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Abstract 
Indonesia, a major pineapple producer, generates substantial biowaste that can harm the ecosystem. To address 

this, bacterial cellulose (BC) was produced through microbial fermentation of pineapple peel waste. The study aims 

to evaluate the properties of BC after it has been reinforced with nanoclay. Methods include cellulose synthesis via 

fermentation with pineapple biowaste extract, followed by cellulose alkalization, defibrillation, and the synthesis 

of bacterial cellulose with nanoclay concentrations of 2, 4, 6, and 8 wt.%, which is then dried to form a solid 

membrane. SEM, XRD, FTIR, tensile testing, antibacterial activity, and porosity analysis were used to characterize 

the samples. The results show that nanoclay has a considerable influence on the surface morphology of cellulose 

composites. XRD analysis confirmed that nanoclay incorporation disrupted the BC crystalline structure, reducing 

crystallinity as nanoclay content increased.  Furthermore, nanoclay reduces the membrane’s crystallinity index to 

75.3% at 8 wt.% nanoclay concentration, FTIR analysis revealed changes in functional groups, indicating strong 

interactions between BC and nanoclay. Although tensile strength decreased with higher nanoclay content, 

membrane porosity improved at 6 wt.%, enhancing membrane permeability. Antibacterial testing showed 

significant inhibition of E. coli and S. aureus, with the highest activity observed at 8 wt.% nanoclay. 
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1 Introduction 

 

Waste management is a critical challenge affecting 

sustainable development and environmental quality, 

particularly in growing urban areas [1]. Indonesia, 

with a rapidly expanding population and economy, 

generates about 91,324.49 tons of waste per day tons 

per day [2] with the majority made up of agricultural 

waste, sewage sludge, and food waste [3]. Agricultural 

waste includes all organic waste materials, such as 

vegetables, fruits, meat, dairy products, poultry, and 

crops [4]. In 2024, Indonesia produced approximately 

2.7 million metric tons of pineapples [5]. Assuming 

pineapple peels constitute about 13.48% of the fruit's 

total weight [6]. They generate roughly 363,960.00 

metric tons of pineapple peels and require proper 

management to maximize their societal benefits. 

Cellulose is the most abundant biopolymer in the 

world, widely utilized in many applications [7]. They 

comprise repetitive anhydrous glucose units that are 

covalently bound via acetal linkages and include 

recurring hydroxyl groups. Bacterial cellulose (BC) is 

a potential form of cellulose synthesized by specific 

bacterial species consisting of β-14 glucan chain 

assembled by hydrogen bond [8]. BC contributes to its 

utility in various industries, including healthcare [9], 

packaging [10], and membrane technology [11].   

Membranes are categorized into polymeric and 

inorganic types depending on their composition [12]. 

Polymeric membranes are widely preferred due to 

their affordability, tunable pore sizes, configurational 

flexibility, and scalability [13]. The incorporation of 

nanomaterials has led to the development of polymeric 

nanocomposite membranes with enhanced mechanical 

strength, thermal stability, and separation efficiency 

[12], [14]. Among these, nanoclay stands out due to its 

layered silicate structure, which improves the physical 

and chemical properties of polymer composites [15]. 

It enhances mechanical strength, durability, and 

adsorption capacity, making it valuable for high-

performance membrane applications [16].  

Despite these advantages, polymer-nanoclay 

composites face challenges, particularly in achieving 

uniform nanoclay dispersion, ensuring compatibility, 

and maintaining scalability. In bacterial cellulose (BC) 

membranes, nanoclay integration is especially 

challenging due to agglomeration and variable 

interactions within the polymer matrix. While BC 

membranes are well-studied for their biocompatibility, 

structural integrity, and filtration capabilities [17], the 

effects of nanoclay on crystallinity, porosity, and 

antibacterial properties remain insufficiently explored. 

Overcoming dispersion issues is critical for optimizing 

nanoclay-enhanced BC membranes [18], [19].  

The influence of nanoclay on BC membrane 

properties remains insufficiently explored, making it 

challenging to optimize nanoclay content for practical 

applications. This study aims to develop a bacterial 

cellulose membrane from pineapple peel waste and 

evaluate the impact of nanoclay on its characteristics. 

The membrane's suitability for potential applications 

is evaluated using characterization techniques such as 

scanning electron microscopy (SEM), X-ray 

diffraction (XRD) for crystallinity, Fourier transform 

infrared spectroscopy (FTIR) for chemical bonding, 

tensile testing for mechanical properties, and 

antibacterial testing.  

 

2 Material and Methods 

 

2.1 Materials  

 

The pineapple peel waste collected from local sources 

(region of Malang, East Java, Indonesia) and 

Acetobacter xylinum strains were provided by the 

Microbiology Laboratory, Muhammadiyah University 

Malang, Indonesia. The nanoclay was purchased from 

Sigma-Aldrich, USA. 

 

2.2 Bacterial cellulose synthesis process 

 

BC synthesis was conducted according to the 

previously published procedure using a static batch 

fermentation which is effective for uniform cellulose 

formation at the air-liquid interface [8]. The process of 

cellulose synthesis began by mixing 300 g of 

pineapple peel waste with 2 L of water using a blender 

for 10 min at 26,000 rpm to release essential nutrients. 

The mixture was filtered to obtain pineapple peel 

extract. 2 L extract was then boiled for 15 min. to 

eliminate unwanted microbes, and cooled until room 

temperature for use as the fermentation medium. The 

fermentation was started by adding 10% of A. xylinum 

into the 1 L extract containing 100 g glucose as the 

carbon source and 5 g ammonium acid as the nitrogen 

source, then adjusting the pH at 4.5 using acetic acid 

solution (purity 99.7%, Smart-Lab, Indonesia) to 

create optimal growth conditions for A. xylinum while 

minimizing contamination. The fermentation process 

was conducted under static conditions at 25–30 °C for 

10 days, allowing BC to form as a floating pellicle at 

the air-liquid interface. After 10 days, the BC was 

harvested and rinsed thoroughly with water until a 

neutral pH was achieved to remove residual fermentation 
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components and impurities. This method effectively 

utilizes pineapple peel waste as a sustainable and cost-

efficient substrate for bacterial cellulose production. 

 

2.3 Bacterial cellulose defibrillation 

 

Defibrillated BC was produced following previously 

published methods [20] to break down BC networks 

into nanoscale fibrils. Fibrillated BC was prepared by 

adding 600 mL of deionized water (dH2O) with 6% 

NaOH solution to facilitate cellulose swelling and 

partial hydrolysis. 200 g of BC produced from 

the fermentation process were added into the solution 

and heated at 90 °C for 2 h to remove residual bacteria, 

proteins, and other impurities while enhancing fiber 

separation. The boiled BC was washed at least twice 

with dH2O until neutral to ensure the removal of 

excess alkali. To achieve finer fibrillation, 50 g of BC 

was mixed with 1 L of dH2O and then crushed using a 

blender (Wirastar, Indonesia) for 5 min, 3 times to 

break down larger cellulose aggregates. The slurry 

was then further processed using a high-pressure 

homogenizer (AH-100D, Berkeley Scientific, China) 

for five cycles at 150 bar, which exerted intense shear 

forces to separate BC fibers into nano-sized fibrils. 

Finally, the fibrillated BC was filtered to remove any 

remaining large particles and prepared for further 

processing.   

 

2.4 Synthesis of bacterial cellulose membrane 

nanocomposite 

 

The membrane fabrication process involved 

incorporating nanoclay into the bacterial cellulose 

(BC) matrix through a dispersing and casting method. 

This step includes the preparation of BC in the 

procedures of alkalization and defibrillation (section 

2.3) to improve fiber dispersion. The process began by 

dispersing 10 g of fibrillated BC in 100 mL of dH₂O 

and stirring for 30 min. to ensure uniform distribution 

of cellulose fibrils. Simultaneously, the nanoclay at 

concentrations of 2, 4, 6, and 8 wt.% was separately 

dissolved into 100 mL of dH2O for each concentration, 

followed by stirring for 30 minutes to minimize 

agglomeration and achieve homogeneous dispersion. 

To further break down nanoclay agglomerates and 

enhance their interaction with BC, the nanoclay 

mixture was subjected to ultrasonic treatment using a 

sonicator (400 W, 20 kHz, Ningbo Lawson Smarttech, 

China) for two cycles of 30 min each. This high-

energy sonication process helps to exfoliate nanoclay 

layers, increasing surface area and improving 

dispersion within the BC matrix. After sonication, the 

nanoclay suspension was combined with the 

fibrillated BC solution, poured into a mold, and dried 

in an oven at 50 °C for approximately 20 h. The slow 

drying process ensured uniform film formation and 

minimized defects, leading to the development of a 

stable BC/nanoclay nanocomposite with enhanced 

structural integrity.  

 

2.5 Characterization 

 

The structural and morphological characteristics of the 

BC/nanoclay membrane were analyzed to evaluate its 

surface features and crystallinity. The BC/Nanoclay 

membrane's shape and surface morphology were 

examined using Scanning Electron Microscopy-SEM 

(FEI Inspect S50, Japan) to observe the distribution of 

nanoclay within the BC matrix. Before SEM 

inspection, the membrane's surface was coated with a 

thin layer of gold around 10 nm thick using a film 

coater to enhance conductivity and improve imaging 

quality. The crystallinity of the BC/nanoclay 

membrane was determined by X-ray Diffraction 

(XRD, PanAnalytical X’pert pro, USA) for samples 

with dimensions of 10 x 10 mm2. Scanning was 

performed utilizing diffraction angles ranging from 

10° to 90°, CuKα wavelength (λ) 1.54, 30 mA, and 40 

kV. Crystalline index (CI) and crystallite size (CS) was 

calculated using Equations (1) and (2), respectively, to 

quantify the degree of crystallinity and the average 

size of crystalline domains, helping to determine the 

impact of nanoclay reinforcement on the BC matrix. 

 

𝐶𝐼 =  
𝐼22 −  𝐼18

𝐼22

𝑥 100% (1) 

𝐶𝑆 =  
𝐾 𝜆

𝛽𝑐𝑜𝑠𝜃
 (2) 

 

The BC/nanoclay membrane was further 

characterized to evaluate its chemical composition, 

mechanical properties, and porosity. The functional 

group analysis was carried out using Fourier 

Transform Infrared (FTIR) spectroscopy (Prestige-21 

type instrument, Shimadzu, Japan), which scanned 

from 400 to 4000 cm–1, to provide insight into 

molecular interactions between BC and nanoclay, 

allowing the identification of characteristic absorption 

peaks corresponding to cellulose, nanoclay, and 

possible functional modifications. The mechanical 

strength testing followed the ASTM D638-V standard. 

The test was repeated three times with a pulling rate 

of 3.5 mm/min, and the average value was calculated 
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to ensure reliability. The samples were formed 

according to ASTM D638-V and inserted between 

tensile testing machine grips. The porosity of the 

membrane was measured using BET (Brunauer-

Emmett-Teller, Micromeristic Instrument, USA) 

method. The test used nitrogen gas as the adsorbate 

medium. Prior to examination, the membrane samples 

were degassed at 105 °C for 4 h to remove any residual 

moisture or contaminants that could interfere with 

adsorption measurements. 

 

2.6 Antibacterial activity 

 

The evaluation of the antibacterial activity of the 

BC/nanoclay membrane was conducted using two 

different bacteria: Staphylococcus aureus (Gram-

positive) and Escherichia coli (Gram-negative) to 

determine its effectiveness in inhibiting bacterial 

growth. The agar disk diffusion method was 

employed, where membrane samples were prepared in 

circular discs of 5 mm diameter. BC control 

membrane, tested alongside the antibiotic 

chloramphenicol, served as the positive control to 

compare antibacterial effectiveness. The BC 

membranes containing nanoclay with concentrations 

of 0, 2, 4, 6, and 8 wt.% was designated as Samples I, 

II, III, IV, and V, respectively. After the incubation 

process, the inhibition zones around each sample were 

measured. The size of these zones revealed the 

antibacterial activity of each membrane. Larger 

inhibition zones indicated stronger antibacterial 

properties, demonstrating the impact of nanoclay 

incorporation on bacterial suppression.  

 

3 Result and Discussion 

 

3.1 Analysis of bacterial cellulose nanocomposite 

morphology 

 

BC/nanoclay morphology was observed under SEM 

with results as shown in Figure 1, which reveals 

distinct differences across various nanoclay 

concentrations. Figure 1(a) shows the BC membrane 

without any reinforcement. The pure BC membrane 

exhibits a smooth and uniform surface with a well-

organized fibrous network. At 2 wt.% nanoclay 

(Figure 1(b)), the clay particles are visible throughout 

the nanocomposite as small aggregates on the surface, 

maintaining structural homogeneity. (Figure 1(c)). At 

4 wt.% nanoclay (Figure 1(c)), small clusters of 

nanoclay begin to form, and agglomeration becomes 

visible, leading to irregularities in the BC structure, 

and reduced uniformity and slight distortion of the 

fibrous structure. A more significant change is 

observed at 6 wt.% nanoclay (Figure 1(d)), where 

nanoclay agglomeration becomes prominent, creating 

a rougher surface and increasing particle inclusions, 

thereby disrupting the BC network. Nanoclay leads to 

excessive clustering, causing poor nanoclay 

dispersion and highly distorted BC fibrils. The most 

severe structural disruption occurs at 8 wt.% nanoclay 

(Figure 1(e)), where strong van der Waals forces lead 

to excessive clustering, causing poor nanoclay 

dispersion and highly distorted BC fibrils. This 

progression suggests that lower nanoclay 

concentrations (2–4 wt.%) maintain uniform dispersion 

with minimal impact on BC structure. Whereas higher 

concentrations (6–8 wt.%) result in significant 

aggregation, which can affect mechanical strength, 

crystallinity, and overall membrane performance. 

Different morphology is caused by nanoclay 

agglomeration due to van der Waals forces of 

nanoclay [21]. These forces cause the particles to 

interact and cluster together rather than uniform 

dispersion, which affects the mechanical and 

structural properties of the nanocomposite. 

Agglomeration also occurred due to no surface 

modification using nanoclay. Modification exchanges 

the inorganic cations naturally present in the clay with 

modifiers such as alkylammonium, or phosphonium 

ions, that expand the interlayer spacing [18] to 

improve chemical compatibility in the BC matrix. 

Another process identified is insufficient sonication 

causes the nanoclay to not be completely broken down 

and remain in the form of agglomerates. On the other 

hand, excessive sonication can collapse the BC 

structure [22], which interferes with the dispersion of 

nanoclay. 

 The BC membrane exhibits reduced crystallinity 

after the homogenization process, resulting in a more 

evenly dispersed nanoclay. The SEM analysis also 

highlights that the nanoclay reinforcement alters the 

surface morphology, indicating enhanced interfacial 

bonding between the BC matrix and nanoclay.  
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Figure 1: Morphology of BC membrane (a) without addition, the addition of nanoclay: (b) 2 wt.%, (c) 4 wt.%, 

(d) 6 wt.%, and (e) 8 wt.%. 

 

3.2 Crystallinity analysis of bacterial cellulose 

nanocomposite 

 

The crystallinity of BC was affected by the addition of 

nanoclay. The result of crystalline analysis is depicted 

in Figure 2 and Table 1.   

 

 
Figure 2: Diffraction pattern of BC membrane with 

nanoclay reinforcement. 

 

Diffraction peaks of the membrane observed at 

~14°, 16°, 19°, 22°, 26°, and 36°.  The peaks 15,  

16, and 22 is corresponding to the cellulose Iβ 

structure [23]. Nanoclay insertion resulted in 

additional peaks at ~19° and 36°. The emergence of an 

XRD peak of 26.49° in BC membrane is atypical for 

standard cellulose structures. This may indicate the 

formation of additional crystalline phases or the 

presence of impurities introduced during the 

pretreatment process using alkali. This phenomenon is 

also found in banyan aerial root fiber after alkali 

treatment [24] and also in nanofiber from rubber 

leaves after bleaching treatment [25]. 

Membrane control has a CS of 29.08 nm.  At low 

nanoclay concentrations, such as 2 wt.%, a reduction 

in CS occurs at 9.25 nm. The nanoclay tends to 

disperse well within the bacterial cellulose (BC) 

matrix leading to effective intercalation between the 

cellulose fibrils. Better dispersion disrupts the 

crystalline order, reducing the CS, and resulting in 

improved homogeneity of the composite.  However, 

as the concentration of nanoclay increases specifically 

at 4%, 6%, and 8 wt.% agglomeration of nanoclay 

particles occurs due to van der Waals forces between 

the particles, as revealed by SEM analysis (Figure 1). 

This agglomeration leads to uneven particle 

distribution within the BC matrix, disrupting the 

crystalline order and causing fluctuations in CS, which 

ranged from 8.48 nm to 10.18 nm for the higher 

concentrations. The 2 wt.% nanoclay concentration 

likely provides the optimal balance between 

dispersion (Figure 1(a)) and interfacial interaction 

with the BC network resulting in better mechanical 
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strength compared to the other nanoclay 

concentrations (see Figure 4).  

Additionally, the incorporation of nanoclay 

reduces the CI of the BC membrane, indicating a 

disruption in the structural order of the crystalline 

material. CI decreased with the addition of nanoclay 

from 81.6% (BC control) to 75.3% (8% nanoclay), 

indicating that nanoclay disrupted the BC crystalline 

structure. This effect becomes more pronounced with 

increasing nanoclay concentrations, as the formation 

of an ideal crystalline structure is hindered by complex 

interactions with nanoclay particles. Moreover, the 

higher solution viscosity at higher nanoclay content 

may obstruct polymer chain intercalation among the 

clay lamellae, affecting crystallite formation. Tsekova 

and Stailova (2022) indicate that higher content of 

nanoclay (10 wt.%) in cellulose acetate makes 

membranes more amorphous structure but increases 

their adsorption capacity to dyes [26].   

 

Table 1: Peak in diffraction angle and crystalline properties of BC/nanoclay membrane. 
Sample Peak in Diffraction Angle () CI (%) CS (nm) 

Control 14.49 16.87 - 22.69 26.65 - 81.6% 29.08 

BC/Nanoclay 2 wt.% 14.49 16.91 19.97 22.69 26.57 36.41 79.8% 9.25 
BC/Nanoclay 4 wt.% 14.41 16.83 19.89 22.67 26.45 36.39 76.6% 10.18 

BC/Nanoclay 6 wt.% 14.47 16.77 19.89 22.65 26.51 36.27 76.3% 8.48 

BC/Nanoclay 8 wt.% 14.41 16.89 19.87 22.65 26.49 36.23 75.3% 10.18 

The CS initially decreased at 2% (9.25 nm) but 

fluctuated at higher concentrations due to nanoclay 

aggregation. As the nanoclay concentration increases 

up to 6 wt.%, the CS decreases, indicating enhanced 

intercalation or partial exfoliation of the nanoclay 

layers. However, at 4 wt.% and 8 wt.%, the CS 

stabilizes around 10.18 nm, suggesting partial 

intercalation with reduced exfoliation. This trend 

implies that higher nanoclay concentrations initially 

promote structural disruption and intercalation, but 

beyond a certain point, the structure stabilizes, resulting 

in minimal changes in CS. 

The observed difference in crystalline properties 

after adding various nanoclay content can be attributed 

to multiple factors, including the dispersion efficiency 

[27], interaction forces between the nanoclay and the 

polymer matrix [28], and the degree of exfoliation [29] 

or agglomeration [30]. At lower concentrations (2 

wt.%), the nanoclay is more uniformly distributed, 

leading to better interaction with the cellulose matrix 

and a greater reduction in CS. However, at higher 

concentrations, agglomeration effects dominate, 

reducing the effectiveness of intercalation and affecting 

the overall crystalline structure. 

The significant reduction in CS observed at lower 

nanoclay concentrations suggests potential applications 

in nanocomposite membrane design, where finer 

crystalline structures may enhance specific 

functionalities. For example, membranes with smaller 

crystallites could exhibit improved flexibility, better 

adsorption properties, or enhanced interaction with 

target molecules in filtration applications. Future 

studies should explore optimizing nanoclay dispersion 

techniques, such as the surface modification or 

ultrasonic treatment, to maintain a fine crystalline 

structure while minimizing aggregation effects. 

Additionally, investigating the relationship between CS 

and mechanical or permeability properties could 

provide deeper insights into tailoring bacterial cellulose 

nanocomposites for advanced applications. 

 

3.3 Functional group analysis 

 

Analysis of the functional group of BC/nanoclay 

membrane using FTIR is shown in Figure 3. The O–H 

stretching vibration observed around 3200–3600 cm⁻¹ 

is attributed to the extensive hydrogen bonding network 

in bacterial nanocellulose, indicating the presence of 

hydroxyl groups that contribute to its hydrophilic 

nature [31]. The lower transmittance of the BC 

membrane after adding nanoclay indicates that the 

membrane has more hydrophilic properties. The C–H 

stretching peak near 2800–2900 cm⁻¹ corresponds to 

the aliphatic –CH and –CH2 groups in cellulose, 

reflecting the polysaccharide structure of bacterial 

cellulose [32]. The presence of nanoclay disrupts the 

cellulose matrix, causing shifts in molecular alignment. 

This disruption modifies the dipole moment of the C–

H bond, reducing IR absorption efficiency and thus 

lowering transmittance. The peak at 1730–1740 cm⁻¹ 

represents C=O stretching, which may originate from 

acetyl or carboxyl groups from the pineapple peel-

derived cellulose or oxidation during processing [33]. 

Nanoclays contain functionalized surfaces (e.g., 

hydroxyl groups (silanols and aluminols), carboxyl, or 

amine groups) [34] that interact with the C=O groups 

in the cellulose matrix. These interactions modify 

electron density around the C=O bond, affecting its IR 
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absorption. The C–H bending vibrations observed in 

the 1250–1450 cm⁻¹ range are associated with cellulose 

deformation [35]. Lastly, new peaks are present in 

wavenumber in the range 900–1100 cm⁻¹ that indicate 

the characteristic Si–O–Si stretching, confirming the 

presence of nanoclay, indicating its dispersion within 

the nanocomposite matrix [36].  

 

 
Figure 3: FTIR analysis of BC membrane reinforced 

by nanoclay. 

 

3.4 Mechanical properties 

 

Figure 4 shows the results of the tensile test of BC with 

the addition of various concentrations of nanoclay.  

The tensile strength of the material decreases with 

the addition of nanoclay compared to the control, which 

shows the highest tensile strength at 26.76 MPa. 2 wt.% 

nanoclay showed the least reduction in tensile strength 

compared to the BC pure. The tensile strength drops to 

22.22 MPa, indicating a reduction in the material's 

mechanical performance. As nanoclay concentration 

increases to 4 wt.%, the tensile strength continues to 

decline sharply to 13.85 MPa, possibly due to particle 

agglomeration or uneven dispersion in the matrix and 

possible weak points. However, as the nanoclay 

concentration reaches 6 wt.%, the tensile strength 

slightly improves to 14.15 MPa, indicating that at 

higher concentrations, the dispersion of nanoclay 

improved. At 8 wt.%, the tensile strength further 

increases to 15.37 MPa, which suggests that higher 

nanoclay content might enhance the material’s 

structure. 8 wt.% nanoclay slightly improved over 6% 

but remained significantly weaker than the control. 

 
Figure 4: Tensile strength of BC membrane reinforced 

by nanoclay. Note: the same notation (a) to (d) are not 

significantly different (n=3, p-value > 0.05). 

 

The addition of nanoclay results in a lower tensile 

strength compare to the control. The relationship 

between nanoclay concentration and tensile strength 

follows a non-linear trend. At 2% nanoclay, the tensile 

strength shows the least reduction compared to the 

control, suggesting that at this level, the nanoclay is 

well-dispersed, reinforcing the bacterial cellulose (BC) 

matrix (Figure 1(a)) without significantly disrupting its 

polymer network. However, as the nanoclay 

concentration increases beyond 2%, aggregation effects 

become more dominant (Figure 1(c) to (e)), leading to 

potential weak points in the structure and a decline in 

tensile properties. This aligns with the CI of 79.8% at 

2% nanoclay, which indicates a moderate disruption in 

crystalline order while maintaining structural integrity. 

However, as the nanoclay concentration increases 

beyond 2%, aggregation effects become more 

dominant, leading to potential weak points in the 

structure and a decline in tensile properties. The CI 

drops further to 76.6% at 4%, 76.3% at 6%, and 75.3% 

at 8%, confirming that higher nanoclay concentrations 

increasingly interfere with the crystalline structure. 

Interestingly, a higher nanoclay percentage does 

not necessarily result in the lowest tensile strength. 

While excessive nanoclay can lead to agglomeration 

and structural inhomogeneity, certain concentrations—

such as 6% or 8%—may still exhibit improved 

interfacial bonding compared to intermediate levels 

like 4%. This is because, at specific concentrations, the 

dispersion and interaction between nanoclay and BC 

fibers may still provide some reinforcement. Therefore, 

optimizing nanoclay content is crucial to balancing 

mechanical reinforcement with structural integrity, 
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rather than assuming that increasing nanoclay always 

weakens the material. This variation may be caused by 

nanoclay’s influence on the structural integrity of the 

material, including factors such as particle dispersion, 

matrix interaction, and potential agglomeration at 

different concentrations [37], [38]. The HPH process 

also contributes to the structure of the BC membrane, 

including changes in the fiber network, resulting in the 

influence of the tensile strength [39]. 

Figure 5 demonstrates how the change in 

composition affects Young's Modulus. Young’s 

Modulus is a measure of the stiffness of the material. 

The control has the highest Young’s Modulus at 36.77 

MPa. By increasing the composition up to 2%, Young’s 

Modulus falls notably to 16.66 MPa, showing an 

apparent decline in stiffness [40]. This decline 

continues at 4%, where the modulus further decreases 

to 8.63 MPa, indicating the material has become even 

more flexible. However, as the composition increases 

to 6%, there is a slight recovery in stiffness, with a 

modulus of 12.16 MPa. Finally, at 8%, Young’s 

Modulus rises modestly to 15.99 MPa, yet it remains 

significantly lower than the control. Overall, the trend 

shows that increasing the composition initially leads to 

a decrease in Young’s Modulus, though beyond 4 wt.% 

nanoclay concentration, the material regains some stiffness. 

 

 
Figure 5: Young’s modulus of BC membrane 

reinforced by nanoclay. Note: the same notation (a) and 

(b) is not significantly different (n=3, p-value > 0.05). 

 

One-way ANOVA revealed that nanoclay 

addition significantly affected both the tensile strength 

and Young’s modulus of the BC membrane (p-value < 

0.05). While certain nanoclay contents enhanced these 

properties, they were generally lower than those of the 

control membrane, likely due to variations in nanoclay 

dispersion, agglomeration, and matrix interactions. 

Tukey’s test showed that all nanoclay concentrations 

had significantly different tensile strengths compared to 

the control (p-value < 0.05). However, only the 2 wt.% 

nanoclay concentration exhibited a significant 

difference in tensile strength compared to the other 

concentrations (4, 6, and 8 wt.%) (p-value < 0.05). For 

Young’s modulus, Tukey’s test indicated that all 

nanoclay concentrations were significantly different 

from the control, but variations among nanoclay 

additions up to 8 wt.% were not statistically significant. 

The observed fluctuations may be attributed to uneven 

nanoclay dispersion or localized stress concentrations 

within the membrane structure. Similar results were 

shown by Sobahi et al., that indicates the addition of 5 

wt.% various nanoclay reduce the mechanical 

properties of cellulose triacetate nanocomposite [41].  

In the tensile results, particle agglomeration or 

poor dispersion in the BC/nanoclay matrix leads to a 

significant reduction in strength due to several factors. 

Agglomerated nanoclay particles act as localized stress 

concentrations [42], acting as weak points that reduce 

the efficiency of load transfer within the BC structure. 

Instead of reinforcing the material, these clusters 

become structural defects that initiate cracks under 

applied stress. Additionally, poor dispersion cause poor 

interfacial bonding [43] between nanoclay and BC, 

preventing effective stress distribution and leading to 

premature failure. The presence of large nanoclay 

aggregates also restricts polymer chain mobility, 

making the BC membrane brittle and less capable of 

absorbing tensile stress. Furthermore, phase separation 

and structural inhomogeneity result in regions with 

excess nanoclay and others with little reinforcement, 

causing inconsistent mechanical properties across the 

membrane. As a result, the lack of uniform dispersion 

disrupts the material’s integrity, ultimately lowering 

tensile strength and making the membrane more prone 

to fracture under mechanical loading. 

 

3.5 Antibacterial activity 

 

The antibacterial activity of BC/nanoclay 

nanocomposite membrane was evaluated using E. coli 

(Gram-negative) and S. aureus (Gram-positive) as test 

pathogens. The test disk was carefully placed on the 

inoculated agar medium, where it absorbed moisture, 

facilitating the diffusion of the antimicrobial agent into 

the surrounding agar. This process created a 

concentration gradient of the antibacterial substance, as 

shown in Figure 6 and the quantitative measurement of 

halo diameter was summarized in Table 2.  
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Figure 6: Antibacterial test: (I), BC membrane with 

nanoclay of 2% (II); 4% (III); 6% (IV); and 8% (V); 

against (a) E. coli and (b) S. aureus. 

 

Table 2: Antibacterial activity of nanoclay. 

Sample 
Diameter Zone (mm) 

E.coli S.aureus 

Positive control 21.85 23.82 

BC 6.5 ± 3.2  6.1 ± 3.1 

BC/nanoclay 2 wt.% 8.9 ± 0.8  9.0 ± 0.3  
BC/nanoclay 4 wt.% 9.3 ± 0.6  9.7 ± 0.3  

BC/nanoclay 6 wt.% 9.6 ± 0.1  9.8 ± 0.2  

BC/nanoclay 8 wt.% 11.4 ± 0.4 10.3 ± 0.4 

 

A blur zone was observed around the control samples 

for E. coli (Figure 6(a)-I) and S. aureus (Figure 6(b)-I), 

with inhibition zones of 6.5 ± 3.2 mm and 6.1 ± 3.1 mm, 

respectively. Nanoclay content in the BC membrane 

exhibited antibacterial activity against both bacterial 

strains. With 2 wt.% nanoclay, the inhibition zones 

measured 8.9 ± 0.8 mm (Figure 6(a)-II) for E. coli and 

9.0 ± 0.3 mm (Figure 6(b)-II) for S. aureus. At 4 wt.%, 

inhibition zones increased to 9.3 ± 0.6 mm (Figure 6(a)-III) 

and 9.7 ± 0.3 mm (Figure 6(b)-III). Further, nanoclay 

with 6 wt.% resulted in inhibition zones of 9.6 ± 0.1 mm 

(Figure 6(a)-IV) and 9.8 ± 0.2 mm (Figure 6(b)-IV). 

The highest reinforcement level (8 wt.%) showed the 

largest inhibition zones at 11.4 ± 0.4 mm (Figure 6(a)-V) 

and 10.3 ± 0.4 mm (Figure 6(b)-V). The inhibition zone 

diameter increased with higher nanoclay 

concentrations, indicating enhanced antibacterial 

activity [36]. However, the BC/nanoclay 

nanocomposite membrane exhibited lower antibacterial 

efficacy against E. coli and S. aureus compared to the 

chloramphenicol as a positive control, with a diameter 

zone of 21.85 and 23.82 mm, respectively. 

The antibacterial performance of the BC/nanoclay 

membrane varies depending on the specific microbial 

group tested. E. coli (Gram-negative) and S. aureus 

(Gram-positive) have distinct cell wall structures, 

which influence their susceptibility to nanoclay-

enhanced membranes. E. coli possesses an outer 

membrane rich in lipopolysaccharides, which acts as a 

barrier against antimicrobial agents, potentially 

reducing the direct interaction of nanoclay with 

bacterial cells. This can result in a lower antibacterial 

effect at the same nanoclay concentration compared to 

Gram-positive bacteria. In contrast, S. aureus, with its 

thicker peptidoglycan layer but lack of an outer 

membrane, is more exposed to direct interaction with 

nanoclay, making it more susceptible to disruption. 

Additionally, nanoclay exerts antibacterial effects 

through multiple mechanisms, such as physical 

disruption of the bacterial membrane integrity [44]. All 

of which vary in efficiency depending on bacterial 

structure. The observed increase in inhibition zones 

(from 6.5 mm in the BC membrane to 11.4 mm at 8% 

nanoclay for E. coli, and from 6.1 mm to 10.3 mm for 

S. aureus) highlights the impact of nanoclay content on 

bacterial suppression. This suggests that nanoclay is 

more effective against Gram-positive bacteria due to 

easier penetration and stronger interactions, whereas E. 

coli’s outer membrane limits direct antimicrobial 

activity. Thus, S. aureus exhibits a larger inhibition 

zone because nanoclay can more efficiently interact 

with and disrupt its cell wall compared to E. coli, which 

has an additional protective barrier. 

This finding aligns with Vazifeh et al., who 

reported that incorporating 1% nanoclay into chitosan 

film enhanced antibacterial activity against E. coli and 

S. aureus, while higher nanoclay concentrations 

reduced its effectiveness [45]. Similarly, Mohsen et al., 

demonstrated that increasing clay nanoparticle content 

in a PVA matrix improved E. coli inhibition [46].  In a 

polyurethane, 5 wt.% modified clay achieved a 98.5% 

killing efficiency against E. coli and 99.9% against S. 

aureus [47]. 
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3.6 Porosity analysis 

 

Figure 7 presents the effect of nanoclay concentration 

on the pore size distribution of BC/Nanoclay 

membranes. The nitrogen adsorption-desorption 

analysis was conducted to assess the mesoporous 

structure of these membranes, which shows how 

nanoclay incorporation affects pore characteristics. The 

porosity analysis indicates that as nanoclay content 

increases (2, 4, 6, and 8 wt.%), pore size gradually 

expands, reaching an optimum at 6 wt.% nanoclay 

concentration. This trend suggests that nanoclay 

additions enhance the formation of interconnected 

mesopores, providing a larger surface area for 

adsorption. However, at 8 wt.% nanoclay, a slight 

decrease in pore size is observed, which could result 

from the agglomeration of nanoclay particles. This 

agglomeration reduces effective porosity by blocking 

some of the pores, thus decreasing the average pore 

diameter and limiting accessible surface area [48]. This 

phenomenon demonstrates that nanoclay enhances pore 

distribution [49].  

  

 
Figure 7: Adsorption-desorption isotherm graph of 

BC/Nanoclay. 

 

The pore size distribution generated from 

adsorption data shows a shift toward larger pores when 

nanoclay concentrations rise to 6 wt.%, resulting in a 

well-developed mesoporous network that is 

particularly useful for filtering and adsorption 

applications. The rise in average pore diameter at this 

concentration suggests a more open pore structure, 

which allows for more adsorptive capacity. This is due 

to nanoclay particles acting as spacers between BNC 

fibrils, which creates new routes and improves overall 

pore connectivity. 

 

4 Conclusions 

 

The influence of nanoclay content on BC-based 

nanocomposite membranes was investigated using 

SEM, XRD, FTIR, tensile testing, and antibacterial 

tests. Nanoclay reinforcement resulted in membrane 

agglomeration and inclusions. Nanoclay incorporation 

modified the crystallinity of the BC membrane, 

introducing new diffraction peaks and reducing CS, 

particularly at 2 wt.% due to enhanced dispersion and 

intercalation. However, at higher concentrations, 

nanoclay agglomeration disrupted the crystalline 

structure, stabilizing CS. CI dropped from 81.6% 

(control) to 75.3% (8 wt.% nanoclay). FTIR analysis 

confirmed the successful incorporation of nanoclay into 

the BC membrane, evidenced by Si–O–Si stretching 

vibrations. Tensile strength decreased from 26.7 MPa 

(control) to 15.37 MPa (8 wt.% nanoclay). Antibacterial 

tests revealed lower activity than chloramphenicol, the 

positive control, but considerable improvement with 

increasing nanoclay. While 6% nanoclay provided the 

highest porosity, it was not optimal across all 

parameters. Notably, 8% nanoclay demonstrated the 

strongest antibacterial activity, with inhibition zones of 

11.4 mm for E. coli and 10.3 mm for S. aureus, 

highlighting its microbial suppression effectiveness. 

The results suggest that the ideal nanoclay 

concentration depends on the desired properties 6% for 

permeability, 2% for mechanical strength, and 8% for 

antibacterial performance. Future studies should focus 

on enhancing nanoclay dispersion and balancing these 

properties to develop a versatile membrane for 

filtration, biomedical, and antimicrobial applications. 
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