at 350°C than commercial MCC. MCC OPEFB retains 3.65% of its residual at 550°C, while commercial MCC has 3.88%. This indicates that the commercial MCC and OPEFB MCC contain non-volatile carbon compounds robust to a wide range of pyrolysis temperatures. A detailed analysis of MCC’s TG is presented in Table 7.
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At temperatures above 350°C, OPEFB MCC has a sharper slope curve than commercial MCC, indicating that it decomposes more quickly. At this temperature, the mass reduction in commercial MCC was only 42.75%, reaching 85.19% in OPEFB MCC. The inclusion of anhydroglucose polymer chains will improve the intermolecular and intermolecular bonds, making the material stronger [63].

The heat required to raise the sample and reference temperatures as a function of temperature is measured using Differential Scanning Calorimetry (DSC). The DSC test assesses the structural composition of glass and its glass transition properties, melting, and degradation temperatures. The OPEFB MCC contains two exothermic peaks at 350.07°C and 476.7°C, whereas the commercial MCC peak pattern begins with an endothermic peak. Fig. 9 illustrates the DSC analysis of OPEFB MCC and commercial MCC.

[image: images]

Figure 9: Analysis DSC of MCC of OPEFB and commercial MCC (MCC-C)

The negative peak on the commercial MCC indicates an uneven transition at 333.89°C, where melting occurs due to amorphous polymer breakdown. In OPEFB MCC, a positive and sharp crystallization peak forms, transitioning from cluttered to ordered, and a crystal is forming. Impurities are assumed to be responsible for the creation of two peaks.

Under certain conditions, continued acid hydrolysis can lead to the formation of unwanted reactive degradation products such as organic acids (such as formic acid, acetic acid, and butyric acid) and furans (such as hydroxy methyl furfural and furfural). These furans, along with oxycellulose, cellulose-reducing end groups, and linear monosaccharides, can react and create new products through Maillard reactions. Commercial MCC PH 102 may contain impurities, such as glucose, HCHO, and small amounts of hydrogen peroxide, which may affect the reactivity of microcrystalline cellulose with active pharmaceutical ingredients [64]. Furthermore, it is suspected that the Maillard reaction products in MCC can potentially cause a browning effect on the hydrogel film. However, further investigation is required to determine the extent of this effect.

3.8 MCC Application Test as Hydrogel Film Filler

Hydrogel-based polymer is a three-dimensional polymer capable of absorbing water due to its hydrophilic characteristics, resulting in a wide range of applications in food packaging. Hydrogel-based food packaging provides a lot for prospective as green and environmentally friendly packaging [65], as well as the ability to preserve fruits and vegetables fresh. The application of biopolymer-based hydrogel in food packaging is still limited currently, but its beneficial properties, such as biocompatibility, nontoxicity, and biodegradability, make it worthwhile to develop [66]. The hydrogel is typically made as a film and dried to fulfill its features as a water absorber, even though it has good mechanical strength as a fresh food packing film. Research has shown that gelatin-based hydrogels with MCC and NCC can manage moisture and minimize exudates [67]. MCC added to biocomposite film enhances tensile strength, light transmission, and thermal stability while reducing water solubility [40].

The MCC generated under optimal conditions, especially hydrolysis at a concentration of 2.5 N HCl for 45 min, was tested for formulation with carboxymethyl cellulose (CMC) to make a hydrogel. The MCC and CMC composites used in the current research are OPEFB cellulose derivatives. Fig. 10 represents the test at 10% and 20% MCC, which makes the casting process easy and non-torn while remaining elastic and robust. Water absorbs up to 400–600 times its weight.
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Figure 10: (a) Hydrogel film from MCC and CMC; (b) swelling test of hydrogel film from MCC:CMC 10:90, (c) swelling test of hydrogel film from MCC:CMC 20:80

Hydrogels produced entirely of CMC have low mechanical strength and rupture easily. This indicates that while MCC frequently acts as a filler for tablet reinforcing, it also has the potential to be used as a hydrogel film filler for biowrapping. Previous research has been completed to reinforce the mechanical structure of hydrogel films utilizing CMC composites with synthetic polymers, including CMC with polyvinylpyrrolidone (PVP) [68–70], and CMC with polyethylene oxide [71]. In this research, the evaluation of OPEFB cellulose-based MCC and CMC composites on hydrogel films indicated the MCC’s potential for usage as a filler that can boost mechanical strength in certain proportions while maintaining water absorption. More research is required to realize the potential of MCC synthesis from OPEFB.

The mechanical strength of physically connected hydrogels can be improved when the physical interaction between polymer chains is enhanced by increasing the polymer concentration. Alternatively, these hydrogels can be strengthened by forming a liquid crystalline phase in the polymer solution, even at low concentrations, such as through freeze-thaw stages. Forming a liquid crystalline phase increases the mechanical strength of hydrogels through the strong, rigid intermolecular interactions of the liquid-crystalline structure [54]. MCC incorporation in HDPE and cantala fiber composites can significantly increase mechanical strength, including tensile strength, flexural strength, and impact strength [72].

The mechanical strength of the hydrogel film produced can be indicated by the texture during the swelling test or by using the tensile strength test (Table 8). Hydrogel film with CMC/MCC formulation 90:10 has a solid structure after absorbing a certain amount of water and expands the initial 200% and 400% after rehydration of the dry gel. While the hydrogel film with CMC/MCC 80/20 formulation can expand initially up to 600%, and rehydration of the dry gel reaches 1300%. CMC/MCC formula 80: 20 formula is able to absorb water relatively high, expands but decays from its shape, but does not dissolve (Fig. 10).
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In biowrapping, not only are the specifications able to absorb moisture, but also, mechanically, when it comes to water, it is able to maintain its structure. Table 8 shows that the tensile strength of hydrogel film from CMC/MCC formulation 90:10 tends to be higher than CMC/MCC 80:20, but for strain at max force for 80/20 is higher than 90/10. In the future, the suitability of each hydrogel formula, CMC, and MCC will depend on the product application specifications. CMC/MCC formulas 80:20 can be developed at high water absorption levels for the hydrogel, such as absorbent pads in food and non-food products.

4  Conclusions

MCC from OPEFB is one of the potential cellulose derivatives that can be developed. This MCC can be used as a filler in composite products, specifically hydrogels. Hydrogel with specific features has a high water absorption capacity. In using MCC as a hydrogel film filler, MCC should encourage the hydrogen gel so it is not readily dissolved. Therefore, MCC with higher crystallinity and water absorption ability is required to formulate the cellulose-based hydrogel. It was discovered that the higher the concentration of HCl and the longer the hydrolyze performed produced MCC with more excellent crystallinity, while the water absorption capacity was decreased.

Hydrolysis of OPEFB cellulose in 2.5 N HCl for 45 min results in a balanced property with a high degree of crystallinity yet adequate water absorption. The more intense the acid hydrolysis, the larger the crystallites and the greater the loss of the structure. However, the thermal test findings reveal that the MCC of OPEFB in 2.5 N HCl for 45 min still has an amorphous structure, allowing for adequate water absorption. This treatment with CMC resulted in good hydrogel quality in a hydrogel film synthesis test with an MCC composite. Hydrogels may absorb large volumes of water and keep their structure intact without disintegrating.
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Table 3: Data of water absorption capacity of MCC

Hydrolysis Water absorption capacity (g/g) Mean

time (min) HCI 1.5 N HCI 2.5 N HCI3.5 N

15 5.40 £0.14 4.49 £0.16 4.49 +£0.16 4.57°+0.74
30 4.86 + 0.53 432 +0.84 432 +0.84 4.22° +0.67
45 436 £0.11 4.03 £0.26 4.03 +£0.26 3.85*£0.58
60 4.14 £0.22 3.89 £ 0.09 3.89 £ 0.09 3.65* £0.58
Mean 4.69° + 0.56 4.18° +0.29 3.34*+0.37

Note: Different letters in the same column indicate significantly different treatments (p < 0.05).
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Table 8: Data of hydrogel characteristics

Formula Swelling Characteristics Gel fraction Gel after Tensile strength Strain at F
CMC/ (%) (%) rehidration (%)  (Mpa) max (%)
MCC

90/10 22272 gel 10.06 488.46 0.295 48.74
80/20 603.02  soften gel 5.87 1314.29 0.237 75.98

(swinging)
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Table 4: Data of swelling capacity of MCC

Hydrolysis Swelling capacity (g/g) Mean

time (min) HCI 15 N HC12.5N HCI3.5N

15 6.30 £0.28 5.49 £0.16 4.79 £0.28 5.53°+0.70
30 5.86 £ 0.53 5.32+0.13 4.47 £0.07 5.22° +0.67
45 536 +0.11 5.03 £0.26 4.15+0.15 4.85% £0.57
60 5.14 £ 0.22 4.88 £0.93 3.94 +0.15 4.65% £0.58
Mean 5.67°+0.54 5.18°+0.29 4.34*+0.37

Note: Different letters in the same column indicate significantly different treatments (p < 0.05).
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Table 7: Analysis TG of MCC

MCC of OPEFB

Commercial MCC

Temp (°C) Weight (ug) Temp (°C) Weight (ug)
T1 233.00 Wi 4123.00 T1 290.29 Wi 3413.77
T2 350.00 w2 1128.00 T2 350.00 w2 487.35
T3 496.55 W3 167.00 T3 495.27 W3 279.14
AT, 117.00 AW, (a) 72.64% AT\, 59.70 AW/, () 85.72%
AT, 3 146.55 AW, 5 (b) 85.19% AT, 3 145.27 AW, 5 () 42.75%
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Table 1: Data of yields and loss of drying MCC

Hydrolysis MCC yields (%) Loss on drying (%)
time (min)

HClI15N HCI 1.5 N HCI1.5N HCI15N HCI15N HCI15N
15 92.95 £ 0.34 87.77°+022 83.40°+0.72 121+031 1.96+0.05 2.92+0.41
30 80.37°£1.60 8526°+0.84 79.59°+1.06 0.73+0.02 0.96+0.00 2.18+0.72
45 86.06°+ 1.11 81.30°+£0.36 77.44°+030 1.45+002 1.44+036 3.37+0.68
60 85.899£0.67 79.829+0.19 74.749+£022 244+040 0.98+0.03 2.17+0.34

Note: Different letters in the same column indicate significantly different treatments (p < 0.05).
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Table 6: Data of crystallite size of MCC

Hydrolysis time (min) The crystallite size (nm) Mean
HCI1.5N HCI2.5N HCI35N

15 3.40 £0.12 3.77 £0.93 325+0.25 3.62% £0.44

30 3.68 £0.36 4.09 + 0.80 4.00 + 0.49 3.96°°+0.42

45 3.83 £0.45 4.23 +£0.70 449 +0.14 4.28%°+0.44

60 4.22 +£0.48 4.78 £0.71 4.63 £0.17 4.33°+0.44

Mean 3.70* +0.35 4.37°+0.35 4.06"+0.56

Note: Different letters in the same column indicate significantly different treatments (p < 0.05).
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Table 2: Data of bulk and tapped density of MCC

Hydrolysis
time (min)

Bulk density (g/cm®) Tapp density (g/cm?)

HCI1.5N HCI1.5N HCI1.5N HCI1I5N  HCI15N HCI 1.5 N

15
30
45
60

0.21* + 0.005 0.24* +0.016 0.28°+0.001 0.24%+0.017 0.26* + 0.000 0.32°*+ 0.006
0.22* £ 0.003 0.24*+0.016 0.31°+0.001 0.25"+0.022 0.28%* +0.022 0.35° 0.016
0,22% +0.003 0.27° +0.031 0.37¢+0.020 0.24*+0.022 0.31°° +0.006 0.40%+ 0.023
0.23% +0.005 0.30°+0.001 0.39%+0.012 0.25*+0.016 0.33°*+0.001 0.43% 0.012

Note: Different letters in the same column indicate significantly different treatments (p < 0.05).
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Table S: Data of crystallinity index of MCC

Hydrolysis time (min) Crystallinity index (%) Mean

HCI 1.5N HC12.5 N HCI3.5 N
15 71.25 +3.47 79.27 £ 8.79 79.37 +2.69 76.63 ® +£6.05
30 70.60 + 3.12 77.41 £0.53 75.87 + 14.42 74.62% £7.33
45 82.00 + 6.10 88.89 £ 4.76 83.48 £ 6.92 84.79° © £5.66
60 83.60 + 14.00 89.22 + 6.43 88.51 + 11.83 87.11° £9.11
Mean 76.86" +8.78 83.70" +7.31 81.817 £9.11

Note: Different letters in the same column indicate significantly different treatments (p < 0.05).
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