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Abstract 
This study aims to investigate the effect of montmorillonite on the surface characteristics and  

porosity of bacterial nanocellulose (BNC) membranes derived from pineapple peel waste. The bacterial 
cellulose was synthesized using Acetobacter xylinum using pineapple peel extract as medium component. 
Bacterial nanocellulose membrane (BNC) was obtained by crushing and homogenizing bacterial cellulose 
in a high-pressure homogenizer. BNC membrane was reinforced with montmorillonite content of 2 wt% 
to 8 wt%. The membrane was characterized for its properties using SEM, FTIR, surface roughness tester, 
tensile tester, water holding capacity test, and BET analysis. The results showed that montmorillonite 
was well-dispersed within BNC matrix but exhibited agglomeration at higher concentrations. When the 
samples were analyzed using FTIR spectroscopy, observed changes in functional groups and molecular 
interactions at 2845 cm‒1 Alkane C‒H bond, confirming that components were successfully integrated. 
The surface roughness increased significantly from 28.33 ± 3.35 μm (control) to 82.23 ± 1.82 μm (8 wt% 
montmorillonite), confirming morphological change. The addition of montmorillonite has reduced the 
crystalline index and the mechanical properties of BNC membrane.  BET analysis revealed a transition 
from microporous (1.6979 nm) to mesoporous structures (up to 2 nm) with enhanced surface area and 
pore diameter. Pore diameter and volume correlated with enhancing water holding capacity by 36.6% 
at montmorillonite content of 6 wt%. BC/montmorillonite membranes exhibit adjustable surface  
characteristics and porosity, thus providing potential for water treatment applications. 

1. Introduction 
 
In recent years, materials science and nanotechnology have risen 

rapidly, creating both opportunities for innovation and challenges for 
sustainable development [1]. In Indonesia, these fields have shown 
consistent growth, largely supported by the increasing use of composite 
materials from natural sources [2]. The development of nanocellulose-
based membranes is of interest because many advanced features 
include high separation efficiency, low energy requirements, and 
potential for large-scale production [3]. Cellulose is known as the 
most abundant renewable biopolymer on Earth [4] that offers distinct 
structural characteristics and potential applications [5].  

Bacterial cellulose (BC), as an environmentally friendly bio-
polymer, has been utilized in various applications [6,7]. The advantages 
of BC for composite membranes due to its unique properties include 
a highly crystalline, mechanically robust, three-dimensional network 
of nanofibrils, and providing an optimal scaffold [8]. Different from 
cellulose from plants, BC is produced through microbial bio-fabrication 

using Acetobacter xylinum. These bacteria synthesize it from simple 
sugars such as D-glucose, forming an exopolysaccharide network on 
the surface of nutrient media. BC biosynthesis is an important process 
because the culture conditions tailor its structural and crystalline 
features, and enhance its performance for various applications [9]. 

The global population approaching 8 billion people causes demand 
for food to continue to increase, resulting in massive agricultural 
waste [10]. Pineapple processing is known to produce large amounts 
of peel waste, so it needs to be utilized as a sustainable source of 
nanocellulose [11]. Utilization of pineapple peel waste not only offers 
a cost-effective raw material but also supports the principle of 
a circular economy through valorization of agro-industrial by-products. 
The design of biomaterial nanostructures has become an effective 
strategy to improve functionality and expand its applications [12]. 
Many studies have developed BC-based nanocomposites reinforced 
with TiO₂, ZnO, Fe₃O₄, and graphite to improve their properties [13,14]. 

Nanoclay is a layered silicate nanomaterial that has potential as 
a composite reinforcement to improve mechanical, thermal, and barrier 
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properties [15]. Kaolinite and halloysite are types of nanoclay that 
have been used as reinforcing fillers in composites [16,17]. Mont-
morillonite, a kind of clay, has potential as a composite reinforcement 
due to its high aspect ratio [18] and typical cation exchange capacity 
[19], and high swelling capacity [20] compare to kaolinite. In addition 
to being composite reinforcement, montmorillonite has also been 
widely used as an adsorbent to remove various water pollutants, 
including heavy metals, organic contaminants, and pharmaceutical 
residues [21]. Its performance can be further enhanced when integrated 
into composite or adsorptive membranes, thereby improving removal 
efficiency [22]. 

It has been reported that combination of BC and montmorillonite 
resulted in robust nanocomposites with improved mechanical strength, 
thermal stability, and barrier properties [23]. The incorporation of 
montmorillonite into BC matrix generates a tortuous pathway for 
gas molecules, thereby reducing oxygen permeability and enhancing 
barrier performance [24]. Owing to these advantages, BC/montmorillonite 
nanocomposites have been explored in diverse sectors, including 
energy production, water treatment, food preservation, and biomedical 
applications [25]. However, only a few studies have investigated the 
development of BC membranes derived from pineapple peel waste, 
particularly regarding surface modification and porosity through 
montmorillonite reinforcement. Most existing research has focused 
on other nanoparticle additives, leaving the specific influence of 
montmorillonite on surface roughness, pore structure, and specific 
surface area largely underexplored. Therefore, the present study aims 
to investigate the effect of montmorillonite incorporation on bacterial 
nanocellulose (BNC) membranes synthesized from pineapple peel waste. 
The membranes were characterized in terms of surface morphology 
and porosity (SEM, roughness test, and Brunauer–Emmett–Teller 
analysis), chemical interactions (FTIR), X-ray diffraction (XRD), 
mechanical properties test, and water holding capacity (WHC). 

 
2.  Materials and methods 

 
2.1  Materials 

 
The pineapple peel waste was procured at a local market in 

Malang, East Java, Indonesia. The A.xylinum, a bacterium that produces 
cellulose, was obtained from the Laboratory of Applied Technology 
at Muhammadiyah University in Malang, Indonesia. The chemicals 
for cellulose production include ammonia, acetic acid, urea, sodium 
hydroxide, and glucose, which were purchased from Merck (Germany). 
Montmorillonite-type nanoclay containing 25 wt% to 30 wt% trimethyl 
stearyl ammonium was purchased from Sigma Aldrich (Singapore) 
with a mean particle size ≤ 20 μm. 

 
2.2  Bacterial cellulose synthesis 

 
Pineapple peel waste obtained from a local market was subjected 

to a cleaning process first to remove impurities. Subsequently, procedure 
for cellulose preparation was followed: 300 g of pineapple peel were 
blended at 25,000 revolutions per minute in a container with 2 liters 
of water to create the biowaste extract. The extract was then heated 
to 100°C, and 150 g of sugar, along with 5 g of urea, were added to the 
solution. 20% of the medium containing A.xylinum was added to 

the mix solution once it had cooled to 30℃. The fermentation process 
lasted for 10 days  to 14 days, resulting in the production of BC/ 
pellicle. The pellicle, which floated on the surface of the culture medium, 
was then harvested and collected for further processing. 

 
2.3  Homogenization process 

 
BNC extraction was done using a previously published procedure 

[26]. BC pellicles were cut into small fragments. To remove the 
impurities, the pellicle was immersed in 1% NaOH solution at 90℃ 
for 2 h. After that, BC was rinsed with distilled water until the pH was 
neutral (pH 7). Fifty grams of pellicle were put in a blender container 
and added with a liter of distillate water and crushed for 5 min at 
26,000 revolutions per minute. Subsequently, the colloid underwent 
five cycles of processing at a pressure of 150 bar using a high-pressure 
homogenizer (model AH-100D, Berkley Scientific, China). Afterward, 
it was filtered through Whatman No. 42 paper to isolate bacterial 
cellulose. 

 
2.4  Synthesis of nanocomposite membrane 

 
Ten grams of bacterial nanocellulose were stirred in 100 mL of 

demineralized water for 30 min. In a separate procedure, the required 
quantity of montmorillonite (at concentrations of 2 wt%, 4 wt%, 6 wt%, 
and 8 wt%) was combined with 100 mL of demineralized water and 
stirred for about 30 min. Once the montmorillonite is mixed, an ultrasonic 
treatment was applied with a 400 W, 20 kHz sonicator (UP-400S, 
Lawson Smarttech, China) through two successive 30 min treatments, 
resulting in a uniformly dispersed sample. Consequently, the mixtures 
of bacterial nanocellulose and montmorillonite were stirred for 
a further 30 min at 400 rpm. After that, the mixture undergoes vacuuming 
to remove bubbles from filaments, and then drying process was 
conducted in an oven at 60℃ for 8 h. 

 
2.5  Characterization 

 
Morphological analysis was conducted using a Scanning electron 

microscope (FEI, Inspect-S50 type). During the SEM process, the 
sample films were cut into 10 mm  10 mm sections and then coated 
with a thin layer of gold using a sputter coater (SC7-620 Emitech), and 
SEM was observed at a voltage of 15.00 kV with 5000x magnification.  

FTIR analysis was utilized to observe functional group included in 
the BC/Montmorillonite nanocomposite membrane. The sample was 
cut with dimensions of 10 mm  10 mm. FTIR spectra were recorded 
using the Shimadzu IR Prestige 21 (Japan) within wave number range 
of 400 cm‒1 to 4000 cm‒1 with a resolution of 4/cm. 

The crystalline structure of membrane was observed by XRD 
equipment (PANalytical X'Pert Pro, Netherlands). The XRD scanning 
was conducted at  2θ from 10 to 60. Crystalline index (CI) of the 
membrane was evaluated using the Segal equations (Equation (1)) [27].  

 

CI = 
I(200)− I(am)

I(200)

× 100% (1) 

 
Where: I(200) is the intensity of the peak at 2θ about 22.5; I(am) 

is the lowest intensity at 2θ about 18. 
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Surface roughness and porosity were measured using a roughness 
tester and BET. The surface roughness of the BC membrane was 
measured using a surface roughness tester (SJ-301, Mitutoyo Co, 
Japan) with a 0.75 mN precision gauge. The horizontal and vertical 
roughness were measured at 200.0 µm∙cm‒1, and 5.0 µm∙cm‒1, 
respectively. Surface analysis using the BET instrument (Micromeritics, 
USA) was performed using nitrogen gas as the adsorbate. The samples 
were degassed for 4 h, and analysis was conducted at a bath temperature 
of ‒195℃. 

Membrane tensile test was assessed according to the ASTM 
D638 V standard, using a tensile tester (TechnoLab, Indonesia) with a 
maximum load of 50 N. All samples were tested at a rate of 3 mm∙min‒1, 
with five repetitions. 

WHC of membranes was determined using a gravimetric method 
adapted from ASTM D570.  A square specimen (10 mm  10 mm) 
of membrane was oven-dried in an oven for 24 h at 50 ± 3℃ to get 
dried mass (Mdry). Immerse the samples for 2 h in distilled water 
maintained at 23 ± 1℃. The immersion time of 2 h was selected based on 
preliminary tests showing that the water uptake reached equilibrium 
within this period. Upon stabilization, the wet samples were taken 
out of water, and the remaining surface water was carefully blotted 
using filter paper to get the wet mass (Mwet). WHC was determined 
using Equation (2). 

 

M (%) = 
Mwet − Mdry

Mdry

× 100 (2) 

 
Quantitative data were statistically analyzed using a one-way 

ANOVA and Tukey's Honestly Significant Difference (HSD) test 
at a 0.05 significance level, in the Origin software (version 9). 

 
3.  Results and discussion 

 
3.1  Surface morphology analysis 

 
Morphology of BNC membrane after addition of montmorillonite 

is displayed in Figure 1. BC membrane without the addition of 
montmorillonite is shown in Figure 1(a). Following the addition of 

montmorillonite, clays are distributed as small surface aggregates 
within nanocomposite. Incorporation of montmorillonite alters the 
structure by forming intercalated nanocomposites. Additionally, SEM 
examination demonstrates that inclusion of montmorillonite alters 
surface morphology, suggesting a stronger interfacial interaction 
between montmorillonite and BNC matrix. As the content increases, 
montmorillonite starts to form slight aggregates, but remain evenly 
dispersed within BNC. Aggregation becomes more apparent with 
higher amounts of montmorillonite [28]. Agglomeration can happen 
because of the strong van der Waals forces among montmorillonite, 
which might lead to an uneven distribution within bacterial cellulose 
matrix and a reduction in effectiveness of nanocomposite properties 
[29]. 

 
3.2  FTIR analysis of BNC/Montmorillonite 

 
The effect of montmorillonite incorporation on functional groups 

of bacterial cellulose membranes is shown in Figure 2. In pure bacterial 
cellulose membrane, the most intense band was observed at ~3350 
cm‒1, corresponding to O–H stretching vibrations associated with 
abundant hydroxyl groups and adsorbed water molecules [30]. Upon 
montmorillonite addition, the intensity in this region increased, 
suggesting stronger hydrogen bonding interactions. This is consistent 
with nanoscale structure of clay, which generates hydroxyl groups at 
its fractured edges and facilitates additional interfacial interactions 
[31]. Other characteristic changes were also detected. The band near 
1615 cm‒1, typically associated with C=C stretching in aromatic 
structures [32] and minor peak at 2134 cm‒1 attributed to C≡C 
stretching of alkyne groups [33], remained visible, although with 
slight intensity variations after montmorillonite incorporation. A shift 
at ~750 cm‒1 (aryl C–H bending) further indicates changes in molecular 
interactions between BC and montmorillonite. Notably, a new absorption 
peak emerged at 2845 cm‒1, corresponding to C–H stretching of alkanes, 
which may be related to hydrocarbon groups introduced during 
montmorillonite integration. These specific bands are attributed to 
alkyl chains in montmorillonite. Consistent with prior literature [34], 
incorporation of the same ammonium-modified montmorillonite 
resulted in detection of identical hydrocarbon peaks. 

 

Figure 1. Morphology BNC montmorillonite: control (a), montmorillonite of 2 wt% (b), 4 wt% (c), 6 wt% (d),and 8 wt% (e).

(e) (d) 

(c) (b) (a) 
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Figure 2. Transmittance BNC Montmorillonite. 
 

 

Figure 3. X-ray diffraction angle of BNC Montmorillonite. 
 

 

Figure 4. Surface roughness of BNC membrane with various montmorillonite 
contents. 

3.3  Crystallinity analysis of BNC/Montmorillonite 
 
The diffractogram of BNC nanocomposite membrane at different 

montmorillonite contents is depicted in Figure 3. All samples showed 
three diffraction peaks at 2θ of 14.4, 16.8, and 22.6 corresponds 
to 11̅0, (110), and (200) lattice planes of cellulose type I structure 
[35]. Addition of montmorillonite reduced the peak intensity, especially 
at (200) plane. Quantification of CI indicates that control BNC membrane 
had the highest CI (82.9%) and declined with montmorillonite addition, 
with the lowest CI of 71.7% at 6 wt% montmorillonite content 
(Table 1). This observed reduction confirms successful intercalation 
of montmorillonite within cellulose network, which disrupted inherent 
hydrogen-bonding framework between fibrils [36]. This interaction 
consequently promoted formation of a more amorphous composite 
structure. This amorphous nature is favorable for water absorption 
as discussed in the subsequent section. 

 
3.4  Surface roughness analysis of BNC/Montmorillonite 

 
The surface roughness results of BNC/montmorillonite membranes 

are presented in Figure 4. To determine the overall membrane roughness, 
measurements were made at three randomly selected locations on 
each sample. Data show that adding montmorillonite increases surface 
roughness of bacterial cellulose: control (0 wt% montmorillonite) 
has a roughness of 28.33±3.35 μm, which sharply rises to 67.36±2.8 
μm at 2 wt%. Although it decreases slightly to 66.40±9.6 μm at 

4 wt%, surface roughness of membrane increases to 75.73±5.78 μm 

and 82.23±1.82 μm after being added by montmorillonite at 6 wt% 

and 8 wt%, respectively. 
The increase in roughness was caused primarily by agglomeration 

of nanoparticles on membrane surface. Nanoparticles with a large 
surface area and high surface energy tend to aggregate, forming 
irregular topographies [37]. Differences in hydrophilic and hydro-
phobic properties can enhance this effect. BC derived from pineapple 
peel is highly hydrophilic due to abundant hydroxyl (‒OH) groups 

that readily attract water, whereas montmorillonite is comparatively 
hydrophobic, consisting mainly of mineral particles that do not dissolve 
in water. This mismatch can reduce compatibility and promote surface 
aggregation [38]. 

The roughness values obtained in this work (28 μm to 82 μm) 
are significantly higher than those typically reported for bacterial 
cellulose composites, which often range from the nanometer to sub-
micrometer scale. Suryanto et al. (2021) reported that film roughness 
is about 0.93 μm for BC films obtained from high-pressure homo-
genization [39]. Likewise, BC reinforced with graphite nanoplatelets 
showed roughness values between 1.14 μm and 2.48 μm depending 

on filler concentration [40]. Another study on dehydrated BC films 
reported roughness in the range of 81 nm to 195 nm, depending on 
drying method [41]. 

These comparisons suggest that the exceptionally high roughness 
observed in the present study is likely due to formation of larger 
surface agglomerates of montmorillonite, rather than nanoscale 
surface variations typically seen in BC composites. In filtration 
membranes, higher roughness is advantageous. Increased roughness 
promotes greater surface area and active sites, which can enhance 
water flux, adsorption capacity, and contaminant retention [42,43].  
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Table 1. Crystallinity Index of BNC/Montmorillonite. 
 
Sample 2Theta of I(200) [] CI [%] 
BNC control 22.6 82.9 
BNC/Montmorillonite 2 wt% 22.6 79.5 
BNC/Montmorillonite 4 wt% 22.5 76.4 
BNC/Montmorillonite 6 wt% 22.5 71.7 
BNC/Montmorillonite 8 wt% 22.4 74.3 
 
Table 2. Mechanical properties of BNC/Montmorillonite. 
 
Membrane Tensile strength [MPa] Elastic modulus [MPa] 
BNC control 36.34 ± 0.74 49.98 ± 6.28 
BNC/Montmorillonite 2 wt% 35.49 ± 0.20 26.69 ± 4.98 
BNC/Montmorillonite 4 wt% 28.75 ± 0.40 17.96 ± 6.25 
BNC/Montmorillonite 6 wt% 21.52 ± 0.27 18.54 ± 4.70 
BNC/Montmorillonite 8 wt% 18.68 ± 0.04 25.66 ± 4.37 
 
Thus, the elevated roughness observed in BNC/montmorillonite 
membranes indicates promising potential for water treatment and 
separation processes, particularly in applications requiring rapid 
adsorption kinetics and improved pollutant capture. 

One-way ANOVA statistical analysis revealed that incorporation 
of montmorillonite into bacterial cellulose significantly affected 
surface roughness (n = 3, Pvalue = 0.000002, significance level = 
0.05). ANOVA result confirmed a highly significant difference in Ra 
values across the different montmorillonite content. Further comparison 
using Tukey’s HSD test showed that samples containing 4 wt%, 6 wt%, 
and 8 wt% montmorillonite exhibited significantly higher surface 
roughness than the control (P < 0.001), while 2 wt% montmorillonite 
sample did not differ significantly from the control (P = 0.055). 
Significant differences were also observed between higher mont-
morillonite content and lower ones, particularly between 8 wt% and 
2 wt% (Pvalue = 0.0459). 
 
3.5  Mechanical strength analysis of BNC/Montmorillonite 

 

Mechanical properties of BNC/montmorillonite nanocomposite 
membrane are presented in Table 2. As a result, average ultimate 
tensile strength and elastic modulus decreased after the addition of 
montmorillonite. The average ultimate tensile strength remains stable 
from 36.34±0.74 MPa (control) to 35.49±0.2 MPa at 2 wt% mont-
morillonite. Subsequently, dropped to the lowest possible result  
was obtained at 8 wt% with a tensile strength of 18.68±0.04 MPa. 

Statistical analysis using One-way ANOVA shows that mont-
morillonite content in membrane had a significant difference for both 
tensile strength (F = 1165.51, Pvalue = 0.00) and elastic modulus (F = 
17.67, Pvalue = 1.58  10‒4). Post-hoc Tukey’s HSD analysis on tensile 
strength indicated that tensile strength differed significantly among 
all montmorillonite contents, but only non-significant comparison 
was between control and montmorillonite of 2 wt% (Pvalue > 0.05). The 
non-significant difference between the control and 2 wt% membrane 
suggests that a low montmorillonite content does not substantially 
disturb the native BNC nanofibrous network, so that the strength 
remains comparable to that of control membrane. Higher mont-
morillonite content (4 wt% to 8 wt%) promotes micro-aggregate 
formation and defects within BNC matrix, so it reduces tensile strength 

[39]. Instead of being evenly dispersed, montmorillonite likely clumps 
together, creating internal flaws. This disrupts matrix homogeneity 
and introduces weak spots [40]. Also, poor interfacial adhesion 
between montmorillonite and BNC is indicated by a decrease in 
elastic modulus. When interfacial bonds are weak, montmorillonite 
is unable to withhold loads effectively, resulting in a reduction in 
material stiffness [41,44].  

For the elastic modulus, post-hoc Tukey’s HSD analysis revealed 
that the control membrane as significantly different from all mont-
morillonite-containing membranes (2 wt% to 8 wt%) (Pvalue < 0.05). 
However, no significant differences were observed among the mont-
morillonite-treated groups themselves (2 wt%, 4 wt%, 6 wt%, and 
8 wt%; Pvalue > 0.05). The presence of montmorillonite is sufficient 
to disrupt the highly ordered hydrogen-bonded BNC framework and 
shift the initial elastic response to a less rigid one. Further increases 
in montmorillonite from 2 wt% to 8 wt% resulted in only relatively 
small modulus changes compared to the experimental variability, 
so no additional significant differences were detected among the 
composite membranes. There was a slight increase in elastic modulus 
at 8 wt% montmorillonite content. Similar studies have reported that 
the addition of more montmorillonite tends to cause more excessive 
intercalation and agglomeration, which can degrade properties of 
material [45,46]. 

 
3.6  BET analysis of BNC/Montmorillonite 

 
BET test results are presented as adsorption-desorption isotherm 

graphs as shown in Figure 5. All samples, from the control (0 wt% 
montmorillonite) to the highest montmorillonite content, exhibit 
type IV isotherms with hysteresis loops [45]. These loops are related 
to capillary condensation in the mesoporous structure (2 nm to 50 nm) 
and provide insight into pore geometry and surface interactions [38]. 

Table 3 shows that pure BNC membranes possessed an average 
pore diameter of 1.69 nm, consistent with a microporous structure. 
After montmorillonite addition, the pore size increased beyond 2 nm, 
indicating a transition to mesoporosity. This structural modification 
resulted in pore diameter increases of approximately 30% to 75% 
compared with the unmodified membrane. Although the numerical 
change in pore size may seem modest, the shift from micropores  
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Table 3. Specific surface area and pore distribution. 
 
Membrane Surface area [m2∙g‒1] Pore diameter [nm] Pore volume [cm3∙g‒1] 
BNC control 2.8458 1.6979 0.0121 
BNC/Montmorillonite 2 wt% 5.735 2.3959 0.0343 
BNC/Montmorillonite 4 wt% 7.5203 2.2090 0.0467 
BNC/Montmorillonite 6 wt% 6.4338 2.9694 0.0477 
BNC/Montmorillonite 8 wt% 5.5229 2.9369 0.0405 

 

 

Figure 5. BET adsorption-desorption BNC membrane: control (a), montmorillonite of 2 wt% (b), 4 wt% (c), 6 wt% (d), and 8 wt% (e). 

(<2 nm) to mesopores (>2 nm) is significant because it alters the 
functional behavior of membrane. Micropores typically offer high 
selectivity and strong adsorption affinity for small molecules and ions, 
while mesopores enhance diffusion, surface area, and pore volume, 
thereby facilitating faster mass transfer and higher adsorption capacity. 
The mesoporous characteristics observed in BNC membranes with 
2 wt% to 8 wt% montmorillonite are therefore advantageous for 
applications requiring rapid interaction kinetics and greater molecular 
accommodation, such as pollutant adsorption and separation processes 
[47]. This transition highlights the dual role of montmorillonite: 
reinforcing BC matrix and tuning its porosity into mesoporous regime. 
These results may indicate the potential of this membrane to be 
more suitable for practical water treatment applications compared 
to pure BC structures. 

Similar reports indicate that porosity is also increased due to 
presence of ZnO nanoparticles in BC [48]. This increased porosity 
leads to improved adsorption performance. The mesoporous structure, 
in particular, is advantageous because it accelerates diffusion of 
adsorbate molecules and allows the capture of larger or more complex 
contaminants. In the case of BNC/montmorillonite membranes, the 
transition from a microporous to a mesoporous structure shows higher 
potential for pollutant adsorption and separation applications. However, 
finding an optimal balance between porosity and structural stability 

is crucial, as excessive porosity can compromise mechanical integrity 
and selectivity. Therefore, structural modifications not only affect 
adsorption performance but can also influence barrier properties, as 
pore size and distribution are directly related to gas permeability [49]. 

 
3.7 Water holding capacity 

 
WHC membrane was tested and the result is shown in Figure 6. 

Control BNC membrane has WHC value of 66.59±9.21% then 
decreased to 50.62±4.05% after the addition of 2 wt% montmorillonite. 
The exfoliation of montmorillonite platelet is thought to be a barrier 
to water adsorption. These platelet limit mobility of cellulose chains 
and minimize water penetration, as well as increasing dimensional 
stability of membrane [50]. At montmorillonite content of 6 wt%, 
WHC of membrane had a maximum value of 90.99±19.35% or an 
increase of 36.6% compared to the control membrane. Increasing 
water adsorption of membrane suggest due to increase in pore size 
and volume as confirmed by BET results. In addition, montmorillonite 
itself contributes to increase membrane hydrophilicity, thus attracting 
more water molecules into matrix [51]. At the highest montmorillonite 
content (8 wt%), WHC decreased to 72.3±15.78%. This indicates that 
abundant montmorillonite content can cause pore clogging, as the 
additional clay content fills the gaps and inhibits water passage [52]. 

(a) (b) (c) 

(d) (e) 
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Figure 6. Water holding capacity of BNC/montmorillonite membrane.  
 
Statistical analysis using One-way ANOVA confirmed that WHC 

was significantly affected by differences in montmorillonite content 
(F = 4.17, Pvalue = 0.0306). Tukey test showed that only 6 wt% group 
differed significantly from 2 wt% group. This suggests that a mont-
morillonite content of 6 wt% is high enough to substantially increase 
the number of hydrophilic sites and effective free volume within 
BNC network. At lower content (2 wt%), the amount of clay is likely 
insufficient to induce great structural and interfacial changes, whereas 
at higher content (8 wt%) particle aggregation and partial pore blocking 
may counterbalance the additional hydrophilic surface, resulting in 
WHC values that are not statistically different from the other groups. 

 
4. Conclusions 

 
Bacterial nanocellulose (BNC) membranes with varying mont-

morillonite content (0 wt% to 8 wt%) were successfully fabricated 
and characterized. FTIR spectra confirmed emergence of a new C–H 
stretching peak at 2845 cm‒1, indicating chemical interactions between 
montmorillonite and BC matrix. The addition of montmorillonite to 
membrane caused aggregation of montmorillonite on the surface, thus 
changing the membrane morphology. The addition of montmorillonite 
to membrane caused a decrease in crystallinity index from 82.9% 
to 74.3% (8 wt%). This was presumably due to intercalation of mont-
morillonite plates that disrupted cellulose framework. Surface roughness 
value increased with the addition of montmorillonite, indicating 
greater surface heterogeneity. The formation of micro-aggregates 
reduces tensile strength from 36.34±0.74 (control) MPa to 18.68±0.04 
(8 wt% montmorillonite). Addition of montmorillonite to membrane 
causes a transition from a microporous (1.69 nm) to a mesoporous 
(2.39 nm to 2.97 nm) structure. Pore diameter also increases by ranging 
from 30% to 75% compared with the unmodified membrane. This 
increase in porosity correspond to 36.6% increase in water holding 
capacity. These findings indicate that BNC/montmorillonite membrane 
derived from pineapple waste can be used as a candidate membrane 
for water treatment applications. However, further research on its 
barrier properties, chemical stability, and long-term operation is needed 
to fully validate its practical use. 
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