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4.1.2 Mechanical Properties 

4.1.2.1 Tensile strength (TS) 

Figure 5 shows the variation of the TS of the starch/CNF films incorporated with 

different concentrations of thymol (3, 5, 7, and 10 wt%). The TS of the films decreased with 

the addition of thymol and the decrement becomes more pronounced at higher concentrations 

of thymol. The TS values decreased from 10.63 to 6.30 MPa for films without the addition of 

thymol and films containing 10 wt% of thymol, respectively. The percentage of decrement was 

40.73%. Referring to Table 4 in Chapter 2, the resulting films containing 3 to 10 wt% thymol 

exhibit TS in the range of that of low-density polyethylene (LDPE), a common food plastic 

material which ranges from 8.3 to 31.4 MPa, thus proving that the developed films have the 

potential to be used as food packaging material. Thymol that is a hydrophobic agent, may 

penetrate between the polymer chains and reduce the intermolecular forces (Petchwattana & 

N aknaen, 2015). Hence, the presence of thymol made the matrix to become heterogeneous. The 

consequence of this is the decrease in TS due to the increase in flexibility and a decrease in the 

rigidity of the films. Other works including Kavoosi et al. (2013) have found the same trend of 

results when they added thymol into gelatin films and explained that the trend of findings was 

due to the plasticization effect of thymol that makes the film softer. Furthermore, it was found 

that when thymol was incorporated into polybutylene succinate (PBS) based films, the tensile 

strength was reduced by 1 Oto 40% depending on the thymol content (Petchwattana & Naknaen, 

2015). 
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Figure 5. Tensile strength of starch/CNF films incorporated with different concentrations of 
thymol. Different letters in the same graph indicate a statistically significant difference 

(P<0.05). 

4.1.2.2 Elongation at break (EAB) 

EAB of the films provides information on the ability of the films to stretch, particularly 

indicates its flexibility. Figure 6 shows the effects of adding different concentrations of thymol 

into starch/CNF films on the EAB values. It can be seen that EAB value increased with the 

addition of thymol and there is a trend of an increase in EAB with the increase in thymol 

concentrations. The trend of the EAB values is reciprocal to the trend of the TS values, as 

expected. The starch/CNF films without thymol exhibited the minimum EAB value (110.587%) 

whereas the films incorporated with 10% of thymol exhibited the maximum EAB value 

(123.537%) which was 11.7% higher than the control films. All the resulting films exhibit EAB 

values in the range of that of polyethylene terephthalate (PET), high-density polyethylene 

(HOPE), LDPE, and polypropylene (PP), common food plastic materials which ranges from 30 
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4.1.2.3 Young's modulus (YM) 

Figure 7 shows the YM of the starch/CNF films incorporated with different 

concentrations of thymol. It can be observed that the incorporation of thymol caused a 

decreasing trend in YM values of the films whereby the YM decreased from 436.85 to 209.77 

MPa for the films without the addition of thymol and for the films with the addition of 10 wt% 

thymol, respectively indicating the reduction in stiffness of the films. This result is consistent 

with the findings reported by Ramos et al. (2012) whereby the addition of 8 wt% thymol into 

PP films decreas,;!d significantly the YM from 851 to 677 MPa compared to the control film. 

The YM values of the starch/CNF /thymol films incorporated with 7 and 10 wt% thymol in this 

study is consistent with the range ofYM values ofLDPE material whereby the range is 172 to 

282 MPa (Refer Table 4). 

The reduction in YM values with the addition of thymol can be explained by the 

plasticizing effect of thymol that led to a less stiff and more easily deformed film. The addition 

of thymol to the polymer matrix caused a modification of the crystallinity and decreased the 

ductile properties, thus improving the flexibility of the films (Khairuddin et al., 2020), hence 

the decrease in YM. 
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Figure 7. Young's modulus values of starch/CNF films incorporated with different 
concentrations of thymol. Different letters in the same graph indicate a statistically significant 

difference (P<0.05). 

4.1.3 Barrier properties 

Water vapor permeability (WVP) indicates the water barrier efficiency of the films and 

is a crucial factor to monitor since it can affect the quality of the food packaged with the films 

especially during distribution and storage (Vahedika et al., 2019). Figure 8 shows the WVP of 

the starch/CNF films incorporated with different concentrations of thymol. It was found that at 

lower concentrations ( <7%), thymol content is not high enough to cause significant changes in 

the WVP. However, at higher concentrations (>7%), thymol presence caused a decrease in the 

WVP of the films. The WVP of the films is dependent on the hydrophobic-hydrophilic balance 

of the components that form the film and the degree of cross-linking. Many works explained 

that the incorporation of oils led to an increase in hydrophobicity of the polymer-based films 

and thus, to a decrease in the WVP (Almasi et al., 2020). 
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In this work, it was found that WVP decreased significantly when 7 and IO wt% thymol 

was added into the starch films. This result seems to be consistent with the work of Lopez-Mata 

et al. (2013 ), who incorporated carvacrol into chitosan films, whereby the WVP of the films 

decreased with the increment of carvacrol content. This can be explained by the hydrophobic 

nature of the phenolic compounds that become dominant. For certain types of food such as dry 

food ( cereal, bread, etc.), it is favorable to reduce the WVP of food packaging materials since 

the food packaging materials should not facilitate water transfer between the food product and 

the surroundings to enhance the shelf life of food products. However, from the findings in this 

work, it seems like there is a certain range of concentration where that resulted in the reduction 

ofWVP. 
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Figure 8. WVP of starch/CNF films incorporated with different concentrations of 
thymol. Different letters in the same graph indicate a statistically significant difference 

(P<0.05). 
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4.2 Antimicrobial properties 

4.2.1 In-vitro 

The antimicrobial properties of the starch/CNF films incorporated with different 

concentrations of thymol (3, 5, 7, and 10 wt%) were investigated through the disc diffusion 

method again st E. Coli (gram-negative bacteria). The inhibition zones that correspond to a halo 

around the films are shown in Figure 9. 

(A) (B) (C) (D) (E) 

Figure 9. Antimicrobial activity of starch/nanocellulose films after 24 h ofincubation at 37°C: 
(A) 0 wt% thymol, (B) 3 wt% thymol, (C) 5 wt% thymol, (D) 7 wt% thymol, and (E) 10 wt%

thymol. 

To further investigate the effect of concentrations ofthymol on the antimicrobial activity 

of the films, the diameter of the clear zone of inhibition including the film was measured and 

tabulated in Table 9.
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Table 9: Inhibition zone diameter of the starch/CNF films incorporated with different 
concentrations of thymol. 

Concentration ofthymol (%) Inhibition zone diameter (mm) 

0% ND 

3% ND 

5% 9.5 ± 0.5

7% 11.5 ± 0.5 

10% 12.5 ± 0.5 

ND: No inhibition zone was detected. 

The results in Figure 9 and Table 9 demonstrated that the area in direct contact with 

starch/CNF films without thymol, and with the addition of 3 wt% thymol exhibit no inhibition 

zone of E. Coli. Nonetheless, the addition of 5 wt% thymol into the films resulting in clear 

inhibition around the films, and the diameter of the inhibition zone against E. Coli becomes 

more pronounced with the increase in thymol concentrations. The starch/CNF film incorporated 

with 10 wt% thymol exhibited the strongest antimicrobial effect demonstrated by the largest 

clear zone of inhibition around the film. The starch/CNF films incorporated with 5 wt% of 

thymol exhibited a diameter of9.5 mm whereas the films incorporated with 10 wt% ofthymol 

had a diameter of 12.5 mm zone of inhibition. These results are consistent with the findings of 

Tawakkal et al. (2017) whereby when the concentration of thymol was increased from 10 to 

30% in the PLA/kenaffilms, the diameter of the inhibition zone increased from 7.5 mm to 20.6 
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mm at 20% kenaf content. This was attributed to the volatile nature of thymol (Zhong et al., 

2017). The release of the thymol, which is an antimicrobial agent from the films to the agar 

medium inhibits the growth of E. Coli. Meanwhile, the films incorporated with 3 wt% thymol 

might not exhibit the inhibition zone due to the low concentration of thymol that was not enough 

to inhibit the growth of  E. Coli. 

These findings were c onsistent with the work of Petchwattana and Naknaen (2015) 

where they found that the minimum concentration of thymol in the gelatin films that resulted 

in the inhibition zone of E. Coli was 10 wt%. However, when tested against Staphylococcus 

Aureus (gram-positive bacteria), the antimicrobial activity of the gelatin films was evident at 6 

wt% of thymol concentration. According to Zhong et al. (2017), gram-negative bacteria are less 

sensitive to essential oils and their components compared to gram-positive bacteria. Indeed, the 

cell membrane of the gram-negative bacteria is stronger than that of gram-positive bacteria 

(Kavoosi et al., 2013 ). Therefore, higher amounts of the antimicrobial agent are required to 

tackle this limitation. 

4.2.2 In-vivo 

To evaluate the effectiveness and applicability of the starch/CNF films incorporated with 

thymol as food packaging material, the application of starch/CNF films with 0 wt% and 10 wt% 

thymol was demonstrated on fresh meat samples. The starch/CNF films with 10 wt% thymol 

were investigated as starch/CNF films with 10 wt% thymol exhibited the optimum results in 

the in-vitro analysis. Table 10 shows the population of E. Coli in terms of log CFU/m2 on the 

surface of  the inoculated meat samples stored at 13°C on three different reading days (days 3, 

5, and 7). 
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The result s  in Table 10 confirmed that the antimicrobial activity of the films was the 

highest for the films with the addition of thymol whereby the E. Coli population was the lowest 

for that films compared to control and the films without the addition of thymol throughout the 

7 days of storage. Indeed, from day 3, the population of E. Coli was higher for the control (fresh 

meat sample without films) and for the meat sample that was in direct contact with the 

starch/CNF films without the addition of thymol compared to that of the starch/CNF films with 

the addition of 10 wt% thymol. 

Table 10: Antimicrobial activity of starch/CNF films incorporated with thymol against 
E. Coli on fresh meat slices.

E. Coli counts (log CFU/cm2)

Films Day3 Day5 Day7 

Control (no films) 9.52 9.51 8.34 

Starch/CNF/0% thymol 9.31 929 8.32 

Starch/CNF/I 0% thymol 8.13 6.12 2.58 

The population of E. Coli for the meat sample without film decreased slightly from day 

3 to day 7. This was most probably due to the low-temperature environment (13°C) that was 

not optimum for the growth of E. Coli. Mild temperatures like 37°C are more favorable for the 

metabolism of E. Coli. However, E. Coli has the ability to adapt and survive at low temperature 

(Lee et al., 2019), hence the slight decrement in the E. Coli population. Meanwhile, the 

population of E. Coli in the meat sample that was in direct contact with starch/CNF films 

without the addition of thymol was slightly lower than the control films due to the existence of 

the films that act as  a barrier against the meat samples and the surrounding. On the other hand, 
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the population of E. Coli decreased significantly for the meat samples in direct contact with the 

starch/CNF films incorporated with IO wt% thymol whereby on day 7, the population was 2.5 8 

log CFU/cm2 of E. Coli, due to the antimicrobial properties of thymol in the films. 

These results were consistent with the findings of Zhang et al. (2020) whereby thyme 

essential oil was blended in curdlan/polyvinyl alcohol composites and the resulting films were 

tested on chilled meat. They observed that the microbial growth was inhibited and the storage 

period was extended with the incorporation of thyme essential oil into the films. The bacterial 

count of the control group, on the other hand, increased with the storage time, and the meat was 

deteriorated by the 6th day. Furthermore, in a study conducted by Tawakkal et al. (2017), they 

found that the population of E. Coli decreased significantly upon increasing the thymol 

concentration from 10 to 30% in PLA/kenaf films. For instance, by day 19 of reading, there 

were no colonies detected for the samples wrapped in the films containing 20% kenaf and 30% 

w/w thymol. This was due to the death of the bacteria caused by the destruction of their 

phospholipid membrane resulting in an imbalance of water {G6mez-Esteca et al., 2010). 

As shown in Figure 10, the physical appearance of the meat changed over time 

depending on whether or not the meat was in direct contact with the films, as well as the addition 

of thymol into the film. It is clear that on day I, all of the meat samples were reddish, attesting 

to their freshness. However, on day 3, the control meat sample started to become a bit darker 

in color, indicating a slight deterioration in the freshness. On day 7, the color of the meat sample 

became even darker compared to day 3 demonstrating a high reduction in the freshness. The 

meat sample that was in direct contact with the starch/CNF film without thymol also started to 

present changes in freshness as can be observed from the change in color on day 3 and the 

changes become more pronounced on day 7. On the other hand, the meat sample that was in 

direct contact with the starch/CNF film incorporated with 10 wt% thymol looked quite fresh 
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CHAPTERS 

CONCLUSIONS AND RECOMMENDATION 

In this work, the physical, mechanical, and barrier properties of starch/CNF films 

incorporated with different concentrations of thymol (3, 5, 7, and IO wt%) were investigated, 

as well as their antimicrobial activity. The conclusions and recommendations for future studies 

are presented in this chapter. 

5.1 Cbaracteriz21tion of starch/CNF/thymol films 

It was found the t the thickness of the films increased with the addition and with the 

increase in  the concen ation of thymol {P<0.05). The thickness increased significantly from 

0.0859 mm for the films with O wt% thymol to 0.0945 mm for the films incorporated with 10 

wt% thymol. This can be explained by the increase of dry content matter in the biopolymer 

matrix which comes from thymol and the plasticizing effect of thymol. In terms of color, the 

L *, a*, and b* values were quite similar for all the films. However, there was a slight increase 

in the LIB value as thymol was incorporated into the films, which was due to the white color 

nature of thymol. The opacity of the films increased slightly with the increase in thymol 

concentrations in the starch/CNF films indicating a slight reduction in transparency of the films. 

The addition of thymol into the starch/CNF films altered the mechanical properties of 

the films in terms of TS, EAB, and YM whereby TS and YM decreased proportionally with the 

increase of thymol concentration in the starch/CNF films while EAB increased with the increase 

in thymol concentration in the starch/CNF films. The lowest TS value was recorded for the 

films containing 10 wt% of thymol (6.30 MPa) in opposition to the value of 10.63 MPa for the 

films without the addition of thymol. The starch/CNF films incorporated with IO wt% of thymol 

exhibited the lowest YM value (209.77 MPa) in comparison to that without thymol (436.85 

MPa). Meanwhile, the highest value of EAB was obtained when 10 wt% of thymol was 
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incorporated in the films (123.5_4%). The starch/CNF films without the addition of thymol 

exhibited the lowest EAB value of 110.59%. These findings were related to the improvement 

of the flexibility and the decrease in the rigidity of the films as a consequence of the presence 

ofthymol which exhibits a plasticizing effect. It was found that the mechanical properties of 

the starch/CNF/thymol films produced in this s tudy were in accordance with that of some 

common food plastic materials, thus proving that they are suitable, promising, and have a high 

potential for food packaging applications. 

In terms of barrier properties, the incorporation ofthymol at high concentrations (�7%) 

into the starch/CNF films led to a significant decrease in the WVP. The films without thymol 

exhibited a WVP value of 4.98 E-O9 g/Pa.d.m. The value decreased to 2.0lE-09 !ifPa.d.m with 

the addition of 10 wt% thymol into the films due to the hydrophobic nature of the phenolic 

compounds in thymol. 

5.2 Antimicrobial activity of the starch/CNF/thymol films

Antimicrobial properties of the prepared films were investigated through in vitro ( disc

diffusion method) and in vivo ( direct contact of the films with fresh meat) analyses. The

inhibition zone against E. Coli was observed when the thymol concentration was at 5 wt% and

higher. The diameter of the inhibition zone increased with an increase in thymol concentration.

These findings prove the antimicrobial properties of the films incorporated with thymol. Also,

the in-vivo analysis demonstrates that the starch/CNF films incorporated with 10 wt% of thymol

inhibited the microbial growth and reduced the bacterial count on fresh meat samples. The

designated films exhibit the potential to be used as active packaging because of the

effectiveness of the thymol as an antimicrobial agent.
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c) Barrier properties

WVPwas 
determined using the 
modified dry cup method 

according to ASTM E96 
(Risyon et al., 2020) 
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