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A B S T R A C T   

The physical and mechanical properties of biopolymers can be improved by heating technologies. 
In this research, we improved the properties of Polyvinyl alcohol (PVA)/Uncaria gambir extract 
(UGE) blend films by post-heating method. After post-heating, the blend film exhibited higher 
resistance to UV light and improved contact angle performance, while water vapor permeability 
and moisture absorption decreased. The tensile strength and toughness of the PVA/UGE blend 
film with a post-heating duration of 40 min were 68.8 MPa and 57.7 MPa, respectively, an in-
crease of 131 % and 127 %, compared to films without post-heating. This facile and cost-effective 
fabrication method, with environmentally friendly properties, can be applied to biodegradable 
PVA/UGE blend films to achieve desired properties for optical devices or food packaging 
materials.   

1. Introduction 

Recently, various novel materials have been studied for application in optical devices [1]. However, not many of them are made 
from natural ingredients. In fact, these natural materials have good physical and chemical properties that are suitable for many 
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applications [2–10]. In recent years, there has been a growing focus on exploring the potential of polyphenolic compounds as an 
additive for PVA [11–14]. The abundant and inexpensive polyphenol may be extracted from the Uncaria Gambir plant [15]. The 
distinctive attributes of both PVA and UGE have sparked significant interest within the scientific community [16–20]. The combination 
effects of PVA and UGE show promising for several applications, including environmentally friendly and sustainable packaging ma-
terials [21]. Previous studies have shown the notable benefits of including UGE as a supplement for PVA. These advantages include 
potent anti-UV and anti-bacterial characteristics, along with the capacity to greatly enhance the mechanical resilience of PVA films 
[22]. 

Crosslinking is a significant process that improves the PVA film properties, especially the mechanical properties [23]. The inherent 
substances in UGE facilitate the formation of chemical bonds inside the PVA framework, resulting in enhanced connections between 
molecules and a more compact arrangement [24]. Consequently, this leads to a higher level of tensile strength, greater flexibility, and 
better toughness of the composite material. UGE’s natural components, tannins, have the capacity to both absorb and dissipate ul-
traviolet radiation, which is why it has anti-UV characteristics [16,25]. Due to this mechanism, PVA films can be shielded from UV 
radiation. 

However, to maximize the advantages of these PVA/UGE blend films, it is essential to investigate other methods of improving their 
characteristics. Regarding this matter, the use of post-heat treatment emerges as a persuasive option. We hypothesize that applying 
heat to the PVA/UGE after their initial fabrication offers the potential to adjust their structure and enhance their performance. Prior 
studies have already investigated the tribological properties of heat-treated PVA/UGE blend film [26]. The heat treatment has been 
found to significantly enhance both tribological properties and water barrier capabilities. However, in this present work, we take a 
closer look at optimizing the heat treatment duration and delving further into the characterization of these properties, offering a more 
comprehensive understanding of their behavior. Exploring the effects of heat treatment on PVA/UGE blend film in order to investigate 
mechanical, optical, and barrier properties is conducted for the first time. We aim to uncover innovative ways to improve these films, 
potentially setting new benchmarks for application in UV blocking and hydrophobic coatings in optical devices or food packaging 
materials [27]. 

Therefore, this research comprehensively explores the effect of post-heat treatment and its mechanism in enhancing the properties 
of PVA/UGE. Field emission scanning electron microscopy (FESEM), light transmittance, tensile testing, X-ray diffraction (XRD), and 
thermal resistance analyses were conducted. 

2. Materials and sample preparation 

Polyvinyl alcohol (PVA) (Mw 89,000 g/mol) was acquired from Sigma-Aldrich. The UGE powder utilized in this work is from our 
previous study [22]. This substance is composed of catechin (91.8 %), water (8.1 %), and charcoal (0.1 %) obtained from the Sumatran 
Biota Laboratory, Indonesia. Distilled water was supplied by Andeska Laboratory, Padang, Indonesia. 

For purification, UGE (1 %) and distilled water (100 mL) were blended using a magnetic stirrer (Scilogex MS-H280-Pro) at 500 rpm 
for 30 min. The suspension was centrifuged with a centrifuge machine (2000 rpm for 30 min) for the separation of immiscible liquids or 
sediment suspended solids. 

The blend film was prepared by mixing pure UGE (1 wt%), PVA (10 g), and distilled water (100 mL). The suspension was blended 
using a magnetic stirrer (MS-H280-Pro, Scilogex, USA) and then heated at 70 ◦C and 500 rpm for 2 h until gelatinized. The gelatinized 
suspension was sonicated using an ultrasonic homogenizer, then cast and dried immediately in a vacuum oven. After the film dried 
completely, it was cooled down and kept in a desiccator (WH). For the treated samples, the films were heat-treated in a drying oven for 
ten, twenty, and 40 min at 100 ◦C (H10, H20, H40). The detailed sample preparation is illustrated in Scheme 1. 

Scheme 1. Preparation of PVA/UGE films with and without post-heat treatment.  

D. Rahmadiawan et al.                                                                                                                                                                                               



Heliyon 10 (2024) e30748

3

3. Characterization 

3.1. FESEM morphology 

The films’ morphological fracture surfaces were observed using a FESEM (Quattro S, Thermo Fisher, USA). The specimen was 
positioned onto the carbon tube. The film was imaged using high vacuum condition with a 3.0 kV accelerating voltage. 

3.2. Contact angle 

The contact angle value was determined using SEO Phoenix 300 Plus (accuracy ±0.1◦), Korea. All samples (150 mm × 200 mm) 
were scanned for 90 s. The sample size and measuring time referred to ASTM D5946 Standard for the Water Contact Angle Test for 
Polymers. 

3.3. Film transparency 

The transmittance value of the sample was determined using a Shimadzu UV 1800 spectrophotometer (Shimadzu Instrument, 
Japan) and scanned at a wavelength range of 200–800 nm. Before the test, all samples were cut into rectangular shapes (10 × 25 mm) 
following the ASTM D1003 Standard. 

3.4. Tensile properties 

The tensile tests for all samples were conducted according to ASTM D638-14 Type 5 standard. The HT-2402 Computer Universal 
Testing Machine was used to obtain tensile strength, modulus of elasticity, and elongation at break. The tensile speed was set at 0.01 
mm/s, with five repetitions for each sample. Before testing, the thickness and width of all samples were measured using the Olympus 
SZX-10 Stereo Microscope. 

3.5. FTIR 

FTIR spectra were acquired using the Nicolet iS20 instrument manufactured by Thermo Fisher Scientific, based in the United States. 
The samples were scanned between the wavenumber range of 400 cm− 1 to 4000 cm− 1. 

3.6. X-ray diffraction 

The X-ray diffraction (XRD) pattern of the samples was acquired using a XRD (Maxima X, Shimadzu, Japan). The test was con-
ducted at a temperature of 24 ◦C, with an applied voltage of 40 kV and a current of 30 mA. The testing utilized copper Kα radiation with 
a wavelength of 0.15406 nm. The sample underwent scanning from an angle of 2θ = 10◦ to 50◦ at a rate of 2◦ per minute. The area of 
the crystalline and amorphous zones was determined using a Gaussian function. An Equation from the literature was used to determine 
the crystallinity index (Icr) [28]: 

Icr(%)=
Ac − Aa

Ac
x 100% (1)  

where Ac is the integrated areas for crystalline region under curve at 2θ = 20◦ - 23o. Aa is the area of the amorphous section at 2θ = 15◦ - 
16o. 

3.7. Thermogravimetry analysis (TGA) and derivative (DTG) 

The TGA and DTG of the samples were measured using a thermal analysis equipment (TGA 4000, PerkinElmer, Hopkinton, MA, 
USA). The specimen (10 mg) was placed on a microbalance within the furnace. The nitrogen flow rate was set at 20 mL/min and the 
heating rate was set to 10 ◦C/min. The experiment was conducted within a temperature range of 30 ◦C–600 ◦C. The Pyris programme 
(Version 11, Pyris, Washington, MA, USA) was utilized to analyse the proportions of weight reduction, rate of weight reduction, and 
residue. 

3.8. Water vapor permeability 

The vapor permeability of the sample was measured in accordance with ASTM E96 standard through a gravimetric method, uti-
lizing a Water Vapor Transmission Rate Tester Machine (Labthink, China). All the samples were tested at 38 ◦C and differential RH 
(difference at two sides of samples) at 90 %. 
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3.9. Moisture absorption 

The measurement of MA values of the samples is based on our previous research [21]. All the samples (10 mm × 10 mm) were dried 
using a drying oven (Memmert, Germany) at 50 ◦C for 2 h to obtain the constant weight. After that, all samples were placed in a closed 
chamber with (75 % RH, 25 ◦C) and weighed every 30 min for 8 h by a precision balance (Kenko Precision Balance). The MA values 
were calculated using equation (2): 

MA=
Wh − Wo

Wo
× 100% (2)  

where Wh and Wo are the sample’s final weight and initial weight. This testing was performed in 5 repetitions for each sample. 

4. Results and discussions 

4.1. Color and light transparency 

Fig. 1 presents PVA/UGE blend film photographs of WH (a), H10 (b), H20 (c), and H40 (d) films. A university logo is clearly visible 
under all films. The 0.7 mm thick WH film was the most transparent, as shown in Fig. 1a. The transparency of the film decreased with 
increasing the heating duration (Fig. 1b-d). After heating the WH film for the longest duration (40 min), H40 with a thickness of 0.6 
mm was still clear enough to see through easily. Fig. 1e shows the transparency curves of the blend films in the wavelength range 
300–800 nm. Three segments of the UV light spectrum are categorized as UV-C (220–280 nm), UV-B (280–320 nm), and UV-A 
(320–400 nm) [29]. All films show good UV light absorption properties. However, WH had the poorest UV rays absorption. This 
film still transmits UV rays about 22.8 % at 400 nm wavelength. After post-heat treatment, the blend films (H10, H20, and H40) 
absorbs UV were increased. H40 provides highly effective UV absorption, shielding approximately 90 % of UV rays at 400 nm. More 
precisely, it completely blocks UV-C and UV-B light and absorbs 90 % of UV-A light [30,31]. The UV-absorbing properties of catechin 
are due to its phenolic compounds, which absorb UV rays and disperse the absorbed energy [32–36]. Moreover, the heat treatment 
induces additional crosslinking between the PVA chains and the phenolic compounds of UGE, creating a denser and more stable 
matrix. This densification not only strengthens the film but also enhances its ability to scatter and absorb UV rays [37]. This finding 
aligns with prior research showing that a composite film containing tannins, which include polyphenols, exhibits strong UV light 
absorption [38]. 

Fig. 1. Physical appearance for WH (a), H10 (b), H20 (c), and H40 (d) films with thicknesses of about 0.7 mm, 0.6 mm, 0.7 mm, and 0.6 mm, 
respectively. The ray transmittance curves of PVA/UGE films (e). 

D. Rahmadiawan et al.                                                                                                                                                                                               



Heliyon 10 (2024) e30748

5

4.2. FESEM images of film cross-section area 

Fig. 2 exhibits FESEM morphology of fracture surface from the tensile testing sample. The WH film (Fig. 2a) displays a smoother 
fracture surface than the post-heated one (Fig. 2b, c, and 2d). This result may be attributable to the fact that the fracture point 
propagates more linearly when obstacles are minimal. After reheating, the surface becomes more abrasive, as shown by H10 (Fig. 2b), 
as a result of the development of longer and more tortuous fracture points that follow the weakest link in the chain structure [22]. This 
rough surface corresponds to the strong crosslinking density between PVA and UGE, which inhibits regrowth [37]. The number of 
these bonds increases as post-heating duration increases, resulting in a coarser surface (Fig. 2c and d). Devious fractures result in 
microscopic features known as beach marks (red arrows in Fig. 2d) [31]. Fig. 2d illustrates the correlation between the maximum 
surface roughness and the longest tortuous crack tip travel. These results are in accordance with Fig. 1. 

4.3. FTIR spectrum 

Fig. 3aillustrates the FTIR patterns of samples (wavenumber 4000-500 cm− 1) subjected to varying thermal treatment durations. 
FTIR displayed a similar pattern, indicating that the treatment had no effect on the PVA functional group properties. Nonetheless, the 
duration of thermal treatment modifies the FTIR curve’s peak intensity. The prominent peak at approximately 3271 cm− 1 corresponds 
to the O–H stretching vibration. Increasing the heating duration of PVA from 0 to 10, 20, and 40 min decreased transmittance (T) 
values of the O–H stretching peak position from 68.6 % (WH) to 72.3 %, 80.1 %, and 82.8 %, respectively. This shift is a result of an 
increase in hydrogen bond density brought about by the presence of more free –OH group contacts in PVA and UGE as time passes. The 
higher crosslinking ratio decreases the availability of free hydroxyl groups, leading to a reduction in the maximum intensity of the 
hydroxyl functional groups. 

The nature of the polyphenolic extracts of UGE in PVA blend film without and with post-heat treatment can be identified in the 
region of 800–1800 cm− 1 [39,40]. Absorptions at about 1046 cm− 1 (C–O–C stretching vibration), as shown in Fig. 3b, was attributable 
to UGE [21,22,41]. As expected, the WH film shows the sharpest peak intensity with the deepest valley. After post-heat treatment, 
however, the valley depth of the C–O–C peak became weaker. This shift may be attributed to strong H-bonding between PVA and UGE 
[42]. A similar phenomenon is also present in bands at 1607 cm− 1 (Fig. 3b), corresponding to aromatic –C––C– bonds [43]. The 

Fig. 2. FESEM images of fracture surfaces for WH (a), H10 (b), H20 (c), and H40 (d).  
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sharpness and the intensity of the band weaken as the heating time increases. This is because high temperature promotes the formation 
of crosslinks between PVA and UGE molecules [44]. 

4.4. XRD pattern 

Fig. 4 displays the XRD patterns of blended films without and with post-heat treatment. The blend film shows a characteristic peak 
of the orthorhombic lattice centered at 2θ = 20◦, indicating its semicrystalline nature [45]. The prominent diffraction peak was 
attributed to (101) crystal plane diffraction of PVA [46]. The height of these peaks is a measure of the crystallinity index (Icr) of the 
polymer chains. This is consistent with the type of diffraction pattern previously reported [38]. After post-heating the blend film, the 
intensity of this peak increased, indicating an increase in the degree of crystallinity. For example, WH in Table 1 has the lowest Icr 
(24.4 %) which increased to 26.9 % after heat treatment of 10 min (H10). The slight increase in Icr may be due to the more ordered 
structure of the polymer chains after post-heat treatment. Longer post-heat duration makes insignificant changes in Icr of the blend 
film. 

4.5. Thermal analyzing 

Fig. 5 presents the thermal resistance of the non- and post-heated PVA/UGE. TGA curve for each film (Fig. 5a) shows a three-step 
thermal degradation as temperature increases. At first step, the slight weight loss from 60 ◦C to 150 ◦C corresponds to evaporation of 
absorbed water [47]. WH exhibits high water evaporation due to high water content. In the second stage, the films present a rapid drop 

Fig. 3. FTIR curves in the complete spectral range (4000-500 cm− 1) (a) and in the working reduced range (750-1700 cm− 1) of films without and 
with heating (yellow band). 

Fig. 4. XRD pattern for all tested samples before and after post-heat treatment.  
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of weight (270–450 ◦C) as a result of the PVA and UGE decomposition [46]. The maximum decomposition rate (Tmax) of films during 
the second weight-loss period was shown in Fig. 5b. Table 1 presents Tmax value for all samples. Blend films after post-heating present 
higher maximum decomposition rate. Tmax of H20 was 367 ◦C, 14 % higher than WH (364 ◦C). This temperature shift is associated with 
an increase in the density of the crosslinked polymer. Consequently, the densely packed polymers produce a higher activation energy. 
These findings were consistent with the tensile properties (Fig. 2a and b), which showed higher tensile strength in the post-heated films 
than in the unheated film. Reasonably, the decomposition of the film after post-heat treatment requires much greater heat energy. This 
finding is in line with previous research [48]. 

4.6. Tensile properties 

Fig. 6a presents tensile strength (TS) and modulus of elasticity (ME) of the PVA/UGE blend film. Elongation at break (EB) and 

Fig. 5. Thermal resistance TGA (a) and DTG (b) of blend films without and with post-heat treatment.  

Table 1 
Crystal fraction (Icr) at 2θ = 20◦ from Fig. 4 and Tmax from Fig. 5b.  

Film samples Icr (%) of (101) plane at 2θ = 20◦ Tmax (oC) at second weight loss 

WH 24.4 364.1 
H10 26.9 365.1 
H20 26.7 365.4 
H40 26.7 367.0  

Fig. 6. The mean values of TS and TM (a), and TN and EB (b) for the films. Significant variations (p ≤ 0.05), indicated by different letters (a, b, c, A, 
B, C). 
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toughness (TN) were exhibited in Fig. 6b. The PVA/UGE without post-heating had low tensile properties. After post-heating, these 
tensile properties were significantly increased. The increased tensile properties may be due to the higher interconnected PVA fraction. 
This finding aligns with the XRD pattern (Fig. 4), which demonstrates a higher Icr value corresponding to increased crosslinking within 
the PVA chains. Moreover, H20 exhibits higher EB (63 %) and TN (65.7 MJ/m3) due to the elongated, convoluted growth of crack tips, 
following the weaker segments of the chain structure. A similar result agrees with higher surface roughness of the blend film (Fig. 1) 
after post-heating. This phenomenon is consistent with H40 showing the highest surface roughness (Fig. 1d) associated with the 
longest tortuous crack tip journey. The post-heat treatment can lead to a more ordered alignment of polymer chains, which can result 
in a higher degree of anisotropy in the material, making it more resistant to deformation along the direction of the applied force [49]. 
Interestingly, the literature indicates that heat treatment enhances the tensile strength of PVA films while generally having no impact 

Fig. 7. (a) Contact angle on film surfaces and (b) contact angle of films as function of time (t) in second (s).  
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on elongation [49,50]. The presence of tannins in UGE may explain this phenomenon. Tannins can operate as crosslinking agents due 
to their ability to form complexes and interact with polymers [51]. Crosslinking can develop various impacts on the material. It has the 
potential to enhance the polymer matrix, leading to greater rigidity and tensile strength, but possibly decreasing elasticity [22]. The 
post-heat treatment process initiates crosslinking reactions to an even greater extent, which can further intensify with longer durations 
[50]. This complex behaviour may refer to the development of physical anchors inside the material, which allows for controlled 
stretching and eventually results in improved elongation before failure. 

4.7. Contact angle measurements 

Contact angle values of all PVA/UGE surfaces are shown in Fig. 7. The membrane remained hydrophilic following the various 
heating durations. The hydrophilicity characteristic shows that the contact angle in Fig. 7a is still below 90◦ [52]. Fig. 7b displays a 
drop of water on the film surfaces for 120 s. The water contact angle increased gradually with increasing treatment time. This finding 
may be due to increased crosslinking of polymer resulting in a decrease in the number of hydrophilic –OH groups [53]. The increase in 
hydrophobicity is also confirmed by the water absorption curve (Fig. 8a) which shows that the film after post-heating absorbs less 
water vapor than the unheated film. This phenomenon is consistent with the FTIR spectrum (Fig. 3) showing weaker O–H group 
intensity with increased duration of heat treatment. 

4.8. Moisture adsorption and water vapor permeability 

To maintain the durability of biofilm on food packaging, it is important that the biofilm does not absorb a lot of water. The 
freshness, taste, and shelf life of different foods are all affected by how well they absorb and release moisture. Fig. 8 shows the moisture 
absorption (MA) (a) and WVP and WVT (b) curves as a function of time for PVA/UGE blend films. The blend film without post-heat 
treatment had the poorest performance in MA, WVP, and WVT. The WH presents the MA of 1.42 % after 480 min (Fig. 8a), WVP of 1.85 
10− 13 g m− 1 s− 1 Pa− 1 after 24 h of testing (Fig. 8b). Following an extended heating treatment, the values of MA (moisture absorption), 
WVP (water vapor permeability), and WVT (water vapor transmission) exhibited a further reduction, along with a decline in the T 
values linked to hydrophilic functional groups. Following an 8-h exposure inside the controlled environment of the humidity chamber, 
the moisture absorption (MA) for H20 was determined to be 0.9 %. This value indicates that H20 absorbed 28 % less moisture 
compared to H10. The presence of a reduced number of unbound hydroxyl groups in H20 has been shown, perhaps attributed to the 
robust intermolecular connections of the polyvinyl alcohol (PVA) chains via intermolecular hydrogen bonding [54]. The diffusion of 
water is hindered by the presence of a less hydrophilic layer. The findings presented align with other research that has shown a 
reduction in water absorption in blended films after heat treatment [50]. Additionally, Fig. 8b illustrates the water vapor permeability 
(WVP) values of films subjected to post-heating and films not subjected to post-heating. As anticipated, the water vapor permeability 
was reduced with the implementation of post-heat treatment. After a duration of 24 h, it was observed that the water vapor perme-
ability (WVP) of WH10 film was 5.4 % less than that of WH film. The reduction in water vapor permeability (WVP) may be attributed to 
the increased density of the PVA polymer film after post-heating, leading to enhanced hindrance to the passage of water molecules 
across the film. Films that have not been subjected to heat treatment have a reduced proportion of non-crosslinked polymer chains, 
hence affording greater permeability to gas in comparison to films that have undergone post-heating. In contrast, after the application 
of heat, there is a reduction in this volume as a consequence of the polymer chain interaction via intermolecular contacts. This leads to 
an enhanced structural compatibility, which in turn creates further obstacles for gas diffusion. Heat treatment also might reduce the 
space available for water molecules to penetrate and be retained within the film due to increased density, thus lowering moisture 
adsorption. The findings align with the increased contact angle (Fig. 7a and b) seen in the films after post-thermal treatment. This 
finding aligns with prior research that has shown a correlation between a more uniform and condensed composition of biodegradable 
films and a decrease in water vapor permeability (WVP) and water vapor transmission (WVT). 

5. Conclusions 

The properties of PVA/UGE film have been improved via the employment of post-heating. The post-heat treatment enhanced UV 
light protection, contact angle, tensile properties, moisture resistance, and water vapor permeability. The increase in UV-blocking 
properties may be attributed to the elevated concentration of polyphenolic compounds of catechin, resulting from the post-heat 
treatment. This assertion is supported by the changes observed in the FTIR spectrum. The H40 blend film demonstrates the most 
superior performance in this study. The film had a UV light inhibition rate of 90 % and tensile strength (TS) of 68.8 MPa, which was 
131 % higher than the WH film. The findings indicate that the PVA/UGE blend film has the potential to be eco-friendly, high strength, 
and excellent UV resistance food packaging films. 
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