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Abstract
The purpose of this work is to create and assess bacterial cellulose acetate (BCA) membranes reinforced with zinc oxide (ZnO) 
nanoparticles and mixed with polyvinyl alcohol (PVA). BCA membranes were made from pineapple peel biowaste and they 
contain 0.25 wt.% ZnO and PVA at 2.5 wt.% and 5.0 wt.%. Fourier-transform infrared spectroscopy, scanning electron microscopy, 
and X-ray diffraction (XRD) were used to observe the properties of membrane structure. Thermogravimetric analysis was used to 
examine the developed membrane's thermal degradation. Additionally, the filtration capabilities and antibacterial activity were 
examined. Furthermore, the membrane's morphology demonstrates that the addition of PVA results in denser surfaces, and ZnO 
was distributed without substantially changing the fiber's morphology. Similarly, the XRD analysis shows that as the PVA content 
increases, the crystallinity index decreases and the crystallite size slightly increases. Moreover, the thermal analysis demonstrated 
that PVA improves membrane stability by reducing the rate of mass loss. The PVA has a minor impact on antibacterial activity 
against Staphylococcus aureus and Escherichia coli. However, it appears that the ZnO content in the membrane was the source of 
the antibacterial activity. Besides, the brackish water filtration test revealed that the addition of PVA at 2.5 wt.% and 5.0 wt.%, 
respectively, enhanced the efficacy of bacterial filtration by 17.9 and 10.7 times. These results demonstrate that PVA/ZnO-modified 
BCA membranes are viable, environmentally friendly options for sustainable aquaculture and water filtration systems.    
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1. INTRODUCTION

Developing technologies for cellulose production 

is a key priority to valorize the biomass and 

agricultural residues into high-value products. 

Cellulose is an abundant material with a production 

of about 1.5 trillion tons annually [1], equal to USD 

144.21 billion in 2024 [2]. It is an attractive 

material due to its sustainability, high purity, and 

excellent mechanical properties [3]. However, 

increasing the cellulose consumption contributes to 

deforestation, which contributes to environmental 

degradation. So, agricultural biowaste is a viable 

cellulose source offering a sustainable alternative. 

Indonesia is a producer country of pineapple 

(Ananas comosus) with around 3.16 billion tons in 

 
2023 [4]. Also, the waste rose from a poor post-

harvest is up to 55% waste, which can cause 

pollution  [5]. Valorization of this waste can be 

done by a bioconversion process to transform 

biowaste into fuels  [6]. Another route is utilizing 

this waste extract for bacterial cellulose (BC) 

production, then applying it as aerogels for dye 

adsorption  [7], and membranes for wastewater 

treatment [8]. However, the performance of BC 

membranes depends on culture conditions [9],  

pretreatment [10], homogenization  [11], and 

reinforcement with nanomaterials [12]. 

Cellulose acetate (CA), a derivative obtained by 

acetylating hydroxyl groups of cellulose, is widely 

applied for membrane fabrication due to its low 

cost, easy processing, and wide availability [13]. 

Still, improvements in permeability, salt rejection, 

thermal resistance, and strength are required for CA 

membranes to compete with film composites. 

Incorporating nanomaterials is a common strategy: 

multi-walled carbon nanotubes enhance separation 

[14], Titanium dioxide (TiO₂) for increasing the 

membrane strength [15], silver nanoparticles 

improve water treatment [16], and Iron(III) oxide 

(Fe₃O₄) provides potential in packaging sectors 

[17]. Zinc oxide (ZnO) nanoparticles have potential 

due to their abundance, antibacterial activity, and 
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reinforcement potential [18][19]. ZnO inhibits 

bacterial growth through Zn²⁺ ions and reactive 

oxygen species that causes membrane damage [20].  

Effective water filtration is the process to 

maintain water quality and to protect ecosystem 

health and stability by removing contaminants and 

pathogens [21][22]. Previous sstudies had reported 

the utilization of natural materials such as banana 

peel, cassava peel, and coconut husk [22], and 

orange peel powder [23] as a membrane for 

removing the contaminant. Utilizing pineapple 

biowaste has benefits for both environmental 

management as well as production of cost-effective 

green materials. Meanwhile, inefficient waste 

disposal can pose health and ecological risks, with 

mitigation often exceeding the costs of proper waste 

management systems.  

The bacterial cellulose membranes are known to 

be studied for water purification [24][25]. 

Drawbacks of cellulose as a membrane are poorer 

barrier properties against moisture [26], low 

chemical resistance, and poor mechanical strength 

[27]. It should be improved through crosslinking 

[28], blending [29], surface modification [30] and 

by making a composite [31]. Polyvinyl alcohol 

(PVA) is a water-soluble polymer with abundant –

OH groups that potential to form strong hydrogen 

bonds with cellulose fibers. Blending PVA with BC 

is very important to increase mechanical strength, 

flexibility, and water retention [32][33], so that it 

can overcome the limitations of cellulose 

membranes.  

Although ZnO nanoparticles have been 

extensively studied, their effects on cellulose-based 

membranes, particularly cellulose acetate 

membranes, show inconsistent results [34][35]. 

Previous study showed that addition of ZnO reduce 

the mechanical properties of bacterial cellulose 

membrane [36]. Furthermore, while PVA is 

commonly used to enhance mechanical and water 

retention properties, the molecular interactions 

between ZnO nanoparticles and PVA in cellulose 

acetate matrices are not fully elucidated. They can 

vary depending on the synthesis conditions and 

component ratios [37]. These gaps highlight the 

need to systematically investigate how blending 

PVA with ZnO nanoparticles affects membrane 

structure, mechanics, antibacterial behavior, and 

filtration efficiency. Therefore, the present study 

membranes from cellulose acetate derived from 

pineapple waste was fabricated, blended with 

varying concentrations of PVA and ZnO 

nanoparticles reinforcement, aiming to clarify the 

role of PVA concentration on the resulting excellent 

membrane properties.

  

2. MATERIALS AND METHODS 

 

2.1. Materials 

Pineapple biowaste was obtained from the Blitar 

Regency, Indonesia. ZnO nanoparticles have a size 

ranging from 20 to 30 nm, supplied by Hongwu 

Materials, China. PVA was supplied by Himedia 

(India). Other reagents used for the fermentation 

process to produce BC, including NaOH and NH3, 

were purchased from Loba Chemie (India), urea 

was supplied from Kanto Chemical (Japan), 

CH3COOH was purchased from Smart Lab (India), 

and glucose was provided by Lansida (Indonesia). 

 

 

 

 
Figure 1. Product of membrane synthesis: (A) BCA control; (B) BCA/ZnO (0.25 wt.%)/PVA 2.5 wt.%; 

and (C) BCA/ZnO (0.25 wt.%)/PVA 5.0 wt.%.  
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2.2. Methods 

  

2.2.1. Production of BC Suspension 

Biosynthesis of BC was conducted using 

pineapple peel extract. A 2 L of extract was added 

with 200 g of glucose, 10 g of ammonia, while the 

pH was maintained at 4.5. The added glucose 

served as the primary energy and carbon source for 

bacterial metabolism, ensuring optimal biosynthesis 

of the cellulose network and consistent pellicle 

yield from the pineapple waste medium. Medium 

was added with 200 mL Acetobacter xylinum 

(Indahasco, Indonesia), then held at 25–30 ˚C. After 

14 days, the BC pellicle that floated on medium was 

collected and washed until the pH was neutral. 

Pellicle was boiled in an alkali (NaOH) solution of 

6% for 2 h, then rinsed until neutral. Pellicle was 

cut into small pieces, put into the blender chamber 

(Fomac, Indonesia) containing 250 mL water, then 

the bacterial cellulose was crushed for 5 min in 

three consecutive cycles to obtain a fine suspension. 

Homogenization process followed Mahsuli et al. 

methods [38] at 150 bar for 5 cycles in High-

Pressure Homogenizer (AH-100D, Berkley 

Scientific, China). 

 

2.2.2. Synthesis of Bacterial Cellulose Acetate-

Based Membrane 

Bacterial cellulose acetate (BCA) derived from 

BC was used as the base material. BCA 

preparations refer to the previously published 

methods [39]. The synthesis involves preparing 

BCA from 5 g of slurry BC. Also, the PVA was 

prepared by dissolving the polymer in distilled 

water at 80 ˚C under continuous stirring until a 

clear solution was obtained, then cooled to room 

 

 

 
Figure 2. Surface morphology of BCA membrane: (A) BCA control; (B) BCA/ZnO (0.25 wt.%)/PVA 2.5 

wt.%; and (C) BCA/ZnO (0.25 wt.%)/PVA 5.0 wt.%.  

 
 

(C) (B) 

(A) 
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temperature (25˚C). Likewise, the two formulations 

were prepared using PVA concentrations of 2.5% 

and 5.0% (w/w) from 5 g of BC. A ZnO 

nanoparticle dispersion (0.25 wt% relative to 5 g of 

BC) was separately prepared in distilled water and 

sonicated (Lawson, China) with power 400 W for 

15 min to prevent agglomeration. The higher 

concentrations of ZnO have an impact on membrane 

properties [40]. In addition, the PVA solution was 

gradually blended into the BCA suspension under 

magnetic stirring, followed by addition of ZnO 

dispersion. The resulting mixture was further 

homogenized by stirring and mild sonication to 

ensure uniform distribution of ZnO within the BCA/

PVA matrix. Finally, the homogeneous suspension 

was cast onto glass plates dies and dried in a 

dehydrator (Kris, Indonesia) at 60 ˚C for 24 h to 

obtain stable composite membranes. 

 

2.2.3. Characterization Studies 

The surface morphology of membranes was 

examined using a scanning electron microscope 

(SEM, FEI Inspect-S50, Japan) after sputter-coating 

with a thin 10 nm layer of gold using an Emitech 

coating unit (England). The crystalline structure was 

characterized on membrane samples prepared in 20 

cm² sections using X-ray diffraction (XRD, 

PanAnalytical-X’Pert Pro, USA). Measurements 

were carried out in the 2θ range from 5˚ to 50˚ 

employing CuKα radiation (λ = 1.542 Å) at an 

operating current of 30 mA and a voltage of 40 kV. 

Crystalline index (CI) and crystallite size (L) were 

calculated using Equations (1) and (2) [41], 

respectively; 

 

      (1) 

 

      (2) 

 

where, I22 is the highest intensity at diffraction 

angle (θ) of around 22.0˚ and I18 is the lowest 

intensity at θ around 18˚. K is 0.89; θ is the 

diffraction angle; β is the full width at half-

maximum/FWHM (rad.); λ is the x-ray wavelength.  

Fourier-transform infrared (FTIR) spectra were 

recorded using a Shimadzu Prestige-21 

spectrometer (Japan). However, prior to analysis, 

membrane samples were oven-dried at 105˚C for 3 

h, ground into fine powder, and subsequently mixed 

with KBr at a ratio of 0.1 mg sample to 1.0 mg 

KBr. Later, the mixture was pressed into pellets and 

observed over the wavenumber range of 400–4000 

cm⁻¹ with a resolution of 2 cm⁻¹. Moreover, the 

thermal degradation analysis was conducted using 

Simultaneous Thermal Analyzer (STA 6000, USA) 

from 25 to 800 ˚C, with a temperature rate of 10 ˚C/

min. Mechanical properties was evaluate using 

tensile tester (TechnoLab, Indonesia) with 

maximum load of 50 N with five replication for 

each treatment.  

 

2.2.4. Antibacterial Activity 

The antibacterial performance of membranes 

was assessed using the agar disk diffusion 

 

 

 
Figure 3. Diffractogram of hybrid BCA/ZnO membrane with PVA addition.  
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technique against Gram-negative Escherichia coli 

(ATCC 25922) and Gram-positive Staphylococcus 

aureus (ATCC 23235) obtained from Hope 

Biotechnology, Shandong, China. Membrane discs 

(5 mm diameter) were tested, with chloramphenicol 

(3.0 mg/mL, Abbexa, USA) serving as the control 

(+) and CA membranes as the blank control. BCA 

membrane and membrane containing PVA 2.5 

wt.% and 5.0 wt.% with ZnO 0.25 wt.% were 

denoted as samples I, II, and III respectively. 

Meanwhile, prior to testing, membranes were 

sterilized by heat treatment and ultraviolet C 

exposure. Also, the Mueller-Hinton agar (Oxoid, 

UK) was placed into the discs and inoculated with 

bacterial cultures. Further, the disk was then 

incubated at 36 ˚C for 24 h. Besides, each test was 

performed in triplicate and statistically analyzed 

using one-way ANOVA (significance level of 95%) 

followed by Tukey’s post-hoc test with Origin v.9 

software. 

 

2.2.5. Filtration Performance 

The bacterial filtration effectiveness was 

evaluated on 500 mL of brackish water. Water 

sample was collected in the estuary region in 

Pasuruan Regency, East Java, Indonesia. The 

brackish water was filtered through the membranes 

mounted in syringe barrels. Also, the permeates 

were used to grow the bacteria by culturing the 

filtrates on agar plates using the pour plate 

technique, followed by colony counting to 

determine the abundance of bacteria. The bacterial 

filtration effectiveness was calculated by log 

reduction value (LRV), as shown in Equation (3) 

[42]; 

  

      (3) 

 

where, Ni is bacterial abundance in control and 

Nf is bacterial abundance in treatment.  

3. RESULTS AND DISCUSSIONS 

 

3.1. Morphology of BCA/ZnO/PVA Membrane 

Synthesis of the BCA membrane with the 

addition of ZnO and PVA is depicted in Figure 1. 

Figure 1(a) (BCA control) shows a slightly opaque 

surface with an uneven texture and several fine 

spots, indicating a non-homogeneous component 

distribution and the possible presence of small 

pores due to the absence of a reinforcing additive. 

Figure 1(b) (BCA/ZnO(2.5 wt.%)/PVA 2.5 wt.%) 

displayed that the addition of ZnO and PVA 

resulted in a slightly wrinkled and uneven surface, 

thereby leads to an improved membrane structure. 

Meanwhile, Figure 1(c) (BCA/ZnO(2.5 wt.%)/PVA 

5.0 wt.%) exhibited the smoothest, densest, and 

glossiest surface with minimal defects, indicating a 

more homogeneous and compact structure. These 

differences in morphological characteristics 

indicates that varying the concentrations of PVA 

significantly impacts the homogeneity, 

compactness, and surface quality of the resulting 

membrane.  

The morphology of membrane surface observed 

under SEM is depicted in Figure 2. The BCA 

membrane (Figure 2(a)) exhibits a smooth, random, 

and homogeneous fiber structure, representing the 

original characteristics of BCA and no inorganic 

particles were found on the surface. In the BCA/

ZnO (0.25 wt.%)/PVA 2.5 wt.% membrane (Figure 

2(b)), the fibril structure is still clearly visible, but 

there is a change in texture due to the addition of 

PVA. Also, the PVA acts as a binding agent that 

increases the interfiber bond, resulting in a slightly 

denser surface than pure BCA. In addition, the ZnO 

nanoparticles at a concentration of 0.25 wt.% are 

identified as bright spots (indicated by arrows), 

their number is relatively small and does not 

dominate the surface morphology. Meanwhile, in 

the BCA/ZnO (0.25 wt.%)/PVA 5.0 wt.% 

 

 

 

Table 1. Structure of BCA membrane observed by XRD pattern. 

 
 

Sample 
Intensity of diffraction angle L CI 

14.4 18 22.6 (nm) (%) 

BCA 241 92 577 8.58 84.06 

BCA/ZnO (2.5 wt.%)/ PVA2.5wt.% 424 160 827 8.60 80.65 

BCA/ZnO (2.5 wt.%)/ PVA5.0wt.% 299 142 693 9.36 79.51 
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membrane (Figure 2(c)), the effect of PVA is more 

obvious. Higher PVA additions cause some of the 

fibril network to appear covered by a thin layer, 

making the surface appear smoother and denser. On 

the other hand, the fiber structure became less 

clearly defined, and the gaps between the fibers 

decreased. Overall, changes in membrane surface 

morphology were more influenced by the addition 

of PVA, while ZnO at low concentrations (0.25 

wt.%) only acted as dispersed particles without 

causing significant changes in fiber shape.  

Morphology of the membrane surface changes 

due to addition of PVA owing to a direct impact on 

the physical and functional properties of membrane. 

Meanwhile, pure BCA membranes, which have an 

open fibril structure with greater porosity, have the 

potential to provide high water permeability, but 

tend to be less stable [43]. In the BCA/ZnO (0.25 

wt.%)/PVA 2.5 wt.% membrane, better inter fiber 

bonding results in a denser surface structure than 

the pure membrane, thereby the water permeability 

is slightly reduced. However, the presence of PVA 

at this moderate concentration actually increases the 

mechanical strength of the membrane because the 

fibers are more tightly bound and the load 

distribution is more even [44]. At a higher PVA 

concentration (5.0 wt.%), the surface morphology 

becomes smoother, denser, and most of the open 

pores are closed. This condition has the potential to 

significantly reduce water permeability, but 

simultaneously increases the density and 

mechanical strength of membrane [45]. In addition, 

the ZnO dispersion is maintained, but its main 

contribution is more into antibacterial function than 

to morphological effects [46]. Thus, the addition of 

PVA plays a dominant role in controlling the 

balance between permeability and mechanical 

strength of the membrane, while ZnO, even in low 

amounts, still provides additional functions in the 

form of antibacterial properties. Therefore, it was 

observed that the selection of PVA concentration is 

a key factor in optimizing the performance of BCA/

 

 

 
Figure 4. Spectrogram for BCA and BCA/ZnO(2.5 wt.%)/PVA with content of 2.5 wt.% and 5.0 wt.%.  

 
 

 
Table 2. Analysis on functional groups of BCA/ZnO/PVA membrane. 

 

No. 
PVA Concentrations (wt.%) 

Assignment 
Control 2.5 5.0 

1 3500 3500 3500 O–H stretching [56] 

2 - 1745 1745 C=O Stretching [57] 

3 1650 1650 1650 OH bending [58] 

4 1446 1475 1475 CH2 bending vibration [59][60] 

5 - 1387 1387 O–H bending [61][62] 

6 930 - - C–O stretching  [63][64] 



J. Multidiscip. Appl. Nat. Sci. 

 

ZnO-based membranes. 

 

3.2. Membrane Structure Analysis 

The XRD diffractogram of pristine BCA (Figure 

3) exhibited the typical reflections of cellulose Iα at 

2θ ≈ 14.4˚ (1ī0), 16.8˚ (110), 22.6˚ (200) [47]. The 

diffraction peak at 2θ ≈ 26.5˚ detected in the 

acetylated bacterial cellulose derived from 

pineapple peel is suggested to be from silica/quartz 

residues rather than cellulose acetate itself. The 

most intense reflection of α-quartz is located at 2θ ≈ 

26.6˚ (d ≈ 3.34 Å, hkl (101)), as reported in the 

ICDD/JCPDS database (PDF card No. 46-1045). 

This assignment is consistent with previous reports 

showing that pineapple peels contain biogenic silica 

nanoparticles that co-purify with nanocellulose 

extraction [48]. At the same time, sharp new 

reflections appeared at 2θ ≈ 31.7˚ and 36.2˚, 

corresponding to the (100) and (101) planes of 

wurtzite ZnO according to JCPDS card no. 36-

1451) [49].  

Using the Segal method, the crystallinity index 

(CrI) of BCA was calculated as 84.06%, confirming 

the highly ordered structure of cellulose (Table 1). 

Upon the incorporation of PVA and ZnO, notable 

changes were observed in the XRD profiles. The 

intensity of the (200) reflection increased for the 2.5 

wt.% composite (I₍200₎ = 827 vs. 577 for BCA), but 

the parallel rise in the amorphous background (Iam = 

160 vs. 92) resulted in a net decrease in CrI to 

80.65%. A further decrease to 79.51% was 

observed at 5.0 wt.% PVA/ZnO addition. The 

reduction of CI was observed in a carboxy methyl 

cellulose blend with PVA [50][51] and also in 

cotton linter [52]. The reduction in CrI 

demonstrates that PVA disrupts the ordered 

arrangement of cellulose fibrils, thereby expanding 

the amorphous fraction, by forming hydrogen bonds 

with cellulose hydroxyl groups [53]. The 

broadening of cellulose peaks in the composite 

diffractograms supports this interpretation.  The 

increase in the amorphous region of films could be 

good for improving the toughness of the blend 

films.  Interestingly, the 2.5 wt.% PVA/ZnO 

composite displayed the highest I₍200₎ value, 

suggesting that moderate PVA loading may 

enhance the packing or orientation of cellulose 

microfibrils despite the overall reduction in CrI. By 

contrast, the 5.0 wt.% composite showed broader 

cellulose peaks, reflecting a stronger amorphous 

contribution. This implies that the balance between 

flexibility (from PVA) and reinforcement (from 

ZnO) can be tuned by controlling PVA content.  

In this study, the crystallite size of cellulose 

(200) reflection around 2θ ≈ 22˚ was found to 

increase slightly from ~8.58 nm in BCA to ~8.60 

nm in BCA/ZnO(2.5 wt.%)/PVA 2.5 wt.%, and 

further to ~9.36 nm in BCA/ZnO(2.5 wt.%)/PVA 

5.0 wt.%. This trend aligns with previous reports in 

PVA-ZnO systems, in which elevating ZnO content 

leads to modest but measurable growth in average 

crystallite size for both ZnO and polymer phases. 

Abd-Elnaiem et al. [49] observed crystallite size 

increments in PVA-ZnO nanocomposites as ZnO 

 

 

 
Figure 5. TGA analysis of BCA/ZnO/PVA membrane.  
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loading increased from 1 wt.% to 3 wt.%, paralleled 

by sharper ZnO diffraction peaks. The slight 

increase in crystallite size at BCA/ZnO(2.5 wt.%)/

PVA 5.0 wt.% is attributed to PVA, which 

introduces strong hydrogen bonding with cellulose 

acetate chains, which reduces steric hindrance [54] 

and enhances chain mobility [55]. This allows the 

cellulose acetate chains to align more easily, 

favoring crystal growth over nucleation, and 

leading to the formation of fewer but larger 

crystalline domains.  

 

3.3. Functional Group Analysis 

The functional group analysis of BCA samples 

using FTIR was recorded at a wavenumber of 400 

to 4000 cm−1. They show a minor difference before 

and after adding PVA (Figure 4), as shown in Table 

2. The incorporation of ZnO nanoparticles did not 

eliminate the characteristic bands of cellulose 

acetate and PVA but led to slight shifts and 

intensity changes, indicating possible hydrogen 

bonding and interfacial interactions between ZnO 

and the polymer matrix. Also, the distinct ZnO 

peaks were not clearly detected due to the relatively 

low concentration of ZnO, contributing only 

indirect effects on the FTIR spectrum.  

The FTIR spectrum of BCA incorporated with 

PVA and ZnO revealed characteristic vibration 

bands of cellulose and its functional groups. The 

broad absorption band around 3500 cm⁻¹ 

corresponds to the stretching vibration of hydroxyl 

(–OH) groups. Also, the peak at 1745 cm⁻¹ is 

attributed to the carbonyl (C=O) stretching of the 

acetyl group [57]. Likewise, the band at 1650 cm⁻¹ 

corresponds to –OH bending vibrations related to 

water adsorption, indicating the hydrophilic nature 

of cellulose  [58]. In addition, the peak at 1446 cm⁻¹ 

is assigned to symmetric bending of –CH₂ groups 

[59], which shifted to 1475 cm⁻¹ after the addition 

of PVA, suggesting intermolecular interactions 

between PVA and cellulose acetate [60]. Moreover, 

the band at 1387 cm⁻¹ is associated with –OH 

bending vibrations  [61][62], while the absorption 

peak at 930 cm⁻¹ corresponds to C–O stretching of 

the cellulose backbone  [63][64]. 

 

3.4. Thermal Degradation Analysis 

Figures 5 and 6 show the thermal degradation 

analysis of bagasse fiber using TGA curve, and the 

quantitative results are summarized in Table 3. It 

was observed that the membrane exhibits four 

stages of thermal degradation. Stage 1 starts at 25 

˚C and goes up to 200 ˚C, where devolatilization 

begins, which is associated with the release of light 

volatiles and moisture content  [65]. Also, the 

membranes experienced a mass loss of 6.0% each 

and the mass loss at this stage is caused by water 

evaporation and hemicellulose decomposition. In 

addition, the material that has not completely 

evaporated will continue to stage 2 as the main 

thermal degradation.  

Upon entering stage 2, which occurs between 

200 ˚C and 400 ˚C, is the primary thermal 

degradation phase. Under these conditions, the 

control membrane degrades more slowly, starting to 

degrade at 267 ˚C. The peak degradation 

 

 

 
Figure 6. DTG analysis of BCA/ZnO/PVA membrane.  
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temperatures for the control membrane, the 2.5 

wt.% and 5.0 wt.% PVA composite membranes 

were 356 ˚C, 363 ˚C, and 360 ˚C, with mass losses 

of 69.6%, 71.2%, and 69.1.8%, and the degradation 

rates of 17.4%/min, 12.0%/min, and 8.8%/min, 

respectively. Moreover, the addition of PVA 

reduces the mass loss rate during thermal 

degradation, indicating a slowdown in thermal 

decomposition. Interestingly, with the addition of 

5.0 wt.% PVA, there was a deflection in the mass 

loss rate at 320 ˚C. 

The stage 3 occurs between 400 ˚C and 500 ˚C 

and involves an additional decomposition phase 

where increasing PVA content results in an 

additional decomposition phase at 447 ˚C. The final 

decomposition phase happens at stage 4. Here, the 

degradation proceeds more slowly and involves the 

release of residual material not burned in the 

previous stage. However, the final phase produces 

ash residues of 7.8%, 11.2%, and 11.8% for the 

control membrane, membrane with 2.5 wt.% PVA 

addition, and PVA 5.0 wt.%.  The addition of PVA 

can enhance the thermal stability of a material due 

to the presence of –OH groups in its and the 

polymer chains are able to form strong hydrogen 

bonds with other components, resulting in a denser 

network that restricts polymer chain mobility. This 

structural reinforcement increases the energy 

required to initiate thermal degradation. Moreover, 

PVA can act as a binder that improves particle 

dispersion within composites and strengthens 

interfacial bonding, thereby decelerating the rate of 

mass loss upon heating. Several studies have 

demonstrated this effect, as reported improved 

thermal stability in gelatin/starch/PVA composites 

based on TGA–DSC analysis [66], and improved 

thermal stability as relevant to previously reported 

in scaffold product [67].  

 

3.5. Mechanical Properties 

The mechanical properties of BCA/ZnO with the 

addition of PVA are as shown in Figure 7. 

Membrane BCA control, BCA/ZnO(0.25 wt%) with 

PVA 2.5 wt.% and 5.0 wt.% have tensile strength of 

42.72 ± 14.53, 140.86 ± 26.70, and 139.34 ± 29.69 

MPa, with elastic modulus of 3844 ± 738.15, 

6613.56 ± 462.6, and 5050.41 ± 454.22 MPa, 

respectively. Adding PVA increases the tensile 

strength and elastic modulus of the membrane by 
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about 329% and 172%, respectively, at the addition 

of PVA of 2.5 wt.%.  

Statistical analysis using one-way ANOVA 

identified that adding PVA to BCA membranes has 

a significant difference in the tensile strength (n =5, 

F-value of 26.223, p < 0.05) and elastic modulus (n 

=5, F-value of 26.223, p < 0.05). Post hoc analysis 

using the Tukey test indicates that adding 2.5 wt.% 

PVA and 5.0 wt.% PVA to the BCA membrane can 

significantly affect the tensile strength and elastic 

modulus of BCA membrane. However, the 

mechanical properties of BCA/ZnO with 0.25 wt.% 

PVA are not significantly different from BCA/ZnO 

with 0.25 wt.% PVA. On the other hand, PVA filled 

the empty spaces in BCA membrane, thereby 

increasing its mechanical strength as well as 

addition of 5.0 wt.% PVA results in a plasticizing 

effect that leads to a decrease in tensile strength.  

In this case, PVA reacts with BCA membrane 

through resulting cross-linked hydrogen bonds (-

OH) and C=O functional group (see Table 2), 

creating a denser and more stable polymer network 

(see Figure 2), improving stress transfer between 

components. In addition, the PVA also acts as a 

compatibilizing agent, distributing nanocellulose 

homogeneously within the CA matrix. The 

combination of these chemical and morphological 

effects significantly increases the tensile strength, 

and more PVA content reduces the elastic modulus 

of BCA/ZnO/PVA composite membrane, which 

means the membrane is more flexible.  A similar 

result has been reported that PVA increases the 

mechanical properties of cellulose acetate 

membrane for lithium extraction from seawater [68] 

and increase the strain in Chitosan membrane up to 

250% [69]. This indicates that cross-linking creates 

regular spacing between polymers, resulting in 

stronger interpolymer bonds. With these strong 

interpolymer forces, the membrane is less 

susceptible to damage from external forces. 

 

3.7. Antibacterial Activity 

Antibacterial activity of the membranes was 

evaluated against E. coli (Gram-negative) and S. 

aureus (Gram-positive) using the agar diffusion 

method (Figure 8, Table 4). The BCA membrane 

exhibited no inhibition zone against both E. coli and 

S. aureus. One-way ANOVA analysis indicates that 

the incorporation of ZnO/PVA into BCA matrix 

significantly improved the antibacterial properties 

compared with control membrane (P-value of 0.00 

for E. coli and P-value of 0.005 for S. aureus). 

Moreover, the addition of PVA of 2.5 wt.% and 5.0 

wt.% results in inhibition zones against E. coli of 

8.07 ± 1.52 mm and 10.12 ± 2.19 mm, respectively. 

Similarly, inhibition zones against S. aureus reach 

8.37 ± 3.28 mm and 8.84 ± 2.24 mm, respectively. 

Compared with the inhibition zone of 

chloramphenicol as a positive control, the 

composite membrane (with 5.0 wt.% PVA) had an 

inhibition zone of approximately 40.5% and 45.3% 

of the positive control for S. aureus and E. coli, 

respectively. 

The difference in antibacterial activity between 

 

 

 
Figure 7. Mechanical properties of BCA/ZnO with the addition of PVA membrane: (A) Tensile strength 

and (B) elastic modulus.  
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the two bacterial strains is due to E. coli, as a Gram-

negative bacterium, which possesses an outer 

membrane composed of lipopolysaccharides and 

porin proteins, which play a critical role in 

determining susceptibility to antibacterial agents. 

Also, this outer membrane generally limits the 

penetration of metal ions, thereby reducing 

antibacterial efficiency. In contrast, S. aureus, as a 

Gram-positive bacterium, has a thicker but more 

permeable peptidoglycan layer without an outer 

membrane, which results in a different interaction 

pattern with metal nanoparticles [70]. Moreover, the 

interaction of ZnO nanoparticles causes stress 

responses, protein aggregation, and alters gene 

function related to metabolism, then disrupting 

cellular functions [71].  

Although an inhibition zone was increased at 

BCA/ZnO/PVA membrane, post-hoc Tukey 

analysis revealed that the addition of PVA 2.5 wt.% 

and 5.0 wt.% was not statistically significantly 

different (p > 0.05) in inhibition zone. This 

indicates that the enhancement of antibacterial 

activity is primarily caused by the presence of ZnO 

nanoparticles rather than the addition of PVA. In 

addition, the dispersed ZnO particles also contribute 

to increased antibacterial properties, although the 

amount is relatively small [71]. Moreover, the ZnO 

imparts bactericidal effects through multiple 

mechanisms, including Zn²⁺ ion release, reactive 

oxygen species generation, and direct disruption of 

bacterial cell walls  [72].  In this case, PVA mainly 

functions as a polymer stabilizer to ensure 

homogeneous dispersion of ZnO within the BCA 

matrix, but does not contribute directly to 

antibacterial activity. Practically, antibacterial 

activity function serves as a biofouling control 

mechanism, preventing the formation of bacterial 

biofilms that typically clog filtration systems.  

 

3.8. Bacteria Filtration Performance 

The membrane was applied for filtering the 

brackish water from the estuary in aquaculture 

environment. It was observed that the addition of 

PVA and ZnO to BCA membrane matrix increased 

the efficiency of microorganism removal and 

strengthened the membrane structure. In the pure 

 

 

Table 4. Inhibition activity of membrane against E. coli and S. aureus. 

 

Samples 
Halo diameter (mm) 

E. coli S. aureus 

Control (+) 22.32 21.85 

BCA 0.00a 0.00a 

BCA/ZnO(0.25 wt.%)/PVA2.5wt.% 8.07±1.52b 8.37±3.28b 

BCA/ZnO(0.25 wt.%)/PVA5.0wt.% 10.12±2.19b 8.84±2.24b 

Notes: Similar notation of a,b,c means the treatment is not significantly different  

 

 
Figure 8. Antibacterial activity BCA (I), BCA/ZnO(0.25 wt%)/PVA2.5wt.% (II), and BCA/ZnO(0.25 

wt%)/PVA 5% using (A) S. aureus and (B) E. coli.  
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BCA membrane (control), the bacterial abundance 

after filtration was recorded at approximately 2.85 

× 10⁹ CFU/mL (Table 5), indicating that the 

membrane still has pores large enough to allow 

some microorganisms to pass through. After 

modification with the addition of ZnO and PVA of 

2.5 wt.% and 5.0 wt.%, the bacterial abundance 

decreased sharply to 1.59 × 10⁸ CFU/mL and 2.63 × 

108 CFU/mL, with LRV values of 1.25 and 1.03, 

respectively. LRV value indicates the effectiveness 

of the filtration process increases 17.9 times 

compared to the control for BCA/ZnO/PVA 2.5 

wt.% membrane and 10.7 times compared to the 

control for BCA/ZnO/PVA 5.0 wt.% membrane. 

This effectiveness data indicates that PVA plays an 

important role in increasing an effective filtration 

membrane through strengthening the intermolecular 

network of cellulose acetate through the formation 

of hydrogen bonds between the –OH groups of 

PVA and the acetyl groups of BCA, resulting in a 

denser and more uniform membrane structure. The 

addition of PVA to membranes affects the inner 

membranes' porosity and pore dimensions [73].  It 

is more emphasized by Razmgar and Nasirae [74] 

that the porosity of membranes decreased with an 

increase in PVA loading. So, in this case, at higher 

PVA concentrations (5%), it suggests the results in 

morphological irregularities and the formation of 

microchannels in some areas of the membrane. This 

allows some bacteria to pass through areas of low 

density, increasing post-filtration bacterial 

abundance. Moreover, the irregularity in surface 

morphology is also described by Razmgar and 

Nasiraee [74] which confirm the formation of 

irregularities and a granular surface in the 

membrane. 

 

4. CONCLUSIONS 

 

This study successfully synthesized the bacterial 

cellulose acetate (BCA) membranes derived from 

pineapple biowaste modified with PVA/ZnO 

nanoparticles and demonstrated their characteristics 

and functionality as a bacterial filtration membrane 

for aquaculture environment. Morphology analysis 

using SEM revealed that the BCA membrane 

exhibited a smooth and homogeneous fibril 

network, while the addition of PVA increased inter-

fiber bonding and surface densification. At 2.5 
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wt.% PVA, the membrane maintained a visible 

fibrillar structure with improved compactness, 

whereas at 5.0 wt.% PVA, fibers appeared partially 

covered by a thin layer, producing a smoother 

surface. Structure analysis using XRD showed 

crystallinity index reduced from 84.06% (BCA 

control) to 80.65% (BCA/ZnO(0.25 wt.%)/PVA 2.5 

wt.%) and 79.51% (BCA/ZnO(0.25 wt.%)/PVA 5.0 

wt.%). The crystalline size increases from 8.58 nm 

to 9.36 nm. Besides, the addition of PVA is known 

to increase the mechanical properties by 329% and 

also the thermal stability of membrane. These 

results confirm that PVA disrupts the ordered 

arrangement of cellulose fibrils, enhances 

amorphous regions, and improves flexibility and 

thermal stability by reducing the degradation rate to 

8.8%/min. Also, the ZnO at 0.25 wt.% dispersed 

well within the matrix and contributed significantly 

to antibacterial activity against E. coli and S. 

aureus. Additionally, the brackish water filtration 

tests showed decreases in bacterial abundance, with 

the addition of PVA 2.5 wt.% and 5.0 wt.% 

increasing the efficacy of bacterial filtration by 17.9 

and 10.7 times, respectively. These results 

demonstrate how PVA and ZnO work together to 

enhance filtration capacity, mechanical stability, 

and antibacterial activity. However, as this study 

focused on specific composition ratios, the current 

reaction conditions are not yet fully optimized. 

Nevertheless, the research is restricted to short-term 

testing and laboratory-scale experiments with a 

single ZnO concentration. It is still necessary to 

investigate long-term durability, fouling resistance, 

fabrication scalability, and performance under 

various aquaculture conditions. To further the 

practical use of PVA/ZnO-modified BCA 

membranes in sustainable water treatment, future 

research should conduct comprehensive 

optimization of reaction conditions and nanoparticle 

loading, evaluate field performance, and assess 

continuous operation.     
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