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Abstract: In this study, isolated cellulose from corncobs was oxidized using 2,2,6-tetramethyl-1-

piperidinyl oxy (TEMPO) to produce cellulose nanofibrils. Cellulose nanofibrils were characterized by 

FTIR, PSA, and zeta potential to determine their chemical structure, particle size, and surface charge. 

Subsequently, the obtained cellulose nanofibrils were incorporated into the alginate matrix to produce 

composite beads. The effects of cellulose nanofibrils and alginate composition in composite beads were 

studied on the physical properties such as diameter size, morphology, drying rate, and swelling 

behavior. The result figures out a new chemical structure in the cellulose nanofibrils spectrum after the 

treatment process. The content of surface charges increases three times after the treatment process, from 

0.2 to 0.64 mmol/g. The average size of cellulose nanofibril suspension particles was 153,4, with a 

polydispersity index of 0.044 (the nanofiber range). The zeta potential value is -46.3 mV, demonstrating 

the good stability and dispersibility of the cellulose nanofibril particles. The diameter of composite 

Alginate-Cellulose Nanofibril (AC) beads was reduced from 4.003 to 3.078 mm in AC20 by increasing 

the cellulose nanofibril concentration. The capacity of alginate beads to absorb water was 30% higher 

than that of the composite AC beads. Based on SEM analysis, the morphology of AC beads was found 

to be finer and denser than that of alginate beads. The swelling kinetics of the beads indicate that the 

diffusion mechanism is a Fickian diffusion mechanism. Furthermore, cellulose nanofibril-added beads 

can potentially be used as smart materials in bioactive encapsulated applications owing to having good 

swelling properties. 

Keywords: nanocellulose; alginate beads; corncobs; swelling study; nanocomposite. 
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1. Introduction 

Alginate is a natural water-soluble polymer with good biodegradability and 

biocompatibility properties [1]. Alginate is produced from brown seaweeds and is frequently 

utilized as an encapsulating agent to preserve bioactive substances from environmental 

conditions [2]. Calcium ion crosslinking was employed extensively in the production of alginate 
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beads. Alginate beads have been developed for the encapsulation of bioactive substances, 

including Saccharomyces cerevisiae [3], protein, biochar [4], and black seed oil [5]. 

Over the past decade, the formation of alginate beads without reinforcement materials 

still has several limitations, including low mechanical strength, high porosity, low stability, 

and high swelling of the bead network in the presence of monovalent ions so that the bioactive 

encapsulated is easily released [6]. To overcome the limitation, reinforced material can be used 

to compensate for the unfavorable properties of the alginate beads matrix. In addition, the 

addition of reinforcement material is able to improve swelling performance. Previous studies 

utilized bentonite as a reinforcing material to encapsulate Beauveria bassiana [7], Lactobacillus 

rhamnosus GG [8], and amoxicillin [9]. Even though bentonite has better performance in 

decreasing the swelling degree of beads, bentonite is an inorganic material that has no 

compatibility with bioactive. Thus, using organic materials, such as biopolymers, is more 

promising than using inorganic materials in terms of compatibility with bioactive. Furthermore, 

biopolymer is abundant, biodegradable, and renewable. Cellulose is one of the biopolymers 

composed of glucose monomers and is widely used in various fields as a source for advanced 

materials, such as composites made from cellulose fibers [10]. Plant cell walls can be isolated as 

a cellulose source to obtain cellulose fibers. Thus, cellulose fibers can be modified in nano size 

and their chemical structure to obtain superior properties that are called cellulose nanofibrils and 

cellulose nanocrystal. However, cellulose nanocrystals have significant limitations, including 

low thermal stability, high water usage, and environmental incompatibility caused by the use of 

sulfuric acid. In addition, Cellulose nanocrystals are typically more expensive and have lower 

mechanical strength than cellulose nanofibrils. Thus, cellulose nanofibrils are more suitable for 

alginate beads' reinforcement material [11]. Cellulose nanofibrils have strong bonding with 

alginate because of the presence of hydrogen bonding and surface charge. 

Several methods have been proposed to synthesize cellulose nanofibrils, including two-

step oxidations of periodate and sodium chlorite, nitric acid oxidation, and TEMPO oxidation 

[12]. Compared to TEMPO oxidation, two-step oxidations of periodate and sodium chlorite are 

not as simple due to the need for two steps to finish the formation of cellulose nanofibrils. In 

addition, it indicates an unaffordable technique. As well as two-step oxidations of periodate and 

sodium chlorite, nitric acid oxidation is an uncompromising technique since it needs to form 

HNO2 before forming cellulose nanofibrils. Hence, TEMPO oxidation is a viable approach to 

synthesizing cellulose nanofibrils. Furthermore, aside from being a simple and inexpensive 

process, TEMPO oxidation delivers a negative charge to sodium carboxylate groups on the 

surface of cellulose nanofibrils [13]. Consequently, it is feasible to disperse them, resulting in 

nanofibril cellulose completely. 

In this work, cellulose-sized fibers were fibrillated by mechanical sonication treatment 

after corncob-derived cellulose was processed with TEMPO oxidation. The products are then 

mixed into the alginate matrix to generate composite beads, and their characteristics are 

evaluated, particularly the swelling kinetics behavior, since, to the author's knowledge, 

research on the parameters of this swelling behavior is currently confined to beads containing 

nanofiller-based natural material, such as corncobs. Cellulose nanofibrils can form strong 

intermolecular interactions with the hydroxyl groups (-OH) present in the chemical structure 

of alginate, enhancing the physical properties of the resulting composite beads. The presence 

of surface charges on cellulose nanofibrils would enhance the value of the manufactured beads. 
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2. Materials and Methods 

2.1. Materials. 

Corncobs were collected from agricultural waste in Jember, East Java, Indonesia. 

2,2,6,6-tetramethyl-1-piperidinyloxy, TEMPO (MW = 156.25, 98%), sodium chlorite (MW = 

90.44, technical grade 80%), and sodium alginate (Viscosity: 15–25 cP, 1% in H2O) were 

supplied by Sigma-Aldrich. Sulfuric acid (95.0–97.0 wt.%), hydrogen chloride, sodium 

hydroxide, potassium hydroxide, sodium bromide, and sodium hypochlorite were obtained 

from Merck. 

2.2. Preparation of cellulose nanofibril. 

2.2.1. Isolation of cellulose from corncobs. 

Cellulose was obtained by isolating cellulose from lignin and other components of the 

corncob. The procedure of cellulose isolation with a slight modification was applied according 

to Silverio et al. [14]. Corncobs were mashed and sieved through a 250-micron sieve to obtain 

corncob powder. The corncob powder was then added to a refluxed and stirred NaOH solution 

(2% (w/w), 80 °C, 4 h). After that, the precipitated corncob powder was washed using distilled 

water to remove alkaline residues. Then, it was dried in an air-circulating oven (30 °C, 24 h) 

and bleached using a sodium chlorite aqueous solution (1.7 % (w/w), 80 °C, 4 h) under 

mechanical stirring. After stirring, the sample was washed in distilled water and dried in an air-

circulating oven (30 °C, 24 h). 

2.2.2. Extraction of cellulose nanofibril. 

Cellulose nanofibrils were prepared using TEMPO-mediated oxidation, according to 

previous reports by Masruchin et al. [15]. The samples were ground using an aluminum mortar 

and passed through a 250 microns sieve for extracting cellulose nanofibrils with the 

TEMPO/NaBr/NaClO oxidation system at room temperature (23 °C) at pH 10.5. Two grams of 

sample were dispersed in a solution consisting of an oxidizing reagent (0.025 g TEMPO and 0.25 

g NaBr, diluted with 150 mL distilled water). Oxidation is initiated by adding 8 mL of NaClO 

solution dropwise (12.5% purity) into the mixed solution to maintain a pH of 10. In this reaction, 

the pH of the mixture decreases due to the formation of the carboxylate group. As a result, the 

pH of the mixture was kept at 10.5 by adding 0.5 M NaOH solution dropwise. The reaction was 

completed until there was no further change in the pH of the mixture. After the treatment, 0.5 M 

HCl solution was added to the mixture until the pH reached 7. Then, the oxidized cellulose fibers 

were filtered and washed using distilled water. To obtain a 2% (w/w) suspension of the water-

insoluble oxidized cellulose, the suspension was added to 200 mL of distilled water. The 

suspension was then sonicated in an ice bath for 30 minutes at 10-minute intervals to prevent 

overheating. As a result, cellulose nanofibril suspensions were obtained. 

2.3. Preparation of Ca-alginate-cellulose nanofibril beads. 

Ca-alginate-cellulose nanofibril beads were prepared according to Benhouria et al. [16]. 

Alginate-cellulose nanofibril was dissolved in distilled water and stirred at room temperature 

until homogenous. The concentration percentages of cellulose nanofibrils at 40 mg/L of the 

polymeric matrix were 0, 5, 10, 15, and 20% for AC0, AC5, AC10, AC15, and AC20 composite 
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beads, respectively. The homogenous mixture was squeezed out through a syringe without a 

needle. After that, The mixture was carefully released from the syringe into a calcium chloride 

solution (4 % w/w, diluted in cold distilled water) under mild agitation. In this process, the soluble 

alginate-cellulose nanofibril was transformed into water-insoluble Ca-alginate-cellulose 

nanofibril beads by sodium chloride, which acts as an agent of crosslinking for alginate. The 

obtained beads were allowed to harden for 3 hours at room temperature. Lastly, the beads were 

filtered and washed several times with sterile water to remove the ionized calcium residue. 

2.4. Characterization. 

2.4.1. FTIR. 

The powder from corncobs, isolated cellulose, and cellulose nanofibril was analyzed 

using a Bruker Alpha Infrared Spectrophotometer with a detector of RT-DLaTGS ZnSe. The 

experiments were measured in the range of 500–4000 cm-1 with a total of 24 scans for each 

sample.  

2.4.2. Carboxylate content measurement. 

A total of carboxylic groups in corncobs, isolated cellulose, and cellulose nanofibrils 

were measured using conductometric titration, described previously with minor modifications 

[17–19]. The suspensions with 0.05% solid content concentration were made with 80 mL of 

distilled water and 5 mL of 0.01 M NaCl. The solution of 0.1 M HCl was added dropwise until 

the pH of the suspensions was 2.5–3. A conductometer (Conductivity Probe-Vernier, USA) 

and magnetic stirring were used to measure conductivity. Then, the mixture suspensions were 

attached with a 0.01 M NaOH solution at 0.1 mL/min until the pH reached about 11. A NaOH 

solution was added to lower the conductivity and neutralize the acid. When the acid 

neutralization was complete (V1, mL), the conductivity remained constant until the endpoint 

(V2, mL) as the carboxylic group neutralization process. After that, the addition of a 

continuously prepared NaOH solution increased its conductivity. All measurements were 

carried out in duplicate. The carboxyl content was calculated using Equation 1. 

 

𝑚𝑚𝑜𝑙/𝑔 =  
𝑀 𝑁𝑎𝑂𝐻 𝑥 (𝑉2 − 𝑉1)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 (𝑔)
 

2.4.3 Particle size, distribution, and zeta potential measurement. 

The particle size, distribution, and zeta potential of 1% wt cellulose nanofibril 

suspension were analyzed by a nanoparticle size analyzer with a PMT detector at 90 degrees 

(HORIBA, Type SZ-100Z). The data of particle size obtained are presented in graph diameter 

versus frequency, and for distribution, particle size obtained graph diameter versus undersize. 

The zeta potential was recorded as a graph of zeta potential versus intensity. 

2.4.4. Bead size range. 

The size of the wet and dry beads from each formulation was measured using a 

micrometer screw (0.01 millimeters). The data was gathered and plotted against the diameter 

size of the beads. 

(1) 
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2.4.5. Scanning electron microscope (SEM). 

The topography of the beads with (AC20) and without (AC0) cellulose nanofibril was 

observed by SEM TM3030Plus Tabletop Microscope (Hitachi, China). At room temperature, 

the dried bead was placed in an adhesive carbon tip and evaluated with an accelerating voltage 

of 2-10 kV at magnifications of x100 and x1000.  

2.4.6. Drying rate study of the beads. 

The wet beads from various formulations were selected from several samples and 

weighed using an analytical balance until the mass was nearly equal. The beads were then dried 

in an oven at 30 °C until the mass was consistent. The masses of the beads were measured at 

1-hour intervals. The experiment was performed three times to ensure repeatable results. The 

obtained average values were then used to plot mass against time. 

2.4.7. Swelling properties. 

The analytical balance was used to analyze the dried beads from three distinct 

formulations. The samples were then incubated at room temperature in distilled water. The 

hourly mass of three distinct beads from each formulation was measured, and the mean value 

was determined. This procedure included measuring the mass of the enlarged beads until they 

remained consistent. Using Equation 2, the percentage of swelling degree was computed. The 

experiment was evaluated three times.  

% 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑑𝑒𝑔𝑟𝑒𝑒 =  
(𝑤𝑒𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡)

𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡
𝑥100 

3. Results and Discussion 

3.1. Purification and chemical composition. 

Cellulose is the largest component of plants, composed of lignin and hemicellulose. 

Corncobs are composed of 41% cellulose, 36% hemicellulose, 16% lignin, and 7% water 

content [20]. The pretreatment technique was used to separate non-cellulose chemicals in an 

effort to extract cellulose from corncobs, namely alkalization for delignification and bleaching 

[21], as shown in Figure 1. The corncobs in Figure 1b are prepared through a grinding process 

and then passed to a sieve with a size of 250 microns. Then, it was delignified using sodium 

hydroxide to dissolve lignin and hemicellulose compounds. It leads to a color change from 

yellow to blackish brown, as seen in Figure 1b. The delignification mechanism involved the 

saponification of structural ester bonds that bound xylane (hemicellulose) and lignin, which 

were then substituted into carboxylic salts and structures by nucleophilic acyls. As a result, 

lignin would be structurally separated from hemicellulose. Furthermore, lignin would be 

degraded by breaking the glycosidic bonds of the ether bond to produce ferulic acid and 

dissolved p-coumarin acid [22]. 

As illustrated in Figure 1c, bleaching with a 1.4% NaClO (v/v) solution was used to 

achieve pure cellulose. Compared to Figure 1b, the bleached cellulose powder product is lighter 

in hue and yields 50%. The bleaching method oxidizes and dissolves phenolic molecules or 

chromophore groups from lignin, producing white cellulose fibers [23].  

(2) 
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Figure 1. Cellulose product before and after purification: (a) ear corncobs, (b) cellulose delignification, and (c) 

cellulose powder product after the bleaching process. 

Figure 2 reflects the infrared spectra of corncobs, isolated cellulose, and cellulose 

nanofibrils. All samples generally have typical absorbance peaks from cellulose, such as the 

band peaks in the region of 3300 cm-1 and at 1100 cm-1 that are assigned to OH stretching and 

OH bending, respectively. The CH2 stretching frequency appeared as a small peak at 2925 cm-

1. The peak at 1100 cm-1 is assigned to CO stretching, and the peak at 897 cm-1 is attributed to 

the chemical bond of the cellulose chain's b-glycosidic linkage (C–O–C). In the spectra of 

corncobs, the peak at 1448 cm-1 is indicated by the presence of lignin and is attributed to the 

vibration of skeletal C=C aromatics from the lignin structure [24–26]. However, the peak is 

significantly reduced in the spectra of isolated cellulose and cellulose nanofibrils because of 

the elimination of lignin by the delignification process using chemical treatments. The peak at 

1100 cm-1 appears in all the FTIR spectra that are assigned to the C-O-C asymmetric stretching 

of the lignin and hemicellulose structures. The broad peak at 1112 cm-1 is assigned to the C-O-

C linkage from lignin and hemicellulose.  

 

 
Figure 2. Spectrum IR of corncobs, isolated cellulose, and cellulose nanofibrils. 

The intensity of these peaks is sharply reduced after chemical treatment due to the 

removal of the hemicellulose component [27]. The small peak at 1731 cm-1, which appears 

only on the spectra of cellulose nanofibrils, is related to C=O vibration as a surface charge on 

b) c) a) 

1731 cm-1 

1448 cm-1 

corncobs 

Isolated cellulose 

cellulose nanofibril 

3300 cm-1 

1112 cm-1 

2925 cm-1 

1100 cm-1 

897 cm-1 

1061 cm-1 

 – 
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cellulose because of the oxidation reaction by TEMPO/NaBr/NaClO reagent that occurs in the 

extraction of cellulose nanofibrils, as reported in previous literature [17,28]. The peaks at 1061 

and 897 cm-1 are assigned to the C-O stretching and the C-H rock vibrations of the cellulose 

[29], which appear in all spectra. The differences in all the spectra indicate that the cellulose 

nanofibril material has a higher purity of cellulose due to the reduced total of peaks that appear. 

3.2. Mechanism of production of cellulose nanofibrils. 

TEMPO-mediated oxidation leads to stable aqueous suspensions of cellulose 

nanofibril, which are negatively charged and do not tend to aggregate. During the oxidation 

process, the C6 primary hydroxyl group of cellulose fibrils was converted to the carboxylate 

group [17,30–32]. The production of stable cellulose nanofibril suspension from corncobs is 

shown in Figure 3. 

 
Figure 3. Schematic illustration of production cellulose nanofibril suspension from fibril cellulose. 

The presence of the carboxyl groups in cellulose nanofibrils was confirmed by the 

FTIR, as seen in Figure 2. These carboxyl groups will form the surface charges on cellulose 

nanofibrils. The surface charges will cause intermolecular repulsion, making it easier to form 

individual fibers, followed by mechanical treatment [33]. The individual fibers of cellulose 

nanofibril will form a stable suspension in water. 

The nano-size is important for cellulose nanofibril particles' stability and surface area. 

Thus, a particle size analyzer measured cellulose nanofibril suspensions' particle size and 

distribution, as shown in Figure 4. The average diameter of these fibers was 153,4 nm, and the 

value of the polydispersity index is 0.044, which is the nanofiber range [34]. These results are 

further evidence of the successful production of nanosized cellulose fibers in terms of length 

and width. Furthermore, the particle size distribution shows that the cellulose nanofibrils 

obtained from corncobs with TEMPO oxidation and mechanical treatment are relatively 

homogeneous.  
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Figure 4. Particle size and distribution of cellulose nanofibrils suspensions. 

The content of carboxyl groups was measured by titration conductometry according 

to the conductivity of the suspension sample. Figure 5a presents a graph of the conductivity 

correlation and volume addition of NaOH resulting from titration conductometry for corncobs, 

isolated cellulose, and cellulose nanofibrils. The result shows that the conductivity decreases 

gradually owing to the neutralization of an acid by the addition of NaOH (V1). The conductivity 

remained constant during carboxyl group neutralization. At the end of the neutralization 

process (V2), excess NaOH would increase the conductivity of suspense. Weak acids, such as 

carboxyl groups, affect the amount of NaOH required to neutralize carboxyl groups (V). The 

calculation using Eq.1 yields the carboxyl content value depicted in Figure 5b. The cellulose 

nanofibril has three times the carboxyl content of other materials. It suggested that TEMPO 

oxidation enhances the carboxyl group's presence on the cellulose nanofibril structure. The 

presence of even a modest quantity of carboxyl in corncobs and separated cellulose implies 

impurity [35]. 

 
Figure 5. Graph titration conductometric (a) and carboxyl content (b) of corncobs, isolated cellulose, and 

cellulose nanofibril. 

Surface charge is a critical characteristic affecting nanoparticle stability and diffusion 

rate. Thus, the electrical properties of cellulose nanofibril suspensions with good dispersibility 

a) b) 
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were measured by zeta potential. The mean zeta potential of cellulose nanofibril suspensions 

is -46.3 mV, as shown in Figure 6.  

 
Figure 6. Profile graph of zeta potential of cellulose nanofibrils suspensions. 

3.3. Beads composite with alginate. 

Alginate is a naturally occurring polymer that can be used as an encapsulation agent 

with Ca2+ crosslinking [40]. In this study, cellulose nanofibril was added to the alginate solution 

to produce composite beads. To investigate the influence of cellulose nanofibril level, different 

cellulose nanofibril concentrations such as 5, 10, 15, and 20 wt.% were used to produce calcium 

alginate-cellulose nanofibril, which is named AC5, AC10, AC15, and AC20, respectively. The 

mixtures were dropped into the calcium chloride solution by syringe to form the beads due to the 

crosslinking of alginate and calcium ions, as shown in Figure 7.  

 
Figure 7. Crosslinking process for the production of alginate/cellulose nanofibrils beads composite. 

-46.3 mV 
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This value is greater than the cellulose nanocrystal suspension reported by Niu et al. 

[36] of -43 mV after acid hydrolysis for 10 hours. Generally, suspension particles are stable 

when the absolute value of the zeta potential is higher than -30 mV [37,38]. These results show 

that the formation of carboxyl groups as a surface charge contributes to the increase of the zeta 

potential of cellulose nanofibril suspensions and improves the stability and dispersibility of the 

cellulose nanofibril particles. The stability and dispersibility of nanocellulose particles were 

maintained due to the electrostatic interactions caused by the small size of the nanocellulose 

particles and the higher zeta potential, resulting in a more stable suspension [39]. 

Figure 8 depicts the diameter sizes of wet and dry beads of different compositions and 

then inserts photographs of AC0 beads (without cellulose nanofibril) and AC20 beads (with 

cellulose nanofibril). The results show that the presence of cellulose nanofibril reduced the 

diameter of the beads. The presence of surface charge in the cellulose nanofibril causes alginate-

cellulose nanofibril bonds to become stronger, resulting in a smaller diameter of the wet beads 

due to shrinking [41]. While the dry beads demonstrate slight differences in all compositions, 

increasing the cellulose nanofibril concentration in the beads slightly reduced the diameter of the 

beads. It is noted that the concentration of cellulose nanofibril did not significantly affect the 

diameter size of the beads. Indeed, by a slight addition, the diameter size of the beads was 

reduced. These results are similar to the previous study [14,41,42] with the use of cellulose 

nanocrystals as filler in a composite of Poly Vinyl Alcohol (PVA) film. The result describes that 

the presence of the cellulose nanocrystal in the PVA composites makes their mechanical 

properties better because of a close association between filler and matrix, possibly in which the 

hydrogen bond between cellulose nanocrystal and PVA forms. 

 

Figure 8. The diameter size of beads from different compositions, it was inserted in a photograph of wet beads 

AC0 and AC20. 

3.4. Morphology of beads. 

Figure 9 shows the morphology of beads by scanning electron microscopy without 

(AC0) and with (AC20) cellulose nanofibrils in their composition. AC20 beads have a 

smoother and more compact surface than AC0 beads (compared to Figures 9-a and 9-b). The 

density of AC20 beads is higher than AC0 beads under magnifications up to 1000x (Figures 9-

a1 and 9-b1). The presence of cellulose nanofibril in the beads stimulates extensive 

AC0 AC20 
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intermolecular interactions with the alginate structure [14,43]. The interaction of hydrogen 

bonds that occurs between alginate and cellulose nanofibrils increases density. Thus, the surface 

of the AC20 bead is more compact. 

 
Figure 9. Image SEM of (a) AC0 and (b) AC20 formed beads with (a1) mag x100 and (b1) mag x1000.  

3.5. Physical properties of the beads. 

3.5.1. Effect of cellulose nanofibril concentration on drying beads. 

The diffusion coefficients for the desorption of the liquid from the beads influenced the 

drying rate of the beads. Beads with different compositions were selected in such a way that 

the initial weight was almost equal.  

 
Figure 10. Effect varying composition of the beads on drying rate, it was inserted the graph scale time 3-10 h. 

 Structural Shrinkage   

 More dense and 

compact  

 Compact structure    

a a1 

b b1 
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In this work, the effect of the cellulose nanofibril concentration in the beads on the 

drying rate is reflected in Figure 10. All bead samples show the same trends and state the exact 

times. Most bead samples determined a constant weight at the 4th hour, as seen in the picture 

range of 3–10 hours. However, the weight of the beads decreases as the amount of cellulose in 

the beads decreases. It was discovered that alginate beads containing less cellulose nanofibril 

and more water had a lower weight after drying than alginate beads containing more cellulose 

(AC20). The cellulose nanofibrils can interact strongly with alginate [14], making the matrix 

denser and more compact. Consequently, it minimizes the space available to bind water. 

3.5.2. The Effect of cellulose nanofibril concentration on the water uptake. 

The effects of the cellulose nanofibril concentration on the percentage of water uptake 

by the beads of different compositions were also evaluated. Figure 11 depicts the relationship 

between swelling degree percentage and time soaking. The beads showed the maximum water 

uptake during the first hour. According to the results, AC0 (without cellulose nanofibril) beads 

have a higher swelling than the beads containing cellulose nanofibril. AC0 beads have a greater 

capacity for water uptake than cellulose nanofibril beads. The presence of hydroxyl and 

carboxyl groups in the cellulose nanofibril structure reduces water uptake. In addition, the 

enhancement of cellulose nanofibril concentration will slightly reduce the hydration degree of 

the beads. For instance, AC0 decreased from 255% to 203%. It might be due to the increased 

physical crosslinking and reduced porosity in the beads [44]. The presence of carboxyl groups 

as surface charges and hydroxyl groups in cellulose nanofibrils will provide strong 

intermolecular interactions in a polymeric alginate matrix, resulting in increased bead density 

and decreased diameter size [45]. The increasing density of the beads will limit the matrix 

space for water uptake, so the swelling degree was decreased. 

 

 
Figure 11. Percentage of the swelling degree of the beads from all formulations. 
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3.6. Swelling kinetics. 

The swelling behavior of bead composites plays an important role in obtaining good 

properties, especially in protecting the encapsulation and slow-release bioactive. To investigate 

the kinetic model above for the bead composite, the graph is t versus t/s, as shown in Figure 

12a, and we can get the values of ri (the initial level of swelling), ks (the swelling rate constant), 

and Seq (theoretical equilibrium) from the slope and intersection of the plotted lines, as shown 

in Table 1. The bead swelling mechanism can be determined using Equation 3. 

𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 (𝑆) = (
𝑊𝑠 − 𝑊𝑑

𝑊𝑑
) = 𝑘𝑡𝑛 

where S is the fractional swelling ratio at time t, Ws is the swollen bead weight at time t, and 

Wd is the dried bead weight at time t = 0. The parameters for the water transport mechanism 

are k and n, which are the swelling constant and the swelling exponent, respectively [46,47]. 

The value of the swelling exponent (n) can be obtained from the slope of the drawn ln 

t versus ln S, and this value result can identify the diffusion mechanism. According to the 

literature  [48], when n ≤ 0.5, the diffusion mechanism is Fickian diffusion, and when 0.5 < n 

< 1.0, the diffusion mechanism is non-Fickian diffusion or anomalous diffusion. But, when n 

= 1, the diffusion mechanism is indicated as Case II diffusion, and when n > 1, it is called a 

super Case II diffusion mechanism, which is rarely possible. The values of n and k, as shown 

in Table 1, are obtained from the slope and intercept plotted in Figure 12c. The developed bead 

composite shows a Fickian-type diffusion mechanism, which is more suitable for biomedical 

applications such as drug delivery control and bioactive encapsulation. The swelling constant 

(k) can be associated with the diffusion coefficient (D) for Fickian diffusion [49]. The swelling 

ratio equation of the beads can be used in Equation 4. 

𝑆 =  √
𝐷

𝜋𝑟2 √𝑡 

where D is the diffusion coefficient of the bead, r is the radius of the bead, S is the swelling 

ratio, and t is the time that refers to a diffusion length. The value of D was obtained from the 

slope of the line plot drawn from t1/2 versus S, as shown in Figure 12b. The result shows that 

the D value of AC0 is 0.1089 mm2.d-1, AC5 is 0.0779 mm2.d-1, AC10 is 0.0747 mm2.d-1, AC15 

is 0.0558 mm2.d-1, and AC20 is 0.0805 mm2.d-1, indicating that the enhanced concentration of 

cellulose nanofibrils in the beads makes for a slow diffusion rate of the molecules. The lower 

water diffusion might be associated with the presence of cellulose nanofibrils in the matrix 

network. Further, as the concentration increased, the water uptake capacity of the prepared 

beads improved. Table 1 shows the kinetic parameters obtained. 

Table 1. Swelling kinetic parameters of beads composite 

Beads 

Code 

Swelling 

Exponent  

(n) 

Diffusion  

Coefficient 

(D) mm2.s-1 

Initial Swelling  

Rate (ri) [g water/g 

beads]/day 

Theoretical Equilibrium 

Swelling (Seq)  

[g water/g beads] 

Swelling Rate  

Constant (ks)  

[g beads/g water/ day] 

AC0 0.0730 0.1089 0.2250 1.6013 1.7333 

AC5 0.0909 0.0779 0.3772 2.6511 0.3772 

AC10 0.0936 0.0747 0.4325 2.3121 0.4325 

AC15 0.0972 0.0558 0.4732 2.1133 0.4732 

AC20 0.1137 0.0805 0.5958 1.6784 0.5958 

 

(3) 

(4) 
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Figure 12. Swelling kinetics curves of beads in water: (a) t/s versus t curves, (b) Ln S versus Ln t, and (c) swelling ratio versus 

t1/2 curves. 

4. Conclusions 

This study demonstrated that cellulose nanofibrils were successfully extracted from 

corncobs by a simple technique using alkali and sodium chlorite. The oxidation by TEMPO-

mediated and mechanical ultrasonication led to the production of stable aqueous suspensions 

of cellulose nanofibrils, which are negatively charged because of the presence of carboxyl 

groups. The resulting cellulose nanofibrils were exhibited in a stable water solution (-46.3 mV) 

with particle sizes in the nanoscale range (56 nm). At various concentrations of cellulose 

nanofibrils, the size of the alginate-cellulose nanofibrils beads dropped by 4.003, 3.266, 3.188, 

3.078, and 3.077 mm for 0, 5, 10, 15, and 20% of cellulose nanofibrils, respectively. The 

morphology of the beads with cellulose nanofibrils (AC20) is denser and more compact than 

without cellulose nanofibrils (AC0). Enhancing the cellulose nanofibrils in the bead reduced 

water absorption from 255% in the AC0 beads to 203% in the AC20 beads. A Fickian-type 

diffusion mechanism identifies the behavior of the beads with diffusion rates of 0.0558 and 

0.1089 mm2 d-1 for AC15 and AC0, respectively. These improvements in physical properties 

suggest a strong interaction between alginate and cellulose nanofibrils due to the hydrogen 

bond and presence of carboxyl groups, indicating a high potential for their use as filler agents 

in the matrix of nanocomposites, particularly for encapsulating bioactive materials. 

 

a) b) 

c) 
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