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Polymethyl methacrylate (PMMA) composites reinforced with natural nanomaterials 
have been developed recently for dental applications due to their unique properties and 
biological interest. Various additives such as natural, organic and refractory materials 
have been employed as an enhancement for PMMA. In this study, nano-sized walnut 
shell powder has been used as a natural reinforcement for PMMA at different weight 
ratios (0, 0.5, 1, 1.5, 2) wt.%. The investigation evaluates their effect on tensile, flexural, 
hardness, impact and bacteriological properties of the PMMA composites. In addition to 
that, a weathering process was performed on all samples to examine the effect of the 
aging environment on the mechanical properties and bacterial response. The walnut 
powder has demonstrated a noticeable effect on the mechanical and bacterial properties 
of PMMA. All samples exhibited an increase in tensile and flexural strength when nano 
walnut powder was used compared to pure PMMA. The maximum tensile strength was 
found to be around 92.36 MPa at (0.5% walnut shell), whereas (2% walnut shell) was 
found to have the highest flexural strength of 107.78 MPa. When considering the aging 
process, mechanical properties noticeably dropped, with maximum tensile and flexural 
properties of 89.19 MPa and 61.05 MPa, respectively. Similarly, aged samples exhibited 
a reduction in the surface hardness compared to the unaged composites due to surface 
layer softening caused by the process. Scanning electron microscopy (SEM) analysis 
revealed polymerization enhancement in the aged samples accompanied by an increase 
in the weight ratio. Furthermore, bacterial tests at concentrations of 0.5 wt.% and 2 wt.% 
showed enhanced inhibitory activity of PMMA composite against Streptococcus mutans, 
with an inhibitory zone of 60 mm compared to 52 mm for pure PMMA. Both the aging 
process and walnut nano-sized powder have a positive influence on PMMA composite, 
resulting in a natural, biocompatible, low-cost material capable of withstanding the harsh 
oral environment. 
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1. INTRODUCTION

Biomaterials are considered one of the most demanded
materials that have been researched recently, due to their 
biocompatibility properties and natural components similar to 
what exists in the human body. Biomaterials require 
comprehensive characterization of their mechanical, physical, 
biological, immunological, and degradation properties [1]. 
The selected biomaterial should possess ease of processability 
properties to avoid any complexity that may add extra cost 
during fabrication or formation of the composite [2]. However, 
most biomaterials show ease of use and can be formed in any 
desired shapes. Many researchers have been trying to optimize 
the optimal biomaterial for human utilization; however, it is 
very difficult to obtain a single material gather all good 
properties to be the most suitable one for denture or medical 
application. Many biomaterials are combined and mixed with 

polymers to form inorganic/organic composites. Such 
composites can be said to be bioactive composites, in which 
their mechanical properties are said to be improved to gain 
extra working life to the base material [3, 4]. Based on Kanie 
et al. [5], the mechanical properties of continues phase of the 
polymer can be improved by adding fillers to the base material. 
Polymethyl methacrylate (PMMA) is a polymer that has been 
used intensively for medical applications such as contact 
lenses, dialysis machines, dental usage, cranioplasty implants, 
and so on [6]. PMMA inherits suitable mechanical properties 
that make it suitable for denture utilization. PMMA is exposed 
to high aeration rates and to periodic temperatures of food and 
beverages that range from 20 to 50 times per day. In addition, 
the harsh environment from saliva and bacteria works on 
changing some physical properties [3, 7]. Accelerated aging 
and weathering tests are therefore necessary to evaluate 
changes in polymer properties under controlled environmental 
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conditions. Such tests have been widely used to relate 
temperature and exposure duration to the degradation of 
mechanical properties in polymeric materials, although the 
accelerated conditions should be distinguished from the actual 
service environment [8]. This consideration is particularly 
important when PMMA is reinforced with natural fillers, 
because moisture, temperature, and interfacial degradation 
may alter the long-term response of the composite. 

Many studies have been performed to improve the 
weathering and mechanical properties of PMMA by adding 
natural fillers such as seashells [9], eggshell [10], sisal fibers 
and fish scales [11]. Metal-based composites have also been 
used to improve the hardness and flexural strength of PMMA 
composites, such as TiO2 nanoparticles, MgO [12], 
Antimicrobial graphene oxide nanosheets [13], nanographene 
oxide and Boron nitride [14]. In contrast, PMMA has been 
considered a promising choice in the field of dentistry due to 
its properties. Such properties include corrosion resistance, 
especially since the teeth are exposed to a wide range of 
aeration, ease of formation, and low cost compared to metal-
based denture materials. On the other hand, its antibacterial 
properties and resistance to acids and bases are relatively good 
[15, 16]. The strength and brittleness need to be improved, as 
they have low mechanical properties [12, 17]. However, this 
limitation has been addressed by researchers to enhance and 
advance the material in terms of bio-composites.  

Karthick et al. [9] used natural reinforcement nano-sized 
(seashells and ceramic material) compatible with human bone 
and teeth to enhance wear resistance and microhardness of 
PMMA composites. The microhardness was improved to the 
maximum value at 12%. Short ramie fiber was used by Xu et 
al. [18] as a natural reinforcing material. This type of material 
was recommended by the author for further investigation 
because of the lower strength due to weak interfacial adhesion, 
but a high flexural modulus was noticed in the composite. 
Jassam et al. [19] have investigated the influence of Olives, 
Pomegranate, and Siwak on the mechanical properties of 
PMMA for denture use. It was revealed that Siwak had the 
most significant influence as a filler on PMMA; on the other 
hand, tensile strength was significantly influenced by the grain 
size compared to other mechanical properties. This 
contribution ranged from 25% to 52%. Pomegranate peels or 
clove powders have been used to strengthen the PMMA 
composite, as indicated by Salih et al. [20]. Their investigation 
reinforced PMMA and natural rubber with natural nano-sized 
powder. Both flexural strength and maximum shear stress 
reached the highest values of 144 and 3 MPa, respectively. In 
their study, they considered the effect of biomaterials to be 
promising for the improvement of mechanical properties of 
PMMA, especially for fracture strength. 

Walnut shell has been widely used as a reinforcement in 
various polymer composites [21]. Sutivisedsak et al. [22] 
incorporated walnut with other natural fillers into low-density 
polyethylene and poly(lactic acid), reporting a slight reduction 
in mechanical properties depending on filler type and 
concentration. Sarraj et al. [23] observed a density increase of 
approximately 1.5% in walnut-filled polymer composites. 
Ahmed and Salih [24] improved the mechanical properties of 
PMMA using 0.3% walnut powder combined with natural 
fibers, particularly enhancing the elastic modulus and tensile 
strength. Building on these findings, this study aims to 
investigate the effects of nano-walnut powder and weathering 
conditions on the mechanical properties and biocompatibility 
of PMMA to develop a low-cost PMMA composite for dental 

applications. 
 
 

2. MATERIALS AND METHODS 
 
2.1 Selected materials 

 
The selected starting materials in this experiment were 

PMMA and MMA as a matrix material in powder and liquid 
form, having a color similar to that of human tissue, both of 
which are commonly used for prosthetic dental applications. 
These materials were supplied by new Auto-polymerizable 
Veracril, Stetic S.A, Colombia. The reinforcing material that 
was mixed with PMMA is nano walnut shells powder.  

The preparation of the nano walnut powder was started by 
flushing the walnut shells with running water to remove dust 
or impurities that were bonded to the surface of the shell. 
Afterward, the surface was treated with a 5% alkaline solution 
(sodium hydroxide) at 25 ℃ for 24 hours. Then all shells were 
rinsed several times with distilled water to remove the solution 
from the surface and to control the pH level at 7 who was 
measured using a pH meter. Following the cleaning process, a 
drying of the shell was kept for 5 days at room temperature, 
then they were placed in an oven at 50 ℃ for 5 minutes for 
intensified drying. The shell was then taken to the grinding 
process; the process includes two stages of preparation. A 
mortar was used as the first grinding stage for around 20 min. 
to ensure the shell was converted into small pieces that were 
easier for the next process. The second stage utilized a 
planetary ball milling machine for a duration of 6 h at 200 rpm 
with a ball-to-powder ratio of 10:1 to ensure they were 
converted into nano powder. The shell, grinding machine, and 
the final powder can be seen in Figure 1. The particle size of 
the powder produced by this process was 19.29 nm; the 
chemical compositions are illustrated in Table 1. As per the 
Energy-Dispersive X-ray Spectroscopy (EDX) analysis, the 
average particle size and particle distribution were 
investigated using Atomic Force Microscopy (AFM), as 
shown in Figure 2. 

 

 
 
Figure 1. Walnut shell used in the experiment (a) before 
grinding, (b) planetary ball mill machine, and (c) after 

grinding 
 
Table 1. Chemical composition of walnut shell powder 

 
Element Element 

Name 
C Norm, 

wt.% C Atom, % 

C Carbon 79.23 85.45 
O Oxygen 17.25 13.97 
In Indium 1.67 0.19 
Sb Antimony 1.32 0.14 
Al Aluminum 0.52 0.25 

 
2.2 Composite fabrication 

 
The mixing ratios of the nanocomposite are illustrated in 
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Table 2. The preparation process began by weighing the 
desired amount of PMMA powder according to the selected 
mixing ratios, followed by measuring the required volume of 
MMA monomer based on the manufacturer's 
recommendations.  

 
Table 2. Selected ratios of polymer nanocomposites 

 

No. Composition (wt.%) 
PMMA and MMA Walnut Shell Nanoparticles 

1 100 0 
2 99.5 0.5 
3 99 1 
4 98.5 1.5 
5 98 2 
 
The composite preparation started by mixing each mixing 

ratio of the nano walnut shell mentioned in Table 1 with liquid 
monomer MMA. The mixing was performed by utilizing a 
magnetic stirrer for approximately 10 min. to ensure a good 

dispersion and facilitate ease of mixing with the PMMA in the 
later stage. A desired amount of PMMA powder was measured 
and prepared to be mixed with the monomer mixture according 
to the manufacturer’s recommendation in an amount of 2:1. It 
is well noted that a direct addition of nano powder to PMMA 
powder would cause agglomeration inside the composite due 
to rapid polymerization. This might reduce the mixing time, 
especially when adding MMA. The second step was the 
gradual addition of the PMMA to the MMA and walnut 
nanoparticle mixture. The mixing method was manual mixing 
for a duration of 20 to 25 seconds. The final mixture was 
poured into a silicone mold and kept curing at room 
temperature for around 2 hours. After this curing period, all 
samples were removed from the mold, all excess material was 
removed from the edges and prepared for further testing and 
analysis. It is worth noting that no alteration or change was 
made to the surface or to the dimensions of the samples. 
Figures 3 and 4 illustrate the complete fabrication process and 
the final samples obtained, respectively. 

 

 
 

Figure 2. Atomic Force Microscopy (AFM) of walnut nano powder 
 

 
 

Figure 3. Fabrication process of the nano-polymethyl methacrylate (PMMA) composite 
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Figure 4. Fabricated samples after adding filler 
 

 
3. CHARACTERIZATION AND TESTING 

 
3.1 Mechanical test 

 
The final composites were subjected to tensile, bending, 

hardness, impact, weathering (aging), antimicrobial, and water 
absorption tests, as well as scanning electron microscopy 
(SEM) analysis, as shown in Figure 4. 

The mold was designed to provide a test-ready specimen for 
bending (flexural), tensile and hardness testing. Tensile and 
flexural tests were carried out at room temperature using a 
UTM (Laryee in China, type WDW-50) according to the 
international standards ASTM D638 and ISO 178, 
respectively, at a crosshead speed of 2 mm/min for both tests.  

The hardness test was performed using a hardness tester, 
type Shore D, according to the international standard ASTM 
D2240. The measurements were taken at three different 
locations on each specimen. The final mechanical test was an 
impact test that was conducted based on ISO 180 using an Izod 
impact tester (XJU series, Time Testing Machine Company, 
China), group (Pendul Charpy/Izod Tester); the pendulum 
impact velocity was 3.5 m/s. Table 3 illustrates the dimensions 
of each sample shown in Figure 4. 

 
Table 3. Sample dimensions for mechanical tests 

 
Test Type Dimensions (mm) 

Tensile  150 5 4 
Flexural 100 10 4 
Impact  80 10 4 

Hardness (diameter)  50.8 - - 
 

3.2 Weathering (aging) test 
 
The weathering test was performed to evaluate the 

mechanical properties under accelerated aging (humidity and 
UV) of PMMA nanocomposite denture materials. The test was 
performed according to ISO 4892-3 using a QUV accelerated 
weathering tester; the method of exposure is a laboratory light 
source, part 3: Fluorescent UV lamps with method A, cycle 
No. 4. The device is model QUV/spray, manufactured by Q-
labs in Australia, type UV-A340. Fluorescent UV devices 
provide a condensation cycle during the lights-out period to 
produce humidity (water spray) for 2 hr direct spray; therefore, 
the surface of the test specimen is exposed to hot, saturated 
humidity from the air and water vapor. The temperature inside 
the device was 55 ℃, and the incident UV irradiance on the 
specimens was 0.58 W/m2 at 340 nm. The total test time was 
120 h, including 2 h of UV exposure and 2 h of humidity 

exposure. The exposure was from both sides of the specimens 
during the test. All samples were examined for their Fourier 
transform infrared (FTIR) and water absorption after being 
exposed to aging conditions. 

 
3.3 In vitro biological activity test 

 
A biological activity test was conducted to measure the 

biological effect of the nanocomposite against Streptococcus 
mutans. This test aims to suggest the use of these Nano 
powders as reinforcement materials for denture bases in the 
oral cavity. 

The biological activity test was conducted using the agar 
well diffusion method. The agar well diffusion method was 
used to test the antibacterial activity of all samples. One 
milliliter of fresh bacterial inoculum was pipetted into the 
center of a sterile Petri dish. Cooled and thawed Mueller-
Hinton agar was poured into the Petri dish containing the 
inoculum and mixed well. After solidification, wells were 
drilled using a sterile cork drill (5 mm diameter) in the agar 
plates containing the inoculum, with a sample diameter of 10 
mm in the positive control group. Sample discs were added to 
the corresponding plates to conduct the test. The plates were 
then incubated at 37 ℃ for 18 h. Antimicrobial activity was 
detected by measuring the zone of inhibition (including the 
diameter of the wells) that appeared after the incubation 
period. Distilled water was used as a negative control sample. 

 
 

4. RESULTS AND DISCUSSIONS  
 
4.1 Mechanical characteristics  

 
Figure 5 shows the tensile strength of PMMA 

nanocomposites at different concentrations of walnut nano 
powder under two different cases: before and after weathering. 
Powder concentration exerts a diverse effect on the 
mechanical properties of the PMMA polymer matrix. 
Specifically, among the unaged samples, 0.5 wt.% 
concentration yields the highest effect on the tensile strength 
compared to other weight ratios, reaching 92.36 MPa. The 
obtained increment in tensile strength may be attributed to the 
continuation of the post-polymerization process, the decrease 
in residual monomer content, and/or the physical aging of the 
polymer matrix. Similar improvements in the mechanical 
performance of PMMA dental materials have been reported 
following post-polymerization treatments that increased the 
conversion temperature and the glass transition temperature 
[25, 26]. On the other hand, a 1.5 wt.% concentration, 
associated with the lowest value among all other mixing ratios, 
resulted in approximately 76.95 MPa. Generally, aging 
processes lead to a minor reduction in tensile strength, and this 
reduction converts the composite to a brittle material due to 
environmental aging [27], a decrease in residual monomer 
content, and/or the physical aging of the polymer matrix. In 
comparison with the unaged samples, the reduction in tensile 
strength is considered not particularly severe, and the 
deviation compared with the pure PMMA is showing small 
values. This tiny difference may relate to relatively short UV 
exposure duration, as significant changes in tensile strength 
typically require longer exposure to an aging environment, as 
proven [28]. 

Weathering and moisture exposure can increase internal 
stress within the composite, and this can lead to micro-voids 
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[24]. Hence, the value of reduction reaches its lowest value at 
72.1 MPa for 1.5 wt% compared to the pure PMMA, which 
was around 69.88 MPa. Furthermore, the other concentrations 
of nano walnut powder also influenced tensile strength. This 
noticeable drop is related to nano walnut particle 
agglomeration, or it can be said that the formation of micro 
voids occurs during the mixing process. In addition to that, the 
reduction in tensile strength may also occur due to surface 
layer cracks that act as notches, working to reduce material 
strength or toughness, delaying polymerization of the residual 
monomers within the matrix. Consequently, crack propagation 
and structural defects are increasing as a result of the changing 
crosslink density [26].  

 

 
 

Figure 5. Tensile strength of nanocomposites 
 
Thus, the interfacial bonding between the PMMA matrix 

and walnut nano powder of the unaged samples was enhanced. 
The improvement in the hydrogen bonding and secondary 
interactions between hydroxyl groups on the nanoparticle 
surface and the polymer matrix led to this enhancement, 
revealing efficient stress distribution. As can be noticed from 
Table 4, the modulus of elasticity of aging composites is 
consistently lower than that of the unaged composite, which 
reflects the effect of the aging process on the overall tensile 
strength property. The reduction in tensile strength at 
concentrations of 1, 1.5 and 2% compared to 0.5 wt.% resulted 
from some agglomeration of the nano walnut powder during 
the mixing process. These agglomerated particles act as stress 
concentration sites in the composite, preventing stress from 
flowing smoothly through the material. Furthermore, the 
maximum tensile strength was found at 0.5 wt.% in the case of 
unaged samples. When it comes to the aging process, the value 
of tensile strength is reduced. This decline in the modulus of 
elasticity is related to increased surface degradation and 
embrittlement, resulting in reduced structural stiffness and low 
efficiency of stress transfer.  

The mean and standard deviation of tensile strength of the 
unaged composites are 82.8 and 5.89, respectively. For aged 
samples, the mean and SD are 78.09 and 7.76, respectively. 
The p-value is >0.05, which indicates a non-significant 
variation between the aged and unaged samples in terms of 
tensile strength. 

Flexural strength is shown in Figure 6. Before aging, the 
flexural strength is significantly higher than that of the after-
aging samples and for all concentrations. 2 wt.% demonstrates 
the highest flexural strength among all samples, whereby 
decreasing flexural strength corresponds to a reduction in filler 
percentage. Exposure to weathering can introduce some 
defects into the composite, ultimately weakening flexural 
strength to a certain level and assisting in degrading the 

composite. The bending properties are heavily influenced by 
matrix splitting or changes in the polymer microstructure and 
interface bonding, which induce debonding and decohesion of 
the molecules and loss of flexibility of the matrix. On the other 
hand, fillers can control the ability of the composite to 
withstand bending loads; for example, nanoparticles could 
reduce the bending properties if agglomeration occurs during 
polymerization, which results in decreased load transfer 
efficiency throughout the composite. However, the aging 
process works on molecular rearrangement within the 
polymer, and the nanocomposite maintains its structural 
stability after weathering, as reported by Sun et al. [29]. The 
aging time significantly influences the flexural and tensile 
properties of the PMMA. The mean and standard deviation of 
flexural strength of the unaged composites are 99.87 and 9.58, 
respectively. For aged samples, the mean and SD are 58.62 and 
5.45, respectively. The p-value is <0.05, which indicates a 
significant variation between the aged and unaged samples in 
terms of flexural strength.  

 

 
 

Figure 6. Flexural strength of nano composites 
 
Regarding Table 4, hardness properties exhibited a similar 

response in the case of the aging process, similar to that found 
in flexural and tensile properties. All aged composites resulted 
in a low hardness value compared to that of the unaged 
samples. The magnitude of the hardness shows a non-
significant variation within all mixing ratios, ranging from 82 
to 84 HV. This outcome is consistent with Çakmak et al. [30] 
and slightly different from AL-Jmmal et al. [31], who reported 
that minor changes could occur when thermal aging exposes 
the composite. Hardness is a measure of surface resistance to 
permanent deformation; therefore, in all unaged samples, the 
surface possesses a harder surface compared to the aged 
composites due to the inclusion of the walnut particles, which 
possess a hard surface energy relative to their nano size. This 
adds extra value to the hardness property of the composite 
surface. On the other hand, aging reduced this characteristic, 
causing partial softening of the surface layer to result in minor 
structural relaxation. Also, the high oxidation during the aging 
process leads to inherent degradation of the composite surface, 
especially at the nanoparticle-polymer interface, which 
releases internal stresses and limits segmental movement of 
the polymer chains. 

The elongation behavior of the PMMA/walnut shell 
nanoparticle composite showed minimal variation for the two 
cases of aged and unaged samples, as shown in Figure 7. The 
elongation ranging from 5.2% at pure PMMA sample to 3 % 
and then gradual increase to 6% for the unaged samples. When 
the aging process was performed, the elongation reduced and 

853



exhibited a similar variation to that of the aged samples, 
starting from 4.86% to 7.1% at 2 wt%. This differentiation in 
elongation is attributed to the effect of walnut nano powder 
concentration and to the weathering process. At a high 

concentration ratio, the particles tend to partially agglomerate 
during the mixing process because of moisture from the 
surrounding air. This partial agglomeration generates micro 
voids during the plasticization process. 

 
Table 4. Young’s modulus and hardness of polymethyl methacrylate (PMMA) composite before and after weathering 

 
wt.% of 

Nano 
Walnut 

Before Weathering After Weathering 
Tensile 

Strength 
(MPa) 

Flexural 
Strength 

(MPa) 

Modulus of 
Elasticity 

(GPa) 

Hardness 
(HV) 

Tensile 
Strength 

(MPa) 

Flexural 
Strength 

(MPa) 

Modulus of 
Elasticity 

(GPa) 

Hardness 
(HV) 

Pure 82.325 83.832 0.83 97.5 69.888 66.6 0.743 83 
0.5 92.36 100.15 0.92 97.7 89.199 61.05 0.89 82 
1 83.9 104.79 0.901 97.8 81.9 57.35 0.85 83 

1.5 76.953 104.79 0.78 98.7 72.1 57.35 0.73 84 
2 79.3215 107.78 0.852 99.01 78.9 51.8 0.83 83 

 

 
 
Figure 7. Elongation in tensile testing of nanocomposites 
 
On the other hand, the effect of the aging environment is 

clearly observed by increasing surface oxidation and/or 
particle orientation, slight structural relaxation and limited 
molecular rearrangement within the polymer matrix.  

In general, the limited variation in elongation values 
demonstrates that the nanocomposite maintained effective 
surface bonding and structural integrity after weathering, 
confirming its mechanical stability and resistance to 
environmental degradation. 

 

 
 

Figure 8. Impact strength of polymethyl methacrylate 
(PMMA) nanocomposites 

 
Figure 8 shows the impact strength of PMMA composites 

before and after the aging process. The significance of the 
tested results exhibits a p-value of 0.06, which is very close to 
the confidence level of 0.05. This variation is mainly attributed 
to some defects in the fabrication process, such as 

agglomeration or air traps inside the composite. Increasing 
filler percentage resulted in a gradual increase in the impact 
strength of the composite and a gradual crosslinking 
enhancement of the PMMA. The aging process significantly 
influenced the impact strength, reaching the lowest value at 
0.5 wt.% of 0.20 KJ/m2, and the maximum at 2 wt.% 
corresponds to 0.4 KJ/m2. A similar trend can be observed in 
the case of unaged samples having at 0.5 wt.% and 2 wt.% 
impact strength of 0.33 KJ/m2 and 0.503 KJ/m2 respectively.  

The variation between aged and unaged samples provides 
information that the aged composites have low energy 
absorption, leading to rapid fracture compared to the unaged 
composites due to surface softening. The impact results, 
especially at the maximum value, correspond to maximum 
flexural strength at 2 wt%. This can provide information about 
the positive effect of walnut strength even if agglomeration 
occurred, but still active in impact and flexural, but not in 
tensile. According to Ortensi et. al. [32], the mechanical 
properties of PMMA can be significantly affected by the aging 
process. In the case of tensile strength, it requires a lower filler 
percentage to obtain higher strength, in which the continuity 
may not be disrupted.  

Figure 9 shows SEM images of the aged surface of PMMA 
nanocomposites. The morphology of a polymeric composite 
significantly depends on various factors, such as 
manufacturing conditions, particle size of fillers, chemical 
nature of the filler components, product design, and 
component mixing ratio. 

The pure PMMA sample (Figure 9(a)) exhibited spherical 
particles with a smooth and relatively homogeneous shape, 
reflecting a uniform polymer structure. At concentrations of 
0.5% and 1% nanoparticles (Figure 9 (b) and (c)), the 
morphology demonstrated good nanoparticle dispersion and 
surface adhesion with fine nanostructured distribution. This 
fine distribution optimizes stress transfer between the 
reinforcement nanoparticles and PMMA matrix, resulting in a 
homogeneous morphology and high filler distribution. 
Conversely, slight nanoparticle agglomerations appeared at 
1.5% and 2% walnut shell nanoparticle concentrations (Figure 
9(d) and (e)); the dispersion was relatively acceptable, and the 
surface showed uniform polymerization with fewer voids and 
pores on the surface. These localized agglomerations are 
accompanied by microscopic gaps and interfacial cracks. 
Overall, the morphological results indicate that moderate 
nanoparticle incorporation leads to moderate structural 
homogeneity, improved mechanical performance, and surface 
integrity, whereas higher concentrations tend to induce 
microagglomeration [33]. 

854



 
 

Figure 9. Scanning electron microscopy (SEM) images of the composite surface at different concentrations: (a) pure polymethyl 
methacrylate (PMMA), (b) 0.5%, (c) 1%, (d) 1.5%, (e) 2%, and (f)-(j) magnification of each concentration, respectively 

 

 
 

Figure 10. Fourier transform infrared (FTIR) spectra of pure polymethyl methacrylate (PMMA) and PMMA reinforced with 
walnut shell nanoparticles: (a) pure, (b) 0.5%, (c) 1%, (d) 1.5%, and (e) 2% 

 
The characteristic absorption bands of PMMA, as shown in 

Figure 10, were obtained from FTIR spectra. The stretching 
vibration of the ester carbonyl group (C = O) is represented by 
a prominent peak at approximately 1722–1724 cm⁻¹, while the 
absorption bands near 2950–2962 cm⁻¹ are attributed to C–H 
stretching vibrations [34]. The C–O–C and C–O stretching 
vibrations of the ester groups are associated with peaks in the 
1260–1020 cm⁻¹ range. PMMA reacted with the cellulose, 
hemicellulose, and lignin components of walnut shell 
nanoparticles, as evidenced by slight shifts in peak positions 

and changes in beam intensity with increasing walnut shell 
nanoparticle content. The presence of cellulose and lignin 
components was confirmed by the more pronounced broad O–
H absorption band in the 2 wt.% composite. The absence of 
new absorption bands indicates the lack of new covalent bond 
formation. The interaction between PMMA and walnut shell 
nanoparticles occurs primarily through physical interactions 
and hydrogen bonding. These results confirm the successful 
incorporation and excellent dispersion of walnut shell 
nanoparticles within the PMMA matrix while preserving their 
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basic chemical structure. Furthermore, no chemical formula 
appeared in the composite after aging. 

Table 5 illustrates the water absorption behavior of all 
unaged and aged composites. The results reveal that no 
significant water absorption occurred after aging, indicating 
that the PMMA material maintained good optical and 
chemical stability under the applied aging conditions. The 
values are very low, indicating that the developed 
nanocomposites can effectively withstand prolonged exposure 
to high humidity and wet environmental conditions without 
undergoing moisture-induced swelling or hydrolytic 
degradation [35]. 

 
Table 5. Water absorption of the polymethyl methacrylate 

(PMMA) composite 
 

wt.% of 
Nano Walnut 

Absorption % 
Before 

Weathering 
After 

Weathering 
Pure 0.928 0.9906 
0.5 0.782 0.9926 
1 0.636 0.9928 

1.5 0.1068 0.9853 
2 0.983 0.9906 

 
4.2 Antibacterial activity test 
 

The results of the antibacterial activity test shown in Figure 
10 demonstrate that adding walnut shell nanoparticles to 
PMMA enhances its inhibitory effect against Streptococcus 
mutans, a Gram-positive oral bacterium closely associated 
with tooth decay. As shown in Table 6 and Figure 11, pure 
PMMA exhibits an inhibition zone of 52 mm, while the 
composite nanoparticles containing 0.5%, 1%, 1.5%, and 2% 
walnut shell nanoparticles showed larger zones of 60, 54, 55, 
and 60 mm, respectively, excluding the radius of the sample, 
which is 5 mm each. This indicates that adding walnut shell 
nanoparticles effectively enhances the antibacterial 
performance of the polymer matrix. Furthermore, the 
increased surface area and nano-interactions between the 
walnut shell nanoparticles and bacterial cells may enhance 
contact and antimicrobial activity. This is attributed to the 
bioactive phytochemicals present in walnut shells (phenols 
and flavonoids), which possess potent antibacterial effects by 
inhibiting cell walls and increasing membrane permeability.  

The high levels of inhibition induced by the nanoparticles 
enhanced the surface interaction and diffusion of antimicrobial 
agents, with the highest activity recorded at concentrations of 
0.5% and 2%. Slight agglomeration may occur at higher 
dispersion levels compared to other concentrations. 
 

Table 6. Antibacterial activity of pure polymethyl 
methacrylate (PMMA) and PMMA with walnut shell 

nanoparticles against Streptococcus mutans 
 

Nano Walnut 
Shell wt.% 

Inhibition Zone (mm) Against 
Streptococcus Mutans 

Pure PMMA 52 
0.5% 60 
1% 54 

1.5% 55 
2% 60 

Note: The inhibition zone value represents the net zone only. 
 

Based on the above results, the high antibacterial activity of 
the polymer compound makes it suitable for use in dentures. 

Walnut shells, used in the manufacture of medical or dental 
polymers such as PMMA, exhibit resistance to these bacteria, 
making them a promising material for denture applications as 
they reduce the risk of infection and biofilm formation. 
 

 
 

Figure 11. Antibacterial activity of pure polymethyl 
methacrylate (PMMA) and PMMA with walnut shell 

nanoparticles against Streptococcus mutans: (a) control 
sample, (b) pure PMMA, (c) 0.5%, (d) 1%, (e) 1.5%, and (f) 

2% wt.%) 
 

 
5. CONCLUSION 

 
The addition of nano-walnut shell reinforcement 

significantly enhanced the mechanical properties of the 
PMMA. 0.5 and 2 wt.% have the highest tensile and flexural 
characteristics compared to the other unaged mixing ratios. 
Furthermore, the addition of nano walnut shell as a 
reinforcement slightly increased the hardness of PMMA 
composites due to the rigid nature of the walnut shell. On the 
other hand, weathering of PMMA composites has shown 
different impacts across PMMA composites. All aged 
composites exhibited a reduction in tensile and flexural 
strength. Under tensile load, all aged samples revealed less 
tensile strength compared to the unaged composites; the 
maximum value reached 89.19 MPa at 0.5 wt.% filler 
concentration, compared to pure PMMA, which has 69.88 
MPa. The weathering conditions introduce micro-voids and 
reduce structural homogeneity, leading to a reduction in tensile 
resistance due to the oxidation process. Meanwhile, the 
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flexural properties have also been reduced compared to the 
unaged composite due to a decrease in matrix flexibility, 
especially when localized agglomeration occurs across the 
thickness of the matrix. The aging process resulted in a 
reduction in hardness of the surface. This reduction occurs due 
to the oxidation process that revealed slight structural 
relaxation and partial softening of the surface layer. It can be 
concluded that aging influences the mechanical properties of 
the composites.  

On the other hand, successful bacterial resistance was 
observed in all aged composites. The standard control sample 
showed massive bacterial growth, whereas the aged pure 
PMMA exhibited a significant inhibition zone of 52 mm, 
while the concentrations of 0.5%, 1%, 1.5%, and 2% walnut 
shell nanoparticles revealed larger zones of 60 mm, 54 mm, 55 
mm, and 60 mm, respectively. 
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