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Symbols abbreviated  22 

AIL = Acid insoluble lignin; ASL = Acid soluble lignin; ATR-FTIR = Attenuated total reflection-Fourier 23 

transform infrared; DTG = Derivative Thermogravimetry; FE-SEM = Field emission scanning electron 24 

microscope; OPL = Organosolv lignin from potato crop residues; PCR = Potato crop residues; rpm = 25 

revolutions per minute; TGA = Thermogravimetric analysis; UV–Vis = Ultraviolet–visible spectroscopy; 26 

WVTR = Water vapor transmission rate; XRD = X-ray diffraction 27 
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Abstract 29 

Plastic wastes accumulated due to food packaging pose environmental threats. This study proposes 30 

biopolymeric films containing lignins extracted from potato crop residues (PCR) through 31 

organosolv treatment as a green alternative to non-degradable food packaging. The isolation 32 

process yielded 43.9 wt.% lignins with a recovery rate of 73.5 wt.% achieved under optimum 33 

conditions at 180 °C with 50% v/v ethanol. The extracted lignins were then incorporated into a 34 

starch matrix to create biocomposite films. ATR-FTIR analysis confirmed interactions between 35 

the starch matrix and extracted lignins, and XRD analysis showed the amorphous structure of 36 

lignins, reducing film crystallinity. The addition of 1 wt.% of extracted lignins resulted in a 87% 37 

reduction in oxygen permeability, a 25% increase in the thermal stability of the film, and a 78% 38 

enhancement in antioxidant. Furthermore, introducing 3 wt.% lignins led to the lowest water vapor 39 

transmission rate, measuring 9.3 × 10-7 kg/s·m². Morphological studies of the films demonstrated 40 

a homogeneous and continuous structure on both the surface and cross-sectional areas when the 41 

lignins content was below 7 wt.%. These findings highlight the potential of using organosolv 42 

lignins derived from potato crop residues as a promising additive for developing eco-friendly films 43 

designed for sustainable food packaging. 44 

 45 

Keywords: Biopolymer; Food packaging; Crop waste valorization  46 
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1. Introduction 47 

In recent years, the increasing emphasis on responsible consumption and production has 48 

driven researchers to investigate more environmentally friendly options to replace fossil-based 49 

polymers [1]. This is due, in part, to the fact that current plastic waste recycling methods have not 50 

resulted in a significant reduction in the amount of plastic waste being disposed of in the 51 

environment, landfills, or through incineration. Indeed, current trends indicate that the mass of 52 

plastic waste generated is projected to reach 150 million tons by the year 2050 [2], further 53 

exacerbating the negative consequences associated with existing waste management approaches. 54 

These challenges include groundwater pollution caused by the leaching of plastic waste and the 55 

release of harmful chemicals like dioxins, furans, and polychlorinated biphenyls into the 56 

environment during incineration [2]. To address these waste management issues, the substitution 57 

of traditional fossil-based polymers with biobased alternatives has emerged as a viable solution 58 

[3]. Biobased polymers, or biopolymers, have gained significant attention for diverse applications, 59 

including the development of food packaging materials [4]. 60 

Among biopolymers, starch stands out as a promising replacement for non-degradable 61 

polymers due to its biodegradability, sustainability, widespread availability, and cost-effectiveness 62 

[5]. Starch, a polysaccharide biopolymer, is primarily found in plants [6], such as maize, cassava, 63 

wheat, rice, and potatoes, where it serves as a reserve of sugar molecules [7]. Despite its favorable 64 

film-forming properties, starch-based films are characterized by poor resistance to moisture due to 65 

their hydrophilic nature and limited mechanical strength [8, 9].  66 

To enhance the properties of starch-based films, various modification techniques have been 67 

explored. These methods range from chemical modifications to the incorporation of different 68 

polymers, compounds, and fillers into starch matrices [10]. The incorporation of natural fillers is 69 
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of particular interest due to their affordability and biodegradability, with lignins being identified 70 

as a promising natural polymer to be used alongside starch in film production [11]. Lignins, the 71 

second most abundant natural polymer after cellulose, are present in the cell walls of 72 

lignocellulosic materials and serve as binding agents [12-15]. Lignins consist of chemical units 73 

that contribute to hydrophobicity, UV absorption, and antioxidant properties when used as a filler 74 

in composites [16]. Comprising aliphatic and aromatic compounds, lignins are biosynthesized 75 

from components such as p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol [17]. Their 76 

structure is influenced by botanical source and extraction methods [18]. In alignment with the 77 

principles of a circular economy [19], lignins sourced from highly polluting potato crop residues 78 

(PCR-lignins) could be a valuable natural filler, as up to 46 million tons of potato crop residues 79 

(PCR) are generated globally each year [20]. Utilizing them can help mitigate associated pollution 80 

challenges [21]. In this study, the organosolv process was employed to recover lignins from PCR. 81 

In comparison to other lignin extraction methods such as kraft, sulfite, and soda processes [22, 23], 82 

the organosolv process facilitates the efficient recovery of high-purity, sulfur-free lignin [24]. 83 

Additionally, the organosolv treatment can be integrated into other processes through solvent 84 

selection and can be made more economically viable through solvent recovery [25]. Importantly, 85 

a literature review indicates that the extraction of lignins from potato crop residues and their 86 

subsequent use to reinforce starch-based biocomposites has yet to be explored.  87 

The objective of the present study is to utilize organosolv lignins from potato crop residues 88 

to produce innovative biodegradable biocomposites for food packaging. The impact of lignin 89 

content on the properties of the prepared films was investigated through various analyses, and the 90 

results are discussed in detail. The chemical composition of starch films and lignin particles 91 

incorporated into the starch matrix was determined using ATR-FTIR. The influence of lignins on 92 
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the starch matrix was further evaluated through mechanical testing, X-ray diffraction, FE-SEM, 93 

TGA, UV-Vis spectrophotometry, oxygen permeation testing, water vapor transmission rate 94 

measurement, water swelling analysis, and antioxidant assays. 95 

  2. Materials and methods 96 

2.1. Materials 97 

Food-grade wheat starch was purchased from Chavil Food Industries, Iran, and its 98 

structural properties were previously investigated in our research [26]. The chemical 99 

characteristics of this component, provided by the producer, are detailed in supplementary data 100 

Table S1. Deionized water (conductivity < 1 µS/cm) was employed to prepare aqueous-based 101 

mixtures. Oxygen (ACS Grade, ~100% purity) was sourced from Ardestan Gas Co., Iran, and used 102 

to measure the gas permeability of the biocomposite film. 103 

2.2. Raw materials and preparation of the potato crop residues  104 

The potato crop residues used in this study were collected during the harvest season of October 105 

2019 from a cultivation field located in Fereydun Shar, Isfahan, Iran. The geographical location 106 

of the farm is 32 94 01 N, 50 12 40 E. These residues primarily consisted of stalks and 107 

leaves, which were separated from other parts of the plants. Subsequently, the residues were 108 

ground and sieved using Endecott sieves with mesh sizes of 20 and 80 to achieve particle sizes 109 

ranging from 0.177 mm to 0.833 mm. Following this, potato crop residues were dried in a 110 

convection oven at 105 °C to achieve a constant weight, following the method provided by 111 

Sluiter et al. [29]. The dried residues were then stored in plastic bags at room temperature for 112 

future use. 113 

2.3. Organosolv lignin extraction and characterization 114 
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Organosolv treatment was conducted using a stainless steel reactor with a capacity of 500 115 

mL, immersed in an oil bath set to the desired temperature at a heating rate of 3°C per minute. 116 

The reactor was equipped with temperature and pressure controllers and monitors. Treatments 117 

were carried out at temperatures of 120°C, 150°C, and 180°C, with ethanol solvent 118 

concentrations of 50% v/v and 75% v/v [27]. 119 

For the organosolv process, a mixture of 20 g of PCR was combined with 180 g of an 120 

ethanol-water solution and loaded into the reactor. The organosolv process was maintained for 1 121 

hour [28]. Following completion of the organosolv process, the reactor was cooled to room 122 

temperature, and a filtration operation was performed to recover the solid fraction (treated PCR) 123 

from the filtrate. Subsequently, 300 mL of ethanol (50% v/v) was utilized to wash the treated 124 

PCR at 60°C, effectively removing residual lignins from its surface. The washed-treated PCR 125 

was then collected, and the liquid phase was retained for lignin precipitation. The two-stage 126 

lignin precipitation process began with centrifuging the obtained liquor at 4500 rpm for 5 127 

minutes to separate solids. Next, the liquid phase was mixed with three volumes of water and 128 

subjected to another round of centrifugation at 4500 rpm for 5 minutes, resulting in the collection 129 

of the precipitated lignin as the second-stage lignin. This combination of the first and second 130 

stages of lignin precipitation was used for film preparation as PCR-lignins, and any remaining 131 

liquid was stored in the refrigerator at 4°C [25]. 132 

The precipitated lignins were separated, washed through centrifugation (4000 rpm for 15 133 

minutes), and then subjected to drying. Initially, they were dried in an oven at 40°C for 48 hours, 134 

followed by additional drying in a vacuum oven at 30°C for 24 hours to ensure complete 135 

moisture removal. The dried lignins were stored in moisture-free, airtight bags at room 136 
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temperature until use. The treated PCR was also dried for 48 hours at 40°C in an oven to reach a 137 

constant mass. Material recovery was calculated using Eq. (1): 138 

Material recovery = 
 treated PCR (g) 

Initial substrate (g)
 × 100                                                                                 (1) 139 

The composition of the samples from treated and raw PCR, as well as the extracted 140 

lignins, was determined following the method recommended by the National Renewable Energy 141 

Laboratory (NREL) [29]. In brief, a two-step acid-based hydrolysis using H2SO4 was carried out 142 

to solubilize the acid-soluble lignin (ASL) and carbohydrates in the samples. Initially, the 143 

samples were mixed with 3 mL of sulfuric acid (72% w/w) and incubated for 1 hour at 30 °C. 144 

Subsequently, 84 mL of distilled water was added to dilute the acid concentration to 4%. The 145 

samples were then autoclaved at 121 °C for 1 hour, and the liquid phase was separated from the 146 

solid residues using vacuum filtration. The resulting filtrate was used to determine the ASL and 147 

carbohydrate content of the samples. 148 

The monomeric polymers produced from the acid-based hydrolysis of carbohydrate 149 

polymers were quantified using high-performance liquid chromatography (HPLC). The ASL 150 

fraction in the samples was determined using UV spectroscopy, while Klason lignin was 151 

measured through gravimetric analysis of the remaining solid residues. Xylan and lignin 152 

removal, lignin yield and recovery, and lignin purity were calculated using Eqs. (2) to (6), 153 

respectively. 154 

Xylan removal (%) = 100 - 
Material recovery of treatment (%) × Xylan content of treated PCR (%)

Xylan content of initial substrate (%)
           (2) 155 

Lignin removal (%) = 100 - 
Material recovery of treatment (%) × Lignin content of treated PCR (%)

Lignin content of initial substrate (%)
         (3)                    156 
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Lignin yield (%) = 
Total mass of extracted PCR−lignin

Lignin content of initial PCR
 × 100                                                             (4) 157 

 158 

Lignin recovery (%) = 
Total mass of extracted PCR−lignin

Lignin content of initial PCR−Lignin content of treated PCR
 × 100                       (5) 159 

 160 

Lignin purity (%) = 
Lignin content of lignin−rich fraction

Lignin−rich fraction total mass
 × 100                                                        (6) 161 

 162 

2.4. Preparation of films 163 

The composite films were fabricated using the solution-casting method, with OPL mass 164 

ratios of 1%, 3%, 7%, 9%, and 11% being varied relative to the starch powder. These films were 165 

designated as OPL-1%, OPL-3%, OPL-5%, OPL-7%, OPL-9%, and OPL-11%, respectively, as 166 

indicated in Eq. (7): 167 

OPL loading (wt.%) = 
mass of OPL (g)

mass of OPL (g)+mass of Starch (g)
 × 100                                                       (7) 168 

In this regard, a 6 wt.% starch suspension was prepared by adding starch powder to 169 

deionized water, followed by agitation through sonication for 1 hour. Subsequently, the starch 170 

suspension mixture was stirred and heated for 30 minutes at 90°C, and glycerol was added as a 171 

plasticizer (40% w/w of the starch powder mass). The resulting gelatinized starch was stirred and 172 

heated at 90°C for an additional 30 minutes. Then, the OPL was introduced into an ethanol:water 173 

solution (70:30, v:v) to achieve a 1 wt.% lignin solution, which was heated at 60°C for 1 hour. 174 

Both the gelatinized starch and OPL solution were cooled to 50°C. The OPL solution was then 175 

slowly added drop by drop to the gelatinized starch, and the resulting mixture was stirred for 1 176 

hour at 50°C. It was subsequently degassed through sonication and cooling to 40°C. Casting of the 177 

mixture was performed using a plexiglass Petri dish, pre-dried in an oven at 36°C for 24 hours, 178 
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and then dried for an additional 24 hours in a vacuum oven at 25°C. A film composed solely of 179 

starch was also prepared in a similar manner and served as the control. The prepared films were 180 

stored in a moisture-free environment at room temperature, within desiccators, prior to 181 

characterization. Film thickness was measured using a handheld micrometer in 10 random 182 

replicates, and the mean values were used for calculations. 183 

2.5. Film and organosolv-treated sample characterization 184 

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) analysis (Bruker 185 

Tensor 27, Bruker, Germany) was conducted over wavenumbers ranging from 400 to 4000 cm-1 186 

to examine the chemical structure of the films and potential interactions between starch and the 187 

extracted lignins (PCR-lignins). X-ray diffraction (XRD) patterns of lignins powder and films were 188 

obtained using a PMD Philips X-pert instrument (Philips, Netherlands) with Cu Kα radiation, 189 

scanning at a rate of 5° min-1 within the range of 10°–60°. The surface morphology and cross-190 

sectional area of the films, as well as the morphology of PCR-lignins, were analyzed using a field 191 

emission scanning electron microscope (FE-SEM, Mira 3-XMU, TESCAN Ltd., Czech Republic) 192 

operating at 5 kV. Furthermore, morphological analysis of untreated and treated samples subjected 193 

to organosolv treatment was performed using SEM (SEM, Zeiss, Germany) to investigate 194 

structural changes induced by organosolv treatment. 195 

Thermal stability assessments of lignins and the prepared films were carried out using 196 

thermogravimetric analysis (TGA), involving heating from 25°C to 750°C (heating rate = 197 

10°C/min) under a nitrogen atmosphere. TGA measurements were performed using a METTLER 198 

TOLEDO TGA instrument (Switzerland). Key temperatures for analysis included T5, T30, and 199 

T50, representing the temperatures corresponding to 5%, 30%, and 50% mass loss, respectively. 200 
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Additionally, Tonset, indicating the temperature at the onset of sample mass loss, and Tmax, 201 

representing the peak temperature of the derivative mass curve, were determined. 202 

Mechanical testing of the films followed the ASTM D882 standard [30]. A Zwick Roell 203 

tensile tester from Germany, operating at a crosshead speed of 10 mm/min, was employed for this 204 

purpose. Specimens were cut into strips, and the mean result of five replicates was subsequently 205 

reported. A UV-visible spectrophotometer (UV-1601, Rayleigh, Beijing, China) was used to 206 

capture the transmission spectrum of the films in the range of 200 to 800 nm. Opacity values of 207 

the fabricated films were calculated as follows [31]: 208 

Opacity = Abs600/X                                                                                                                       (8) 209 

where Abs600 and X represent the absorbance at 600 nm and film thickness (mm), respectively. 210 

This procedure was repeated three times for each sample. 211 

The antioxidant capacity of the prepared films was investigated using the DPPH (2,2-212 

diphenyl-1-picrylhydrazyl) free radical scavenging assay as explained by Mao et al. [32]. 213 

Initially, samples were soaked in 5 mL of methanol and shaken for 3 hours at 25 °C. Afterward, 214 

a 0.2 mL solution containing 1 mmol of DPPH in 1 L of methanol was mixed with 1 mL of film 215 

extract obtained from the previous step. This mixture was then placed in a dark incubator for 30 216 

minutes. An equal volume of methanolic DPPH solution was considered as the control sample. 217 

The absorbance of the prepared samples was recorded at 517 nm, and the antioxidant activity 218 

was calculated as follows [32]: 219 

Antioxidant activity (%) = 
Ac− As

Ac
× 100                                                                                       (9) 220 

where As is the absorbance of blended samples, and Ac is the absorbance of control.     221 
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2.5.1. Gas permeability measurement  222 

The oxygen permeability of the prepared films was measured following the ASTM 223 

Standard Method D1434 [33] (variable pressure and constant volume) at 25 °C and 1 bar, using a 224 

cell lab (manifold), and calculated as follows; 225 

P = 
dp

dt
×

273.15×13.7×1010×L

76×A×T×P0
                                                                                                          (10) 226 

where P represents the oxygen permeability (1 Barrer = 1 × 1010 cm3 (STP) cm/cm2.s.Hg), dp/dt 227 

is the rate of pressure increase obtained by drawing the trendline on the pressure-time graph 228 

(mbar/s). Additionally, L, A, T, and P˳ represent the effective thickness (cm), effective area of 229 

the film (cm2), operating temperature (K), and the operating pressure applied in the high-pressure 230 

chamber (mbar), respectively. Oxygen permeation was performed three times for each sample 231 

[26]. 232 

2.5.2. Water vapor transmission rate (WVTR) and water swelling  233 

The capacity of the films to act as a barrier was evaluated based on the ASTM E-96-96 234 

method [34]. Briefly, the samples were initially conditioned at 25 °C and 40% relative humidity 235 

(RH) until a constant mass was attained. These films were introduced to test containers 236 

containing 50 g of distilled water. The test containers were maintained at 25 °C and 40% RH and 237 

weighed every 12 h for 14 days, with the loss in the mass of each container subsequently 238 

determined. The WVTR was calculated as follows: 239 

WVT = Δm / (Δt × A)                                                                                                                 (11) 240 

where Δm denotes the mass loss of water from the container, Δt is the duration of the experiment, 241 

and A is the exposed film surface area to water vapor. 242 
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The water swelling capacity of the films was analyzed following the procedure outlined in our 243 

previous study [26], and the swelling index was calculated using Eq. (12). 244 

Water swelling (%) = 
W2− W1

W1
× 100                                                                                          (12) 245 

where W1 and W2 denote the weight of the dry film and the weight of the swollen sample after 246 

removing surface moisture and drying, respectively. 247 

2.6. Statistical analysis 248 

Mean values and standard deviations of the analyzed samples were reported. To determine 249 

significant differences among the samples, a one-way analysis of variance (ANOVA) was 250 

conducted using Tukey's method and a 95% confidence level (p < 0.05) with MINITAB 18 251 

software (State College, USA). 252 

3. Results and discussion 253 

3.1. The effect of treatment on PCR composition and lignin recovery 254 

Organosolv lignin extraction from PCR was conducted under the specified treatment 255 

conditions, and the composition of untreated and treated PCR is illustrated in Fig. 1. Table 1 256 

presents material and lignin recovery, lignin and xylan removal, and lignin yield of precipitated 257 

lignins at different treatment conditions. It is noteworthy that during treatment, a substantial 258 

portion of PCR (27.1-51.5 wt.%) was transferred to the liquid phase on the substrate. Similar 259 

findings were reported in the literature [35], where variations in ethanol concentration had a 260 

negligible impact on solid recovery while increasing the temperature of the organosolv treatment 261 

led to a decreas e in solid recovery efficiency. 262 
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Fig. 1 illustrates a significant impact of organosolv treatment on the glucan content of the 263 

untreated sample, with percentage improvements ranging from 9.3% to 32.9% compared to the 264 

initial amount (47.4%). Specifically, under treatment conditions of 180 °C with 50 v/v% ethanol, 265 

the solid residues were found to contain 63.0% glucan. This result aligns with the glucan content 266 

reported in the solid residue after organosolv treatment of rice straw using 75 v/v% ethanol and 1 267 

wt.% acid at 180 °C [36]. 268 

Approximately 39.6-78.4 wt.% xylan and 30.2-55.9 wt.% lignin were transferred to the 269 

liquid phase following treatment with 75 v/v% ethanol. However, reducing the ethanol 270 

concentration from 75 v/v% to 50 v/v% resulted in the highest mass transfers of xylan and lignin 271 

to the liquid phase, accounting for 82.0 wt.% and 59.5 wt.% removal, respectively. 272 

Table 1 reveals that treatment conditions characterized by higher temperatures result in the 273 

highest recovery of PCR-lignins. For example, when treated with 75% ethanol at 120 °C, the lignin 274 

recovery was 41.7%, but this recovery increased to 73.7% when the treatment temperature was 275 

raised to 180 °C. Similar findings have been reported in the literature [25]. The highest lignin yield 276 

(43.9 wt.%) was achieved under the conditions of 50 v/v% ethanol and 180 °C (Table 1). The 277 

extracted lignins under these treatment conditions exhibited purity levels of 43.7% and 88.3% from 278 

the first and second stages of lignin precipitation, respectively. 279 

As indicated in Table 1, treatment at 120 °C with 50% ethanol as the solvent resulted in 280 

the transfer of 29.2% of the material mass to the liquid phase. This transferred material contained 281 

72.5 g of total lignin and 72.0 g of xylan per 1 kg of PCR. Increasing the temperature from 120 °C 282 

to 180 °C led to the removal of 143.0 g of total lignins and 134.4 g of xylan per 1 kg of PCR. 283 

Consequently, the highest percentage of material removal was achieved through organosolv 284 
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treatment with 50% ethanol at 180 °C (51.5%). Similarly, Najafi et al., 2021 reported the material 285 

removal of 57.8% after organosolv pretreatment of olive leaves at 180 °C with 75% ethanol [37]. 286 

 287 

 288 

Fig. 1. Percentage of ash, glucan, xylan, other sugars, and lignins (i.e., acid insoluble (AIL), acid 289 

soluble (ASL)) in both untreated and treated PCR). Different letters indicate significant 290 

differences at p < 0.05. 291 

 292 

  293 
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Table 1. Material and lignin recovery, xylan and lignin removal, and lignin yield of precipitated 294 

lignins at various treatment conditions. 295 

Treatment conditions Results of organosolv treatment 

T (C) Ethanol (%) 
Material 

recovery (%) 

Xylan 

removal (%) 

Lignin 

recovery (%) 

Lignin 

removal (%) 

Lignin 

yield (%) 

120 50 70.8  3.4A 43.7  1.4C 46.1  0.3CD 30.0  2.1C 13.9  0.9C 

150 50 63.9  1.7A 58.3  1.1B 59.3  0.3B 39.8  1.4B 23.7  0.7B 

180 50 48.5  1.6B 82.0  1.2A 73.5  1.7A 59.5  1.6A 43.9  2.2A 

120 75 72.9  2.8A 39.6  3.2C 41.7  0.6D 30.2  1.8C 12.7  0.6C 

150 75 66.8  2.2A 57.2  3.4B 53.1  4.4BC 40.8  0.5B 21.8  2.0B 

180 75 52.1  1.2B 78.4  0.9A 73.7  1.6A 55.9  2.8A 41.3  1.2A 

Data are presented as the mean value ± standard deviation. Different letters in superscript in the same column 296 

indicate significant differences at p < 0.05.  297 

3.2. Morphology of films, PCR, and PCR-lignins 298 

FE-SEM analysis provided information on the morphology of PCR, PCR-lignins, and 299 

fabricated films, the results of which are illustrated in Fig. 2 and Fig. 3. Images for PCR were taken 300 

before and after the treatment that produced the highest lignin yield (treatment at 180 °C with 50 301 

v/v% ethanol). Based on the results, untreated PCR had a soft surface and a recalcitrant structure 302 

(Fig. 2a). A rough structure appeared, showing either pores or disarray, after being subjected to 303 

the condition for the highest lignin yield (Fig. 2b). PCR-lignin particles (Fig. 2c) exhibited 304 

approximately spherical geometry. 305 

Neat starch was also analyzed, revealing a smooth and continuous surface (Fig. 3a) due to 306 

its high miscibility [38]. Moreover, the absence of pores in the cross-sectional area of films 307 

confirms a dense structure, with emerging cracks arising due to film breakage in liquid nitrogen. 308 

PCR-lignins at 1 wt.% were well dispersed in the starch matrix, and starch covered filler particles, 309 
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indicating compatibility between components. Shi & Li [39] stated that the organic solvent 310 

(ethanol) added at the film preparation stage contributes to the affinity of lignins and starch. 311 

The surface of composite films roughened more with increasing lignins in the matrix (Fig. 312 

3e and 3g). Furthermore, the available space for particles declined with an increment in the filler 313 

content. PCR-lignin particles, thus, joined to one another and agglomerated owing to the surface 314 

energy, hydrogen bonding between these particles, and π-π interactions of lignins [40]. At a lower 315 

magnitude, these irregularities were recognized as inhomogeneous parts, expanded for higher 316 

proportions of lignins (OPL-11%). Michelin et al. [41] observed the agglomeration of organosolv 317 

lignin in carboxymethyl cellulose-based films. Lignin aggregation in butylene adipate-co-318 

terephthalate films due to the self-aggregation of lignin and weak compatibility of filler with the 319 

matrix was also reported in the literature [42]. However, it was mentioned that enzymatically 320 

modified kraft lignins are well-dispersed in the matrix due to their lower molecular weight 321 

fractions [43]. 322 

  323 
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 324 

Fig. 2. Morphological images of (a) untreated PCR, (b) treated PCR, (c) PCR-lignins (magnitude 325 
60,000x), and (d) PCR-lignins (magnitude 120,000x). 326 

 327 

(a) (b) 

(c) (d) 
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Fig. 3. Morphological images of the surface of (a) Neat starch, (c) OPL-1%, (e) OPL-7%, and 328 
(g) OPL-11%, as well as the cross-section of (b) Neat starch, (d) OPL-1%, (f) OPL-7%, and (h) 329 

OPL-11%. 330 

(d) 

(e) (f) 

(c) 

(b) (a) 

(h) (g) 
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3.3. ATR-FTIR analysis 331 

The spectra obtained from ATR-FTIR analysis, as shown in Fig. 4a, include Neat starch, 332 

composite films, and PCR-lignins. The spectrum of the pure starch sample exhibits a peak at 333 

3301 cm-1, indicating the stretching of O-H functionality and the presence of hydroxyl groups. 334 

This peak suggests the existence of moisture in the non-crystalline portion of the films, as 335 

indicated by the appearance of a peak at 1648 cm-1. Additional peaks at 2922 cm-1, 1150 cm-1, 336 

and 924 cm-1 are attributed to the stretching of C-H, C-C bonds [44], and C-O stretching in the 337 

ether functionality, respectively. The C-O stretching in the C-O-C functional group corresponds 338 

to the vibration mode of the α-1,4 glycosidic linkage. Other observed peaks at wavenumbers 852 339 

cm-1 and 762 cm-1 result from CH2 deformation vibration and C-C stretching, respectively [45]. 340 

Similarly, the spectra of PCR-lignins display peaks at wavenumbers of 3285 cm-1, 2925 341 

cm-1, 2859 cm-1, 1715 cm-1, and 1451 cm-1, corresponding to the stretching of hydroxyl groups, 342 

C-H stretching in CH2, C-H stretching in CH3, and C-H vibrations of CH2 and CH3, respectively. 343 

Additional peaks observed at wavenumbers of 1643 cm-1 and merged peaks at 1600-1400 cm-1 344 

are attributed to C=C skeletal vibrations and indicate the presence of aromatic rings, respectively 345 

[46]. Notably, the presence of peaks at 1068 cm-1, 1034 cm-1, and 835 cm-1 wavenumbers may 346 

indicate the deformation of C-H bonds present in structural units [47]. 347 

As anticipated, the spectra of films containing PCR-lignins closely resemble that of the 348 

pure starch film. This similarity is due to the fact that the starch matrix remains the primary 349 

component in all instances [46]. Fig. 4a illustrates that the addition of PCR-lignins to the starch-350 

based matrix altered the location of the hydroxyl groups, relocating them to lower wavenumbers. 351 

This relocation made the peaks more pronounced compared to the control film. This effect is 352 

attributed to the interaction between hydroxyl functionalities present in starch and PCR-lignins, 353 
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forming hydrogen bonds between the biopolymers. Zhang et al. [4] noted that these interactions 354 

enhance the compatibility of the filler and starch, resulting in compact composite samples. 355 

Additionally, a new peak at around 1523 cm-1 emerged in the biocomposite spectra, attributed to 356 

the C=C groups introduced by the added lignins [48]. 357 

3.4. XRD analysis  358 

X-ray analysis was conducted to assess the crystalline structure of extracted PCR-lignins 359 

and the prepared films, and the resulting diffractogram is depicted in Fig. 4b. In this figure, a 360 

broad peak is evident at approximately 2θ = 17°, signifying the amorphous nature of PCR-361 

lignins. It is important to note that the characteristics of this peak may exhibit slight variations 362 

based on the source of lignins and the separation method employed [49]. 363 

The diffractogram of pure starch (Neat starch) unveils a semi-crystalline structure with 364 

peaks occurring at approximately 2θ = 14.7°, 17°, and 18.5°. These peaks are indicative of V-365 

type crystallinity [50], suggesting the reorganization of amylose with glycerol during the film 366 

formation process [51]. Upon the addition of PCR-lignins, these peaks become broader, implying 367 

a reduction in the crystallinity of the composite films. Consequently, the biocomposite with a 368 

low PCR-lignins content (i.e., OPL-1%) displays a diffractogram resembling that of pure starch. 369 

This outcome can be attributed to the amorphous nature of PCR-lignins and aligns with previous 370 

research findings that have reported decreased crystallinity in biocomposites due to the presence 371 

of residual lignins, as observed in poly(vinyl alcohol)/nanocellulose films [52]. 372 

Furthermore, the formation of a more amorphous structure is supported by the ATR-373 

FTIR results. The hydrogen bonds established between the matrix and filler not only enhance the 374 

compatibility of the two biopolymers but also impede the development of crystalline structures 375 
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within the starch matrix. In essence, these interactions reduce the order of biopolymer molecules 376 

and, consequently, the overall crystallinity of the biocomposites [53]. 377 

3.5. Thermal stability  378 

TGA analysis was conducted to assess the thermal stabilities of PCR-lignins and the 379 

prepared films, with the results presented in Fig. 4c and Fig. 4d. The degradation temperatures 380 

and final residues at 700 °C were calculated and are summarized in Table 2. 381 

In the thermograph of PCR-lignins, the extracted lignins exhibited favorable thermal 382 

stability, with the highest mass loss occurring in the temperature range of 260-450 °C. This result 383 

was expected, as the complex structure of lignins, characterized by aromatic groups, C-C 384 

linkages, and ether bonds, has previously been reported to enhance their thermal resistance [46]. 385 

For the starch-based composite films, the initial mass loss before 150 °C was attributed to 386 

the vaporization of water present in the films, which forms weak bonds with glycerol and starch. 387 

Subsequently, between 200 °C and 260 °C, another mass loss occurred due to the degradation of 388 

glycerol and the starch matrix, respectively. In the case of PCR-lignins embedded in 389 

biocomposites, degradation occurred in the temperature range of 260-390 °C, during which C-C 390 

linkages between aromatic and aliphatic moieties were broken. Notably, the highest levels of 391 

mass loss for the films were observed at 240-320 °C, and this mass loss was lower for the 392 

biocomposites compared to pure starch. This phenomenon can be attributed to the molecular 393 

interactions and hydrogen bonds, as indicated by the ATR-FTIR results. 394 

Table 2 reveals that the characteristic temperatures of T30, T50, Tonset, and Tmax were 395 

higher for OPL-1% compared to the other samples. Additionally, the DTG (Derivative 396 

Thermogravimetry) diagram (Fig. 4d) shows that the peaks for biocomposite samples, except for 397 
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OPL-11%, shifted to higher temperatures. For instance, the curve of OPL-1% had a peak at 298 398 

°C (Tmax), which was the highest Tmax among all samples. This suggests that the thermal strength 399 

of OPL-1% was initially enhanced due to the well-dispersed and thermally stable PCR-lignins in 400 

the starch matrix [54]. However, higher concentrations of PCR-lignins (i.e., OPL-7% and OPL-401 

11%) were found to negatively influence thermal stability. This could be attributed to the 402 

agglomeration observed at high filler loadings, as evidenced in the FE-SEM results. Filler 403 

agglomeration leads to void formation [55], creating pathways for the permeation of volatile 404 

degradation products [56]. Consequently, agglomeration reduces the thermal barrier effect of 405 

filler particles. Similar findings were reported by Espinoza Acosta et al. [38] for the thermal 406 

stability of durum wheat starch and lignin composites. 407 

On the other hand, the mass residue at 700 °C increased with the increment of filler, 408 

attributed to the presence of aromatic rings and ether bonds in the structure of lignins [4]. The 409 

loading of lignins with thermal stability was higher in the biocomposite samples, leading to an 410 

increased char residue in the range of 500-700 °C [39]. Enhanced thermal stability was also 411 

observed in protein films with the addition of cone lignins [57]. The increase in Tmax obtained by 412 

Rojas-Lema et al. [57] was approximately 4.5%, slightly higher than that in the present work. 413 

However, a significantly higher increase in char residue (63.5%) was evident after the addition of 414 

lignins in this study. 415 

  416 
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Table 2. TGA data of PCR-lignins, Neat starch, and biocomposites. 417 

 
Tonset (°C) Tmax (°C) T5 (°C) T30 (°C) T50 (°C) Residue (%) 

PCR-lignins 240 316 223 331 392 26.6 

Neat starch 152 285 137 267 296 2.7 

OPL-1% 158 298 140 271 307 3.6 

OPL-7% 157 293 142 263 306 5.7 

OPL-11% 140 283 146 262 302 7.4 

 418 

  419 
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 420 

  Fig. 4. Characterizations of biocomposite films, PCR-lignins, and Neat starch. a) ATR-FTIR 421 

analysis, b) XRD spectra, c) TGA curves, and d) DTG graphs.  422 
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3.6. Opacity and UV-shielding properties of films 424 

The prepared films need to exhibit acceptable aesthetics and possess UV-blocking 425 

properties for potential use in food packaging applications. Consequently, UV-Vis 426 

spectrophotometry was employed to measure the opacity and UV transmittance of the fabricated 427 

films, and the results are presented in Table 3 and Fig. 5, respectively. 428 

Table 3 demonstrates that the incorporation of PCR-lignins into the starch matrix 429 

increased the opacity of the biocomposites. There was a clear positive correlation between the 430 

opacity of the films and the amount of filler added, with the highest opacity observed in the 431 

sample containing 11 wt.% PCR-lignins, making it the most opaque among all samples. 432 

Conversely, Neat starch exhibited the highest transparency, and the biocomposite with 1 wt.% 433 

filler content (OPL-1%) was the most transparent. This outcome was expected, as the 434 

chromophoric groups present in lignins are known to reduce film transparency. Interestingly, the 435 

increased opacity of the films with higher PCR-lignins content could be advantageous for 436 

packaging light-sensitive food products. Additionally, lignins' functional groups are associated 437 

with UV-blocking properties, which can help reduce the risk of UV radiation-induced food 438 

oxidation [31]. This result aligns with previous studies, such as Michelin et al. [41], who 439 

reported increased opacity when lignins were incorporated into carboxymethyl cellulose-based 440 

films. Furthermore, the introduction of lignins into thermoplastic starch/pectin blend films was 441 

found to have a similar effect [58]. 442 

In Fig. 5, it is evident that PCR-lignins contributed to higher UV absorbance in the 443 

biocomposite films. Notably, OPL-11% exhibited the highest UV absorbance across a broader 444 

spectrum, encompassing both UV and visible light. In contrast, Neat starch displayed the lowest 445 

absorbance in both the UV and visible light regions. This increase in UV absorbance due to the 446 
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inclusion of PCR-lignins supports the UV-blocking properties of the biocomposites, a quality 447 

that has been previously explored in the literature [58, 59]. 448 

 449 

Fig. 5. UV spectra of Neat starch and biocomposite films. 450 
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3.7. Oxygen and water barrier properties 452 

The ability of films to prevent the permeation of oxygen and water is crucial for 453 

enhancing the shelf life of materials when the film is used in packaging [60]. Therefore, oxygen 454 
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The addition of 1 wt.% PCR-lignins reduced oxygen permeation in starch-based films by 457 

87%. However, for composite films with higher filler contents, oxygen permeation increased 458 

again. This reduction in oxygen permeation can be attributed to the O-H bonding, as evidenced 459 

by ATR-FTIR, which limited the movement of starch chains and decreased gas permeation by 460 

reducing the free volume within the matrix [61]. On the other hand, the agglomeration of filler 461 

particles observed in the FE-SEM results (Fig. 3e-h) led to the formation of voids in the starch 462 

matrix. Consequently, higher oxygen permeation was observed in composites with PCR-lignins 463 

content exceeding 1 wt.% compared to Neat starch [62]. Previous literature reported a 65% 464 

reduction in oxygen permeation by incorporating lignins into the matrix of starch/pectin blends, 465 

which was lower than the results obtained in this study [58]. 466 

Incorporating PCR-lignins also reduced WVTR and water swelling in composite films, 467 

which can be explained by the inherent hydrophobicity of lignins. Organosolv lignin is 468 

fundamentally hydrophobic, reducing the tendency of starch to transmit water. Additionally, 469 

while the structure of lignins is generally amphiphilic [41], hydrogen bonds formed between 470 

PCR-lignins and starch reduced the availability of hydroxyl groups, limiting their interaction 471 

with water. The lowest WVTR and water swelling values were observed for OPL-3%, and an 472 

increase in filler content resulted in a marginal increase in WVTR and water swelling due to the 473 

presence of agglomerated filler within the matrix. The agglomerated filler may also be present on 474 

the surface of biocomposites, leading to defective interactions between the hydroxyl groups of 475 

the two components and introducing more free hydroxyl groups to the film. These hydroxyl 476 

groups increased the hydrophilicity and water swelling values of the biocomposites [26]. Overall, 477 

Neat starch exhibited the highest WVTR and water swelling, and increasing the PCR-lignins 478 

content was positively correlated with increased water resistance of the starch-based films. The 479 
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lower water vapor permeation has been mentioned to extend the shelf life of fresh fruits, such as 480 

grapes [63] and bananas, owing to the decreased transpiration resulting from the reduced 481 

difference between the water vapor pressure of fruits and the ambiance [64]. Therefore, the used 482 

filler could impart characteristics of prolonged shelf life to biocomposites by reducing WVTR. 483 

The impact of lignins on reducing water vapor permeation has also been investigated in previous 484 

studies involving various films, including cellulose [16], poly(lactide) [65], and gellan gum [66]. 485 

3.8. Antioxidant activity 486 

Antioxidant activity plays a crucial role in preventing food oxidation caused by free 487 

radicals and maintaining food quality through the use of active films [58]. The results of the 488 

DPPH assay, presented in Table 3, demonstrate a positive impact of PCR-lignins on the 489 

antioxidant activity of the films. Neat starch exhibited the lowest antioxidant activity at 8.8%, 490 

while the incorporation of 1 wt.% PCR-lignins boosted antioxidant activity to 40.1%, and 67.7% 491 

for OPL-7%. This effect was further enhanced with increasing filler content so that antioxidant 492 

activity significantly increased, with OPL-11% showing a remarkable 90% improvement. The 493 

presence of double bonds and functional groups such as hydroxyl and phenolic groups within the 494 

molecule structure of lignins enables them to stabilize free radicals by donating hydrogen and 495 

acting as free radical scavengers [58]. Thus, the increase in PCR-lignins loading provided more 496 

free radical scavengers, thereby improving antioxidant activity of biocomposites. These results 497 

align with findings reported in other studies, which showed that presence of lignins in 498 

starch/pectin blend films [58] and carboxymethyl cellulose-lignin enhanced the antioxidant 499 

activity of the matrix [67]. Antioxidant activity of 88.74% was evidenced by Worku et al. [68] 500 

after adding lignins nanoparticles to polyvinyl alcohol/chitosan films, which was slightly higher, 501 

as compared to the achieved value for OPL-11% in this work.  Lignins generally exhibited a 502 
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similar effect on the antioxidant activity of the films in previous studies, and variations in the 503 

obtained values may be attributed to differences in the lignin extraction processes used in various 504 

studies and the resulting lignin structures [69].  505 

 506 

Table 3. Opacity, oxygen permeability, water swelling, and water vapor transmission rate of films. 507 

Antioxidant 

activity  

(%) 

Water vapor 

transmission 

rate  

)2kg/s.m7 -(10 

Water swelling 

(%) 

permeability 2O 

 
10 -(10

.s.cmHg)2.cm/cm3cm 

Opacity  

 

/mm)600(A 

Sample 

E± 2.58.8  A0.1 ±12.0  A1.3 ±  138.3 A± 0.51.5  D± 0.01.0  Neat starch 

D± 1.740.1  A± 0.69.4  B6.5 ± 118.5 A± 0.1 0.2 D± 0.11.7  OPL-1% 

CD± 0.542.7  A± 0.09.3  D5.4 ± 69.3 A± 0.20.5  C± 0.24.5  OPL-3% 

C± 1.546.7  A± 0.39.4  D7.8 ± 69.7 A0.1± 0.6  B± 0.27.5  OPL-5% 

B± 1.367.7  A± 1.19.6  C0.3 ± 88.6 A± 0.20.6  B± 0.78.8 
 OPL-7% 

B± 1.373.9  A± 0.19.7  C1.8 ± 90.8 A± 0.10.7  A± 0.412.2  OPL-9% 

A± 1.787.7  9.9 ± 0.3 C3.1 ± 93.5 A± 0.20.7  A± 0.312.5  OPL-11% 

Data are presented as the mean value ± standard deviation. Different letters in superscript in the same column 508 

indicate significant differences at p < 0.05.  509 

 510 

 511 

 512 

 513 

 514 
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3.9. Mechanical properties  515 

Due to the limited mechanical properties of starch films, PCR-lignins were employed to 516 

enhance their strength. Mechanical analysis was conducted to assess the mechanical properties of 517 

the prepared films and the impact of introducing the extracted lignins. The tensile test results are 518 

displayed in Fig. 6, and detailed information can be found in supplementary Table S2. 519 

It was anticipated that Young's modulus and ultimate tensile strength would exhibit a 520 

sustained positive trend due to the interactions and hydrogen bonding between the filler and the 521 

matrix. However, Fig. 6 shows that the Young's modulus of the biocomposites increased from 522 

approximately 11 MPa to 69 MPa for the OPL-1% loading but decreased to around 65 MPa and 523 

41 MPa with higher filler loadings (OPL-7% and OPL-11%). Notably, OPL-11% exhibited a 524 

lower Young's modulus compared to OPL-1% and OPL-7%. The ultimate tensile strength also 525 

experienced a slight increase for OPL-1%, but additional PCR-lignins led to a decrease in 526 

ultimate tensile strength. Although hydrogen bonding between the two components, as evidenced 527 

by ATR-FTIR results, had a positive effect on the mechanical properties of composite films, it 528 

was insufficient to form a strong physical cross-linking network within the matrix to achieve 529 

ultimate tensile strength higher than the observed values [70]. 530 

Furthermore, the high filler loadings and resulting agglomeration led to interfacial 531 

defects, reducing interfacial adhesion between the filler and matrix and diminishing the 532 

stiffening effect of PCR-lignins. Consequently, this resulted in a decrease in both Young's 533 

modulus and ultimate tensile strength for OPL-7% and OPL-11% [71]. The elongation at break 534 

of composite films decreased from approximately 60% for Neat Starch to about 40% for OPL-535 

11%, corresponding to the increased PCR-lignins content in the starch-based films. This 536 

reduction in elongation at break and increase in Young's modulus due to the presence of PCR-537 
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lignins align with observations reported by Zhang et al. [4]. Freitas et al. [70] also noted a mild 538 

increase in tensile strength and a similar trend for the elastic modulus in starch/kraft lignin films. 539 

Additionally, Izaguirre et al. [72] observed a decrease in Young's modulus when incorporating 540 

organosolv lignin and kraft lignin into chitosan films. 541 

 542 
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Fig. 6. Mechanical data of Neat starch and the biocomposites. a) Young’s modulus and Ultimate 543 

tensile strength. b) Elongation at break. Different letters indicate significant differences at p < 544 

0.05.     545 
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4. Conclusions 546 

Novel biocomposites for biodegradable food packaging were investigated in this study. 547 

Organosolv treatment was employed to extract lignins from potato crop residues, resulting in a 548 

59.9% lignin removal. The extracted lignins were used as a filler to produce starch-based films. 549 

ATR-FTIR results demonstrated that the incorporation of lignins from potato crop residues into 550 

the starch matrix led to a reduction in the hydroxyl stretching frequency. This reduction indicated 551 

good compatibility between the added potato crop residues-sourced lignins and starch. XRD 552 

analysis confirmed the formation of bonds between these components, and FE-SEM images 553 

revealed the effective dispersion of the filler at a low mass ratio. These interactions not only 554 

improved thermal and mechanical stability but also enhanced the oxygen and moisture resistance 555 

of the composite films. UV absorption results indicated that the chromophoric groups present in 556 

the extracted lignins contributed to the development of opaque films with high UV absorbance, 557 

making them suitable for protecting sensitive products from UV light. Additionally, interactions 558 

between the hydroxyl groups of the filler and starch resulted in a higher Young's modulus for the 559 

biocomposites and increased ultimate tensile strength for the starch-based film containing 1 wt.% 560 

lignins. Thus, the biocomposite containing 1 wt.% lignins shows promise for applications in food 561 

packaging as a renewable alternative to fossil-based plastics.  562 

To extend the applicability of this study on a larger scale, it is imperative to conduct a 563 

thorough techno-economic analysis and environmental impact assessment. The current research 564 

predominantly operates at a laboratory scale, necessitating an exploration of the feasibility, 565 

challenges, and optimization strategies associated with upscaling production to an industrial 566 

level. Additionally, the study lacks an examination of the long-term stability and aging 567 

characteristics of the biocomposite films. Evaluating how these films retain their properties over 568 
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extended periods, particularly under real storage conditions, is essential for a comprehensive 569 

assessment of their practical viability.  570 
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