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A B S T R A C T   

The poor management of citrus wastes as a result of their low compostability and value for animal feeding greatly 
hinders the disposal of this waste. Nowadays, the incorporation of vegetable biomass into a polymer matrix is 
widely considered as an emerging approach to reduce the environmental problem related to the accumulation 
and management of food wastes. However, the fibrillar morphology and chemical heterogeneity of biomass 
usually restrains the compatibility with polymer matrices. Despite that, starch composites containing up to 40 wt 
% of the neat/hydrolyzed orange peel with excellent mechanical, and moisture resistant features were suc
cessfully fabricated in this research. The compatibility between both components was improved by using a 
simple and scalable process based on the acid hydrolysis of the biomass. Indeed, it was demonstrated that the 
final properties of these biocomposites were tuned by modifying the acid conditions (type and concentration of 
acid). For example, composites treated with chlorohydric acid displayed superior Young’s modulus values (about 
30% more) and slightly greater elongation than the composites composed by 40 wt% of neat orange peel. 
Moreover, the exposure of vegetable biomass to moderate acid conditions (0.1 and 1 M chlorohydric acid) 
resulted into the generation of highly-value products, such as organic acids or humic substances, able to form 
ester bonds with the starch matrix strengthening the water resistance and mechanical features of the composites.   

1. Introduction 

Starch has been demonstrated to be a great sustainable substitute for 
polluting petroleum-based polymers with a wide range of application in 
several fields due to its processability and availability (Fitch-Vargas 
et al., 2023; Islam and Jiang, 2022; Prachayawarakorn et al., 2011). This 
biopolymer is mainly found in the stems, roots, and leaves of several 
vegetables like rice, corn, potato, and wheat, in form of semicrystalline 
granules (Merino et al., 2022). Chemically, starch granules are based on 
two polymeric components based on glucose units: linear and long 
amylose chains, and highly branched amylopectin (Prachayawarakorn 
et al., 2011). The strong inner structure results into the lack of solubility 
in cold water and common solvents, which restrains its processability 
and industrial application (Tian et al., 2022). The gelatinization process 
implies the disruption of the intermolecular bonds of starch under the 

application of heat and water that allows fabrication of starch films by 
casting (Chakraborty et al., 2022; Tian et al., 2022). However, these 
films are characterized by presenting low water resistance, and poor 
thermal and mechanical properties (Prachayawarakorn et al., 2011; 
Toro-Márquez et al., 2018; Zuo et al., 2014). The inherent drawbacks of 
starch films have prompted the employment of different methods to 
enhance starch properties. Most of them are based either on the incor
poration of fillers as reinforcements or on chemical modifications. 

These fillers may come from natural resources such as agri food 
wastes. The current environmental concern linked to their accumulation 
and lack of proper end of life management, has prompted new research 
lines focused on the revalorization of agri-food discards towards the 
production of more sustainable processes and products (Islam and Jiang, 
2022; Merino et al., 2018). In most of cases, vegetables undergo several 
extractive processes to obtain a product that will be used as an additive 
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or filler, like lignocellulosic fibers (Abe et al., 2021; Müller et al., 2014), 
pectin (Sani et al., 2021), cellulose (Benito-González et al., 2019; Tian 
et al., 2022), or antioxidants (e.g., anthocyanins, tannins, and gallic 
acid) (Collazo-Bigliardi et al., 2019; Reinaldo et al., 2021). Many reports 
have incorporated these extracts to starch films to improve the proper
ties. For example, natural fibers have been demonstrated to be good 
reinforcements when incorporated into the starch matrix, increasing the 
tensile strength and Young’s modulus (Li et al., 2018; Prachayawar
akorn et al., 2011). Moreover, the functional groups of natural fibers 
interact with the numerous hydroxyl groups located in the starch chains 
reducing the interaction with water and enhancing the water resistance 
properties (Li et al., 2018; Quilez-Molina et al., 2022a). 

However, the approach based on using the extracts from vegetables 
wastes still generates a lot of residues that contributes to the environ
mental problem related to the accumulation of wastes (Merino et al., 
2021). The awareness of the environment and circular economy have 
resulted in some articles that have added the whole vegetable discard 
into starch matrices, to improve the properties of the starch composites. 
Some examples are jabuticaba peel(Ribeiro Sanches et al., 2021) and 
pomegranate peel (Ali et al., 2019b), which enhanced the mechanical 
properties of starch in both cases. Among whole vegetable discards, 
orange peel (OP) is very promising since orange represents the most 
abundant fruit crop in the world (de la Torre et al., 2019; Espinosa et al., 
2022). However, its low content of nitrogen and interaction with soil 
microbiota limits its compostability, while its low pH and 
anti-nutritional properties avoid its use for animal feeding (Espinosa 
et al., 2022). Therefore, it is highly important to find other effective 
valorization routes for this industrial crop. Its chemical composition, 
rich in biopolymers and active biomolecules, has been widely used for 
the development of emerging materials in the field of water treatment 
(Campagnolo et al., 2019) and food packaging (Quilez-Molina et al., 
2022b). Indeed, the high content in pectin of OP, which range 30–45%, 
provides a great film forming capability, allowing the fabrication of 
films constituted mainly by this agri-food waste (Merino et al., 2021; 
Quilez-Molina et al., 2022b). Moreover, pectin has shown to have a 
positive effect on improving the gelatinization properties of starch and 
hence, its processability (Sani et al., 2021; Y. Zhang et al., 2021). The 
great compatibility between starch and pectin has allowed the fabrica
tion of active composites by the addition of substances of different na
ture (e.g., metallic nanoparticles (Sani et al., 2021), plant extracts 
(Homthawornchoo et al., 2022)). Similarly, the high content of pectin in 
orange peel has been crucial to allow the fabrication of starch com
posites containing up to 50 wt% of untreated orange peel with good 
properties (Chhatariya et al., 2022). However, the mechanical and water 
sensitivity characteristics of the OP-starch composites reported in 
Chhatariya et al. (2022) were still far from the conventional materials 
found in the market, which prompted the research of new strategies for 
developing sustainable composites with competitive properties. 

A preliminary chemical or physical pre-treatment of the whole veg
etables wastes has been proven to improve the cohesivity with the starch 
matrix and enhance the composite properties (Merino et al., 2022). The 
acid hydrolysis is for instance a good approach which has been previ
ously used to pre-treat the biomass and obtain starch composites with 
competitive properties (Quilez-Molina et al., 2022a). The acid treatment 
in vegetable biomass usually entails the disruption of the lignocellulose 
framework and the generation of low-weight and high value-added 
chemicals (e.g. sugars, furfurals, and organic acids), very important 
for the industry (Świątek et al., 2020). Moreover, the hydrolysis of 
vegetable waste has been widely employed to obtain crystalline cellu
lose with excellent features to be used as reinforcement of the me
chanical and barrier properties of several matrices (Bruni et al., 2020; 
Chen et al., 2009; Collazo-Bigliardi et al., 2018; Kumar et al., 2020; 
Trache et al., 2017). Several previous research works have processed 
vegetable wastes in very different manners, from strong and concen
trated inorganic acids like HCl (Gallo et al., 2022; Perotto et al., 2018), 
to weak organic acids like citric acid (Quilez-Molina et al., 2022b), 

showing in both cases good film forming capability. Although stronger 
inorganic acids claim to have a higher hydrolysis effect, the actual 
tendency is the use of weak organic acids because they are less toxic, 
more eco-friendly and safety (Gallo et al., 2022). Nevertheless, as far as 
we know, the influence of the hydrolysis method employed on vegetable 
discards, as well as its effect on the final properties of the composites 
obtained have not been deeply analyzed up to date. Therefore, a detailed 
analysis of the hydrolysis effect on the agri-food discard opens the op
portunity to improve the physical properties of starch films by incor
porating large quantities of whole agri-food residues. 

This work focused on the assessing of the acid hydrolysis as a pre- 
treatment method to obtain novel sustainable corn starch films filled 
with rich-in-pectin agro-food discards, as it is the whole orange peel, 
with improved physical properties. For this aim, orange peel was pre- 
processed using two different types of acids: strong inorganic hydro
chloric acid (HCl), and weak and organic acetic acid (Ac) in two 
different concentrations (0.1 M, and 1 M). Then, the properties of the 
corn starch films filled with the maximum concentration of biomass 
analysed in this work (40 wt% of OP with respect to starch) will be 
evaluated in terms of physicochemical, water resistance, thermal, and 
mechanical properties. Despite the. 

2. Materials and Methods 

2.1. Materials 

A native corn starch (S) provided by Quimidroga presented 21.0% 
amylose, 78.94% amylopectin, 0.5% proteins, 0.15% lipids, and 9.30% 
moisture. This starch was a white powder; a pH in suspension a 20ºC was 
4.5–6.0; an apparent density 450–550 g/L, and a Babender viscosity (10 
min at 95ºC) was 700 UB. Native corn starch was selected because is 
cheaper than modified starches (i.e., waxy or high-amylose content), in 
addition to constituting the major starch source, around the 80–85% of 
the starch produced worldwide, enabling a future implementation for 
industrial applications (Palanisamy et al., 2020; R. Zhang et al., 2021). 
Glycerol provided by Quimidroga and deionized water obtained from a 
RiOs-DI® 3 Water Purification device were used as plasticizers. Hy
drochloric acid, min. 35% extra pure Ph Eur. from Scharlab and Ac so
lution 50% v/v extra pure from Scharlab were used to chemically treat 
the orange peel. The orange peel powder was obtained from the oranges 
discarded after juicing by a local canteen in Valladolid (Spain). Ac
cording to reported in bibliography (Bizzani et al., 2017; Boukroufa 
et al., 2015; Merino et al., 2021), the chemical composition neat orange 
peel powder is rich in polysaccharides such as cellulose (20–40%), 
hemicellulose (15–25%) and pectin (30–45%). The fruit discard was cut 
and placed to dry in the oven at 50 ◦C for 4 days. Then, the fruit peel was 
grounded to fine powder by a ball mill machine (Ball Mill, Orto Alresa) 
under room temperature and in presence of two small stainless-steel 
balls for one minute and 29 Hz. The analysis of the SEM of the OP 
powder determined a particle size distribution ranging from 10 μm to 
170 μm (average size: 65.1 ± 34.4 μm). The SEM micrographs at 
different scales and distribution size histograms are reported in Fig.S1. 

2.2. Preparation of corn starch composites 

The fabrication scheme of the starch and starch-OP composites using 
the solvent casting method is displayed in Fig. 1. This scheme shows that 
the gelatinization of corn starch was performed in presence of glycerol 
and different concentrations of OP (0, 10, 20, and 40 wt%, with respect 
to starch) in two different reaction media: (a) with water, (b) with HCl 
or Ac acid in 1 M or 0.1 M. For the route (a), starch (6 wt%), glycerol 
(3 wt%), and the additive OP were poured into 100 mL of water. After 
adding all reagents, the solution was stirred at 300 rpm on a hot plate for 
25 min under temperature control to induce the starch gelatinization 
and to ensure the proper mixing of the components. Under these pro
cessing conditions, the solution temperature increased from room 
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temperature (∼25ºC) to a maximum of 90 ºC. Herein, the opaque solu
tion became clear and viscous indicating that the gelatinization process 
occurred (Tonset ∼80 ℃). The gel was cast onto a standard 90 × 14 mm 
plastic Petri dish. After that, the petri dishes containing the casted 
composites were carefully placed on a stainless tray in a sonication bath 
for 15 min at 50 kV to eliminate the remaining bubbles formed during 
the gelatinization process. For this step, the bathwater level was 
decreased to avoid that the bathwater enters in contact with the sample. 
Ultimately, samples were left to dry (25ºC, 40% relative humidity) for 
24 h, obtaining films with an average thickness of about 0.35 mm. After 
drying, films were kept at room conditions (25ºC, 40% relative humid
ity) until their analysis for a maximum 3 months. 

For the preparation of S-OP composites, the route (b) includes a new 
pre-treatment step that consists of the hydrolysis of the OP powder. 
Herein, the desired concentration of OP (10 wt%, 20 wt%, and 40 wt%, 
with respect to the starch) was put to stir with 20 mL of acid (0.1 M, 1 M 
of HCl or Ac) for 24 h at room temperature. Then, the acid solution 
containing the hydrolyzed powder was poured into the aqueous solution 
of 6 wt% starch and 3 wt% glycerol. This resulted into a final solution 
with an acid concentration of 0.1 M and 0.01 M, for the poured solution 
of 1 M and 0.1 M, respectively. It’s worth mentioning that the antiseptic 
properties of acids will aid to avoid the growth of microorganism or 
moulds in the films during the drying process, as proven elsewhere (Ma 
et al., 2022). These acids were selected as representative examples of 
strong inorganic acids (i.e., HCl) and weaker but greener and safer 
organic acids (i.e., Ac) because they do not trigger additional chemical 
modifications to the starch and lignocellulose components. For example, 
the treatment of native starch with citric acid or oxalic acid commonly 

results into cross-linking or esterification reactions, modifying the ma
terial functionality and hindering the study of the effect of the acid 
hydrolysis on the final properties of the composites (Gebresas et al., 
2023; Karma et al., 2022; Menzel et al., 2013). Moreover, Ac is volatile, 
which ensure the complete elimination of any residual trace in the 
matrix (Quilez-Molina et al., 2022a). HCl exhibits stronger hydrolytic 
capability with respect to other inorganic acids, such as dibasic or 
tribasic acids (e.g., H2SO4 or H3PO4) (Singh and Ali, 2008). With the aim 
of understanding the effect of the acid (diluted) on the starch gelatini
zation and film properties, another batch of samples without orange peel 
were fabricated adding 20 mL of acid solutions of 0.1 M, 1 M of HCl or 
Ac. This corresponded with a reaction solution with a final acid con
centration of about 0.01 M and 0.1 M, respectively. Films were fabri
cated following all the steps explained above. 

Table 1 displays the labelling and chemical composition of some 
representative samples. As observed, the content used of starch, glycerol 
and water were the same for all films: starch (6 wt%), glycerol (3 wt%), 
and 100 mL of water. The process proposed in this manuscript entailed 
the addition of 20 mL of acid (Ac or HCl) in different concentrations to 
promote the hydrolysis of the biomolecules present in the starch or or
ange peel. The Table S1 of Supporting information collects the infor
mation of all the samples fabricated in this work. 

2.3. DSC of the heat-moisture process 

The thermal properties were characterized by differential scanning 
calorimetry (DSC) using a Mettler DSC30 differential-scanning calo
rimeter (Mettler-Toledo, Columbus, OH, USA). The specimens were 

Fig. 1. The scheme of the fabrication process of S and S-OP composites films using (a) convectional method, and (b) proposed method (with the acid pretreatment).  

Table 1 
Labelling and composition of some representative samples.  

Labelling Reagents Reaction medium  Orange peel 

S (6 wt%) Gly (3 wt%) Only water 
(100 mL) 

Water (100 mL) þ Acid 
solution 

Additive concentration (wt 
%) 

Neat Pre-treated 

S Yes Yes No No No No 
S_10OP Yes Yes No 10 Yes No 
S_40OP Yes Yes No 40 Yes No 
S_0.1Ac Yes No 20 mL of 0.1 M Ac No No No 
S_0.1Ac_40OP Yes No No 40 No 20 mL of 0.1 M acetic acid 
S_1Ac Yes No 20 mL of 1 M Ac No No No 
S_1Ac_20OP Yes No No 20 No 20 mL 1 M Ac 
S_1Ac_40OP Yes No No 40 No 20 mL 1 M Ac 
S_0.1HCl Yes No 20 mL of 0.1 M HCl No No No 
S_0.1HCl_40OP Yes No No 40 No 20 mL 0.1 M HCl 
S_1HCl Yes No 20 mL of 1 M HCl No No No 
S_1HCl_40OP Yes No No 40 No 20 mL 1 M HCl  
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heated from 0ºC to 105ºC at a heating rate of 5ºC/min in nitrogen at
mosphere. The raw mixtures containing starch powder, orange peel 
(neat or hydrolyzed), water and glycerol, were measured in triplicate, 
and the gelatinization temperature (Tgel) obtained for each sample was 
represented in terms of average ± standard deviation (SD). 

2.4. Morphology study: Scanning electron microscopy (SEM) 

The morphology study of the starch films was performed by SEM 
microscopy using a FEI ESEM Quanta 200 Felmi-ZFE (Steyrergasse, 
Austria) equipped with EDX EDAX Genesis AMETEK inc (Whitsett, EE. 
UU). The morphology of the starch-orange peel films was analyzed both 
on the films surface and on the cross-section. For the cross-section 
analysis the samples were previously cooled down under liquid nitro
gen and fractured. All samples were coated with gold (10 nm thickness 
layer) and the measurement was performed using an accelerating 
voltage of 10 kV and a secondary electron detector (SED). 

2.5. Chemical study: Fourier transform infrared (FTIR) 

The infrared spectra of the starch-orange peel films was collected 
using Bruker Tensor 27 Spectrometer working in the Attenuated Total 
Reflectance (ATR) method with an MKII Golden-Gate accessory. Each 
FTIR spectrum was obtained at room temperature after 64 scans, with a 
resolution of 4 cm− 1 in the range 4.000–600 cm− 1. The infrared peaks of 
the samples were normalized using the peak that corresponded to the 
stretching vibration of the glycosidic group, υ(C-OH), at 1010 cm− 1 

(Terzioğlu et al., 2021). 

2.6. Crystallinity study 

The X-ray patterns of S films and S-OP composites were acquired 
using a Bruker Discover A25 diffractometer equipped with a 2.2 kW Cu 
Kα ceramic X-ray tube and a LynxEye detector operating at 40 kV and 
30 mA. The diffraction patterns were collected in parallel beam geom
etry and symmetric reflection mode using a zero-diffraction silicon 
substrate over an angular range of 2θ = 5–80º and a step size of 0.02 º. 
The crystallinity index (IC) was calculated using the method and Eq. 1 
reported by (Quilez-Molina et al., 2022a): 

CI =
Ac

Atotal
x100 (1)  

Where Ac is the area of the crystalline phase, and Atotal is the overall 
area. 

2.7. Thermogravimetric analysis 

Thermal gravimetric analysis (TGA) was performed using a 
SDTA851, Metter Toledo (Barcelona, Spain) instrument. The tempera
ture program was set in a range from 50 ºC to 850 ºC under N2 (60 mL/ 
min) and a ramp temperature of 20ºC/min. 

2.8. Moisture content 

The moisture content was measured by introducing the samples 
(∼2 cm2) with a weight (W1) in a vacuum oven at 40 ℃ until reaching 
constant weight (W2). The moisture content was calculated following 
the Eq. 2 below (Quilez-Molina et al., 2022b): 

Moisture (%) =
W1 − W2

W1
x100 (2) 

All samples were measured in triplicate, and results were represented 
in terms of average ± standard deviation (SD). 

2.9. Solubility 

The solubility was calculated by introducing film pieces (∼2 cm2) 
and with a weight (W1) in 15 mL of distilled water for 24 h at room 
temperature (20 ± 5 ℃). The residual films were separated using 
tweezers and dried in a vacuum oven at 40 ℃ for 24 h until constant 
weight (W2). The solubility was calculated according to the following 
Eq. 3: 

Solubility (%) =
W1 − W2

W1
x100 (3) 

All samples were measured in triplicate, and results were represented 
in terms of average ± SD. 

2.10. Moisture adsorption 

The moisture adsorption measurements were carried out under 75% 
RH (relative humidity) at 25 ℃. Prior to the experiment, all samples 
(∼2 cm2) were dried under vacuum oven at 40 ℃ until achieving a 
constant weight (W0). Then, the samples were placed into a sealed 
chamber with the desired humidity conditions (75%) using supersatu
rated salts according to ASTM E 104–2 and weighted at different time 
intervals (Wt) until a constant weight was attained. The moisture 
adsorption was calculated using the following formula (Eq. 4) according 
to the article reported by Wan Y.Z. et al., (Wan et al., 2009). 

Moisture uptake(%) =
Wt − W0

W0
x100 (4) 

All samples were measured in triplicate, and results were represented 
in terms of average ± SD. 

2.11. Mechanical properties 

The tensile tests were performed using a Universal testing machine 
model 5.500R6025 Instron. For these tests, Dog-bone-shaped samples 
were cut from the films and air-conditioned at the same room conditions 
(50% of relative humidity) at temperature of 23 ± 2 ºC and RH of 50 ±
10% during 24 h prior to the measurement. The samples were stretched 
under a strain rate of 10 mm/min. The study of the tensile-strain curves 
provided the values of Young’s modulus (YM), tensile strength (TS), and 
elongation at break (E) using the built-in software of the tensile tester. At 
least three measurements were taken for each sample, and the results 
were expressed as average ± SD. 

3. Results and discussion 

3.1. Chemical study of the orange peel powder hydrolysis 

The chemical changes undergone in the orange peel during the hy
drolysis pre-treatment was evaluated through infrared spectroscopy. 
The infrared spectra with the band assignments are reported in Fig. 2(a). 
All OP powdered samples exhibited the characteristic infrared peaks 
attributed to holocellulose and pectin, like other citrus biomass reported 
in bibliography (Chhatariya et al., 2022; Quilez-Molina et al., 2022b; 
Terzioğlu et al., 2021). The strong band placed at 3300 cm− 1 was 
assigned to the stretching vibration of the hydroxyl groups present in 
carbohydrate fraction, while the asymmetric and symmetric stretching 
vibration bands of C-H of the aliphatic groups were located at 
2975 cm− 1 and 2950 cm− 1 (Quilez-Molina et al., 2022b; Terzioğlu et al., 
2021). The vibration peaks of the carbonyl (C––O) was at 1735 cm− 1, 
while the peaks located at 1610 cm− 1 and 1410 belonged to the asym
metric and symmetric vibration of the carboxylate group (COO-), 
respectively (Merino et al., 2021; Quilez-Molina et al., 2022b). The vi
bration peaks ranged from 1300 cm− 1 to 1000 cm− 1 corresponded to the 
stretching vibrations (C-C, C-O, C-OH) associated with the glycosidic 
linkages (Szymanska-Chargot and Zdunek, 2013; Terzioğlu et al., 2021). 
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The inspection of the infrared spectra of the orange peel powders 
processed at different conditions revealed significant differences asso
ciated to the acid hydrolysis. In general, the band related to the hydroxyl 
group increased in all hydrolyzed samples, as a result of the cleavage of 
the hydrocarbon chains (pectin and hemicellulose, but also cellulose to 
the least extent) to form saccharides with lower molecular weight 
(Mohamad et al., 2020; Quilez-Molina et al., 2022b; Sila et al., 2009). 
Only samples treated with acids, both Ac and HCl, at 1 M concentration 

exhibited relevant chemical changes in other ranges of the infrared 
spectra. At these conditions, the de-esterification and subsequent hy
drolysis of the pectin fraction of the orange peel occurs, resulting into 
chains of lower-molecular-weight de-esterified pectin and D-galactur
onic acid (Kurita et al., 2008). Moreover, the exposure of vegetable 
biomass to moderate acid conditions can led to the oxidation and 
condensation of the organic matter towards the formation of humic 
substances (Mohamad et al., 2020; Valdivieso Ramirez et al., 2021; Yu 

Fig. 2. (a) Infrared spectra of the orange peel powder treated at different acid conditions. (b) The infrared spectra of neat OP powder, and OP powder treated with 
acetic and chlorohydric acid at 1 M maximized in the range 1800–1550 cm− 1. Photographs of OP powder casted after the treatment with 20 mL of 0.1 M Ac, 1 M Ac, 
0.1 M HCl, 1 M HCl in the inset. (c) Derivative curves of the thermal degradation of hydrolyzed orange peel. (d) Scheme of the chemical reactions occurred in 
the biomass. 
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et al., 2021). The presence of the latter can be determined by assessing 
the vibration bands located in the region 1800–1550 cm− 1, maximized 
for neat OP, OP_1Ac_p and OP_1HCl_p in Fig. 2(b). In this section of the 
spectra is observed an increment of the band at 1735 cm− 1, related to 
the carbonyl groups, which confirmed the transformation of poly
saccharides into more oxidized species (Yu et al., 2021). A new peak 
appeared at 1715 cm− 1 corresponding to the stretching vibration of the 
aldehyde group (HC––O) presents in humic substances like furfural or 
hydroxymethylfurfural (Mohamad et al., 2020; Pin et al., 2014; Valdi
vieso Ramirez et al., 2021; Yu et al., 2021). The formation of these dark 
brown coloured organic products was also supported by the visible color 
change of the sample (Dwyer et al., 2008; Merino et al., 2021), as easily 
observed in the photographs in Fig. 2(a). The peak at 1650 cm− 1 cor
responded to the bending vibration of water absorbed after the acid 
treatments (Szymanska-Chargot and Zdunek, 2013), while the new 
bands placed in the range from 1550 to 1500 cm− 1 belonged to the 
formation of the aromatic furan ring of the furfural and hydrox
ymethylfurfural (Pin et al., 2014; Yu et al., 2021). Finally, the infrared 
spectra of samples hydrolyzed with HCl exhibited a small new band at 
1760 cm− 1. This band corresponded to formation of organic acids, 
indicating that these moderate conditions led to the last step of the 
biomass degradation (Mohamad et al., 2020; Valdivieso Ramirez et al., 
2021; Yu et al., 2021). Moreover, this band corresponded also with the 
hydrolysis and de-esterification of pectin, which results into the for
mation of new carboxylic acid groups (Kurita et al., 2008). 

The DTG of OP and OP hydrolyzed are reported in Fig. 2(c). The TG 
curves and the residual weight are reported in Fig. S2, in Supporting 
information. The thermograms of OP powder indicated that the degra
dation occurred in four stages, like reported in the literature (Açıkalın, n. 
d.; Merino et al., 2021). From ambient temperature to below 100 ℃, the 
∼5% of mass was lost due to dehydration of the biomass (Salasinska 
et al., 2018). The second degradation step occurred in the range of 
128–288 ℃, while the third degradation step took place from 288 ℃ to 
338 ℃, with a mass loss of ∼37% and ∼31%, respectively. The two last 
degradation stages were attributed to the decomposition of the main 
structural polymeric components of the OP. In particular, hemicellulose 
and pectin degraded at first, followed by the cellulose and lignin, which 
degraded at the end of the thermal treatment (Açıkalın, n.d.; Merino 
et al., 2021). The final residue was 28%, in agreement with what was 
reported in other articles (Açıkalın, n.d.). The maximum-mass loss rates 
were measured at 280ºC and 340ºC, in the second and third degradation 
state. In the same graph, the thermograms of hydrolyzed OP indicated 
that the thermal degradation greatly varied with the type of acid. The 
thermal degradation profiles of Ac-hydrolyzed samples were very 
similar to neat OP, with only visible changes in the second degradation 
peak (∼220ºC), related to the degradation of pectin and hemicellulose. 
The peak shifting towards higher temperatures suggested the formation 
products with a higher thermal stability as a result of the chemical re
action between the Ac and these biopolymers (Boluda-Aguilar and 
López-Gómez, 2013). The thermal degradation peak related to the cel
lulose and lignin was kept similar indicating that Ac barely altered these 
two last components. The thermograms of HCl-hydrolyzed OP displayed 
a new first degradation stage at lower temperatures (95–160 ºC) with a 
mass loss of 10%. This step could be related to the formation of 
low-molecular weight (LMW) products as a result of the hydrolysis of the 
biopolymers chains (Merino et al., 2021). Indeed, the low weight loss 
observed in the thermal decomposition of the different biopolymers 
indicated the cleavage of the biopolymer chains during the acid treat
ment. Interestingly, a small peak at 420ºC in these samples confirmed 
the presence of high-thermal resistant humins as a result of the acid 
hydrolysis reactions represented in Fig. 2(c) (Liu et al., 2018). The 
weight of the residue increased with the strength of the acid hydrolysis, 
from 28% in neat OP to 34% in OP_1HCl, indicating that the reaction 
with acids generated more thermal resistant products, see Fig. S2 in 
Supporting information. 

All the reaction schemes of the chemical processes abovementioned 

are displayed in Fig. 2(d). In the humic substances, the aldehyde and 
furfural groups are highlighted in yellow and green, respectively. The 
carboxylic acid group belonged to the final organic acids, de-esterified 
pectin and D-galacturonic acid is colored in blue. 

3.2. Analysis of the heat-moisture process through DSC 

The effect of orange peel (neat and hydrolyzed) on the starch gela
tinization was determined by comparing the DSC thermograms of the 
raw-mixtures (starch powder, neat or hydrolyzed orange peel powder, 
glycerol and water) reported in Fig. 3, starch with 40 wt% of OP and 
starch with 40 wt% of OP hydrolyzed with 1 M HCl. The starch ther
mogram presents an only peak around 60–80 ℃ attributed to the gela
tinization process (Y. Zhang et al., 2021). The addition of orange peel 
(present in neat and hydrolyzed form) induced an increment of the 
gelatinization temperature (Tgel) from 70.03 ± 0.01 ºC, observed in 
starch only, to a maximum of 71.89 ± 0.18 for S_1HCl_40OP ºC. This 
phenomenon was attributed to the high content in pectin of the orange 
peel. It is well known that pectin biopolymer penetrates starch granules, 
interacting through hydrogen bonding with starch chains and promoting 
structural changes of the starch granules (Y. Zhang et al., 2021). The 
further increment of the gelatinization temperature with the hydrolyzed 
additive could be a consequence of the formation of smaller molecules 
that can penetrate easier into the swelled granule and interact with 
starch chains (Y. Zhang et al., 2021). Therefore, this result highlighted 
the good compatibility between both components. The stronger hydro
lytic capability of HCl against Ac could explain the higher gelatinization 
temperature. 

3.3. Film-forming capability of samples 

The good properties of corn starch to form films using water as sol
vent for the dilution and gelatinization has been well documented (Ali 
et al., 2019b, 2019a; Bodirlau et al., 2013; Chakraborty et al., 2022; 
Zhang et al., 2011). The photographs of S films and corn S-OP com
posites (OP present in 10, 20, and 40 wt% with respect to the starch) 
treated under different acidic conditions are reported in Fig. 4(a-d). It is 
worthy notice that the addition of higher contents of OP might result 
into films with physicochemical characteristics more similar to agri-food 
discard than starch, and they will be no longer starch-based composites. 
However, the properties obtained in films containing 40 wt% of OP will 
be compared with films 100% based of acid hydrolyzed orange peel 
reported in a previous work (Quilez-Molina et al., 2022b), in the 
following sections. The film thickness is reported in the down right side 
of the picture. All films reported in Fig. 4 exhibited a good appearance, 
with no fractures or grooves, confirming the suitability of the fabrication 

Fig. 3. Differential scanning calorimetry thermograms of the starch, and starch 
composites loaded with 40 wt% of OP. 
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conditions employed. The photographs revealed that neat samples 
(without filler) were uncolor, while the addition of OP provided a strong 
orange coloration that gradually increased with the filler content. This 
effect was because OP is rich in natural colorants, like quercetin and 
rutin, with powerful antioxidant and antimicrobial properties (Chha
tariya et al., 2022; Ivanovska et al., 2022). Interestingly, in films pro
cessed with water, OP particles and agglomerates were easily 
differentiated with the naked eye. However, these visual defects were 
barely visible in films containing hydrolyzed OP (processed with acids). 
This may evidence that the acid hydrolysis favours the filler integration 
and cohesiveness with the matrix. Moreover, the films treated with 
0.1 M HCl acquired a brownish coloration, which increased in samples 
treated with stronger acid conditions (i.e.,1 M HCl), see Fig. S3 of 
Supporting information. This color change was related with the hydro
lysis of sugars, which dark reaction products (e.g., humic substances) 
provide a browning coloration to the sample (Dwyer et al., 2008; Merino 
et al., 2021). 

The positive effect of using acids on improving the processability of 
starch has been documented before in many articles (Chang et al., 2006; 
Chung and Lai, 2007; Zhang et al., 2011). The acid hydrolysis prefer
entially occurs in the amorphous regions of the starch; however, acids 
are also capable to disrupt the α-(1→6) bonds of the amylopectin 
(Martins and Martins, 2021; Singh and Ali, 2008). As a result of the 
latter, amylose leaks from the amorphous region of the biopolymer to 
the aqueous phase (Utrilla-Coello et al., 2014; Y. Zhang et al., 2021). 
Indeed, Fig. S3 showed that samples treated with 1 M of HCl, which did 
not form films but gel-like mass, which presented some white pre
cipitates of amylose distributed throughout the surface as a result of the 
strong hydrolysis reaction. Interestingly, the white amylose precipitates 
on the surfaces decreased with the OP content. This effect was associated 

to the high content in pectin of OP, which has been demonstrated that 
interacts with amylose and amylopectin chains, retarding the leaching 
(Y. Zhang et al., 2021). In addition, the exposure of new functional 
groups resulting from the acid hydrolysis of the biomass (Fig. 2(d)), 
which are available to interact with starch biopolymers, likely also 
contribute to the starch cohesion. These results were in concordance 
with DSC analysis abovementioned (Fig. 3). According to the fabrication 
method described in the 2.2 section, the acid concentration of the 
gelation medium (20 mL 1 M HCl + 100 mL of water) is equivalent to 
0.16 M HCl. This result evidenced the high sensitivity of starch to acids, 
acting as a limiting agent in this processing strategy. Under this basis, 
the employment of highly hydrolyzed vegetables with acids for the 
fabrication of starch composites must include an intermediate step of 
acid neutralization or removal. 

3.4. SEM images of films 

The surface image of the starch films and orange peel-starch com
posites are summarized in Fig. 5. Neat starch films exhibited a rough 
surface with some particles which may be broken starch granules, as 
pointed with red arrows in Fig. 5, indicating a possible incomplete 
gelatinization (Ma et al., 2009; Otàlora Gonzàlez et al., 2020). These 
particles disappeared when the starch is formed under acid conditions, 
demonstrating the acid had a positive effect on the dispersion and ho
mogenization of the matrix, as observed in other works (Martins and 
Martins, 2021). The noticeable increase in roughness of samples pro
cessed with Ac (0.1 and 1 M), against the smooth surface of S_0.1HCl 
films, was associated to the high evaporation rate/volatility of the 
organic acid (Strawhecker et al., 2001). As expected, the incorporation 
of high quantities of OP (40 wt%) involved the increment of roughness 

Fig. 4. Photographs and thickness of samples with film forming properties and containing (a) orange peel and orange peel treated with (b) 0.1 M Ac, (c) 1 M Ac, and 
(d) 0.1 M HCl. 
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in films surfaces. All samples, including films containing 40 wt% of OP, 
exhibited a compact and rougher cross-section, without important void 
formation. Generally, the presence of fibers in the vegetable additive 
restrains the cohesion by the entanglement of the fiber with the matrix 
(Li et al., 2020). Indeed, in most of the cases found in literature 
(Lopez-Gil et al., 2014; Otàlora Gonzàlez et al., 2020), starch composites 
present a poor matrix-fiber interfacial adhesion, even at low contents of 
natural fibers additives. Despite that, lignocellulose fibers were barely 
observed within the polymer matrix in the cross-section images of films 
containing 40 wt% of OP. This indicated that a good dispersion of the 
additive and compatibility between the two components were success
fully achieved, which may be due to the presence of high amounts of 
pectin in the orange peel. A better view of the good integration of the 
fibers is provided in the cross-section images acquired at lower scales 
reported in Fig. S4 of Supporting information. 

3.5. Chemical study of S-OP composites 

The infrared spectra of S film and S-OP composites with the corre
sponding peak assignments are displayed in Fig. 6. The infrared spectra 
of neat S films and S films fabricated under different acid conditions 
displayed in Fig. 6(a) exhibited the typical vibration bands of S. The 
strong vibration band at 3300 cm− 1 indicated the presence of hydroxyl 
groups of the polymer chain and plasticizer glycerol. The asymmetric 
and symmetric stretching vibrations, νa(C-H) and νs(C-H), of the CH2 
group in the glucose units were located at 2920 cm− 1 and 2870 cm− 1, 
respectively (Merino et al., 2019; Quilez-Molina et al., 2022a). The peak 
at 1650 cm− 1 was assigned to the adsorbed water molecules, while the 

strong peaks ranging from 1470 cm− 1 to 1350 cm− 1 were attributed to 
the bending vibrations of C-H bonds (Quilez-Molina et al., 2022a; 
Szymanska-Chargot and Zdunek, 2013). The stretching peaks related to 
the skeletal glucose, ν(C-O), ν(C-C), and ν(C-O-H), were in the 
1100–1150 cm− 1 range, while the bending peak ν(C-O-H) was at 
1100 cm− 1 (Merino et al., 2019; Warren et al., 2016). The only notice
able difference observed between the hydrolyzed starch films was the 
emergence of a new weak peak at 1725 cm− 1 in the infrared spectra of 
the S_1HCl sample. In literature, this peak has been associated with the 
carbonyl group of the aldehyde (HC––O) as a result of the oxidation of 
the starch monomers due to the strong acid conditions (Zuo et al., 2017). 
This chemical reaction could explain the lack of the film forming 
capability of the sample, and the formation of low-weight starch pre
cipitates observed in the sample, see Fig. S3 of Supporting information. 
In Fig. 6(b), the infrared spectra of the S composites loaded with 40 wt% 
of OP fabricated under diverse conditions were represented. All films 
displayed the characteristic peaks of the corn S, with slight variations. 
This result was associated to the high chemical similitudes between both 
natural components (starch and orange peel biomass), as observed in 
other starchy composites enriched with plant-based fillers (Quilez-Mo
lina et al., 2022a; Wei et al., 2022). Interestingly, the infrared spectra of 
S_0.1HCl_40OP and S_1HCl_40OP exhibited a new peak at 1750 cm− 1, 
characteristic to ester group (OC––O), which suggested the esterification 
of starch chains as a result of the formation of organic acids during the 
hydrolysis process of the orange peel (see reaction scheme of Fig. 2(d)) 
(Fonseca-Florido et al., 2018; Morán et al., 2013). Moreover, the ester
ification of starch with OP components could also support the decrease 
of starchy precipitates in S_1HCl with the orange peel content (See 

Fig. 5. The SEM images of the (a) surface and (b) cross-section of S samples treated under diverse acid conditions. The SEM images of the (c) surface and (d) cross- 
section of S samples with 40 wt% of OP treated under diverse acid conditions. The grains of broken starch are pointed with red arrows. 
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Fig. S3 of Supporting information). The lack of noticeable changes in the 
infrared spectra of the starch composites treated with Ac indicated the 
lack of relevant chemical changes. 

The study of the crystallinity through XRD analysis was performed to 
provide a more complete information about the inner structure of the 
plasticized starch. The XRD diffractograms of the diverse plasticized 
starch obtained without additive are represented in Fig. 6(c). The X-ray 
diffractograms of the plasticized S films displayed a semi-crystalline 
structure with sharp peaks corresponding to the two main compo
nents: amylopectin (crystalline region) and amylose (amorphous region) 
(Altayan et al., 2017). The main diffraction peaks positioned at 17.2º, 
19.9º, and 22.2º coincided with typical X-ray pattern of gelatinized 
plasticized corn starch (GCS) (Fitch-Vargas et al., 2023; Teacǎ et al., 
2013). However, the presence of characteristic peaks of A-form (15.3º, 
24º, 26º), associated with the native corn starch (without plasticization), 
are also present in the diffractograms (Teacǎ et al., 2013). This indicated 
that the plasticization was not complete during the mixing process and 
reveals that samples preserved the original crystalline structure to a 
small extent (Ismail et al., 2019; Osman et al., 2020). The small frag
ments of starch granules observed in the SEM micrographs of neat S 
films reported in Fig. 5 support this result (Ma et al., 2009). The values of 
crystallinity (CI) plotted in Fig. 6(d) revealed that the weak conditions of 
acid hydrolysis promoted the loss of crystallinity of the starchy films. 

This decrement has been reported in other articles and it has been 
attributed to the disruption of the native A-type structure (Ma et al., 
2009; Teacǎ et al., 2013). On the other hand, when starch was exposed 
to stronger hydrolysis conditions (1 M HCl), X-ray peaks appeared 
shaper and more intense, indicating an increment of the crystallinity. 
This occurred because the inorganic acid disrupted the amorphous re
gion of the starch, breaking several chains and increasing the amount of 
crystalline regions (Martins and Martins, 2021; Utrilla-Coello et al., 
2014). Moreover, the X-ray peaks were shifted, and new peaks related to 
VH-type complex (14º, 19.4º, 20.1º) arose, indicating that the concen
trated acid had a strong effect on the chain arrangement (Altayan et al., 
2017; Osman et al., 2020; Teacǎ et al., 2013). Literature reports that 
acid hydrolysis can triggers the polymorphic transition of the XRD 
patterns that can justify these changes observed in the diffractogram 
(Wang and Copeland, 2015). As result, this sample exhibited higher 
crystallinity (∼12%) with respect to the other hydrolyzed samples 
(8–10%), see Fig. 6(d). 

The X-ray diffractograms of the samples containing 40 wt% of OP do 
not exhibit new peaks, see Fig. S5 of Supporting information. However, 
the crystallinity of samples slightly decreased when orange peel was 
incorporated, see Fig. 6(d). This could be attributed to the high content 
in amorphous pectin of the additive (Khorasani and Shojaosadati, 2017). 
The decay of crystallinity was greater in the sample treated with 1 M 

Fig. 6. The infrared spectra and peak assignments of the (a) S films and (b) S-OP composites treated under different acid conditions. (c) XRD patterns of S films and 
(d) Crystallinity index of S (in black) and S-OP composites (in orange) treated under different acid conditions. 
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HCl, from 12% (without additive) to 4% (with 40 wt% of OP), as result 
of the esterification reaction between the starch and carboxylic acids 
obtained from the biomass hydrolysis (Zuo et al., 2013). The CI obtained 
was similar to other starch-based composites enriched with natural 
compounds, such as iota-carrageenan (CI=12–5.8%) (Abdillah and 
Charles, 2021), and microcrystalline cellulose (CI=7–9.2%) (Area et al., 
2019). 

3.6. Mechanical properties 

The tensile stress-strain curves of each sample are represented in  
Fig. 7, while the values of tensile strength (TS), elongation or strain to 
break (εR) and Young’s Modulus (E) are represented in Table 2. From a 
first sight, the acid treatment showed to be very important to define the 
final properties of the S films. In Fig. 7(a), the strength and E of the S 
films increased with the content of the OP, while the elongation 
decreased. In Fig. 7(a), the strength and E of the S films increased with 
the content of the OP, while the elongation decreased. This trend is 
commonly observed in composites enriched with vegetable-based fillers 
due to its high content of rigid molecules (such as cellulose and lignin), 
which can restrict physically the mobility of the polymer chains during 
the stretching (Chhatariya et al., 2022; Otàlora Gonzàlez et al., 2020). 
For example, tea waste extract, rich in cellulose and polyphenols, 
reduced the elongation at break of PVA from ∼140% to below 10% 
(Quilez-Molina et al., 2020). The chemical composition of orange peel, 
rich in pectin and low in rigid lignin, strongly contributed to signifi
cantly preserve the elasticity of the samples even at high concentrations 
(40 wt%) (Merino et al., 2021; Perotto et al., 2018). Furthermore, the 
high concentration of filler can be reached due to the great chemical 
similarities between starch and orange peel, which favorize the proper 
dispersion of the filler within the matrix, reducing the formation of filler 

aggregates that act as breaking point (Li et al., 2018; Müller et al., 2014). 
Interestingly, in comparison, the films composed by 100% orange peel 
were slightly stiffer, displaying a maximum elongation of 35% and 
tensile strength (TS) of 7–10 MPa, while the composites reported in this 
manuscript showed a maximum of 7 MPa (TS) but with an elongation 
that overcame the 60% in some of the samples (Quilez-Molina et al., 
2022b). 

The effect of the acid was clearly evidenced in all samples without 
filler, see black line of Fig. 7(b,c,d)). Films fabricated with weaker acid 

Fig. 7. (a) The stress-strain curves of S films containing 0, 10, 20, and 40 wt% of OP and treated with (a) water, (b) 0.1 M Ac, (c) 1 M Ac, and (d) 0.1 M HCl.  

Table 2 
The mechanical parameters TS, εR, and E expressed as the mean ± standard 
deviation of (a) S films (b) S_0.1Ac, (c) S_1Ac, (d) S_0.1HCl with different 
concentration of OP.  

Sample TS (MPa) εR (%) E (MPa) 

S 4.6± 0.1 85.9± 2.5 37.6 ± 2.5 
S_10OP 4.5 ± 0.1 58.6 ± 5.8 68.3 ± 3.5 
S_20OP 4.9 ± 2.7 43.7 ± 3.5 76.0 ± 1.4 
S_40OP 4.9 ± 2.7 43.7 ± 3.5 69.3 ± 3.5 
Sample TS (MPa) εR (%) E (MPa) 
S_0.1Ac 5.7 ± 0.2 78.4 ± 4.9 94.3 ± 12.3 
S_0.1Ac_10OP 5.6 ± 0.2 66.1 ± 6.4 97.3 ± 5.7 
S_0.1Ac_20OP 6.5 ± 0.2 53.3 ± 0.3 99.0 ± 6.5 
S_0.1Ac_40OP 5.8 ± 0.2 50.9 ± 1.4 90.3 ± 9.0 
Sample TS (MPa) εR (%) E (MPa) 
S_1Ac 4.5 ± 0.1 64.4 ± 7.7 57.0 ± 6.0 
S_1Ac_10OP 4.7 ± 0.2 66.7 ± 3.0 61.6 ± 4.7 
S_1Ac_20OP 3.6 ± 0.1 60.2 ± 4.3 35.3 ± 1.5 
S_1Ac_40OP 3.6 ± 0.0 44.9 ± 5.8 37.6 ± 3.2 
Sample TS (MPa) εR (%) E (MPa) 
S_0.1HCl 3.7 ± 0.2 30.8 ± 6.2 87.5 ± 5.0 
S_0.1HCl_10OP 6.8 ± 0.5 28.4 ± 3.0 114.0 ± 0.0 
S_0.1HCl_20OP 5.0 ± 0.5 31.3 ± 7.0 115.3 ± 8.4 
S_0.1HCl_40OP 6.0 ± 0.4 48.7 ± 3.1 97.3 ± 8.0  
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conditions, like 0.1 M Ac, showed better mechanical properties (i.e., 
higher modulus, elongation, and tensile strengths) with respect to the 
films treated with 1 M of acetic acid or 0.1 M of HCl to a greater extent. 
This could be related to the hydrolysis of starch chains under strong acid 
conditions (Utrilla-Coello et al., 2014; Wang and Copeland, 2015). 
However, contrary to the common undesirable stiffness effect of the 
filler observed in literature (Ali et al., 2019a; Quilez-Molina et al., 
2022a; Wei et al., 2022), the addition of hydrolyzed OP could preserve 
the elastic behaviour of the starch in concentrations that reached the 
40 wt%. For example, other films based on starch enriched with 
food-waste fillers added in lower concentrations like the cassava starch 
film loaded with 1.5 wt% of beetroot flour exhibited 1.6% of εR, and a TS 
of 0.59 MPa, while S_0.1Ac_20OP displayed 50% and 6.5 MPa of εR and 
TS, respectively (Otàlora Gonzàlez et al., 2020). In general, the rein
forcement effect of a vegetable-biomass filler is commonly associated to 
the formation strong hydrogen-bond network with the matrix and their 
rigid nature, which restricts the mobility of the starch chains (Qui
lez-Molina et al., 2022a). As observed in infrared spectra of Fig. 2, weak 
acid conditions, like 0.1 M Ac, resulted into higher amount of hydroxyl 
groups, which can interact with the starch chains obtaining stronger 
mechanical response (Quilez-Molina et al., 2022a). The loss of me
chanical strength of films processed with 1 M acetic acid was justified by 
the representative degradation of the biomass under these conditions. 

Interestingly, in Fig. 7(d), the mechanical features of films treated 
with 0.1 M of HCl greatly improved with the addition of OP. The TS was 
almost the double, while εR increased in about 60%, for S-0.1HCl-40OP 
with respect to S-0.1HCl. The better mechanical performance with the 
increasing concentration of OP was strongly related with the esterifi
cation reaction between starch chains and organic acids derived from OP 
hydrolysis mentioned in the previous section (Fonseca-Florido et al., 
2018; Morán et al., 2013). In bibliography, the esterification of starch is 
usually associated with a plasticizing effect due to the formation of 
bulky groups (Morán et al., 2013). Furthermore, the acid treatments 
improved the mechanical resistance of the films significantly as 

observed in those treated with 0.1 M Ac and HCl. For instance, the 
mechanical properties of S_0.1Ac_40OP are clearly better in terms of 
tensile strength, elongation at break and modulus than in the S_40_OP 
film, clearly showing the effectiveness of the acid treatment. Moreover, 
the properties of this film are also better than that of the initial starch in 
modulus and TS. Therefore, we can conclude that the approach followed 
in this research allows incorporating large amount of orange peel 
discard obtaining film with excellent mechanical performance. 

As a result of their exceptional mechanical properties, some addi
tional characteristics of the films containing 40 wt% of OP will be 
evaluated in the next sections. 

3.7. Thermal properties of films 

The influence of the acid treatment and addition of OP biomass in the 
starch films on the thermal stability will be discussed in this section.  
Fig. 8(a) displays the derivative thermogravimetric (DTG) curves of the 
thermal degradation of S films treated with different acids. The corre
sponding thermal degradation curves are displayed in Fig. S6 of Sup
porting information. The thermal decomposition profiles of samples 
reveal that the type of acid had a strong effect on the hydrolysis reaction. 
Generally, starch matrices degrade in three stages: at about 100ºC 
related to the loss of free water and glycerol molecules, and at about 
300 ℃ and 330 ℃, assigned to the degradation of the glycerol-rich S 
fraction and the depolymerization and thermal decomposition of the S 
backbone respectively (Ilyas et al., 2018; Merino et al., 2019; Pra
chayawarakorn et al., 2011). In the thermograms of S samples treated 
with Ac these peaks are clearly distinguished. In the case of S_0.1Ac, the 
temperatures of maximum-mass loss rates are slightly displaced towards 
lower temperatures, evidencing the loss of the thermal resistance. On 
the other hand, the first degradation peak is barely distinguished in the 
S_1Ac sample, displaying a single degradation stage. This suggested that 
this reaction medium improved the mixing between glycerol and starch 
resulted in a more homogeneous matrix (Collazo-Bigliardi et al., 2019; 
Merino et al., 2019). The thermogram of S_0.1HCl displayed a new 

Fig. 8. (a) The derivative weight curves of starch samples treated under different acid conditions. The DTG curves and derivative thermal curves of the starch 
samples and OP-starch composites treated with: (b) water, (c) 0.1 M Ac, (d) 1 M Ac, (e) 0.1 HCl, and (f) 1 M HCl. Starch films without filler are presented in black. 
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degradation step at lower temperatures (268 ℃), indicating the pres
ence of low-molecular weight (MW) starch that degrade at an earlier 
stage (Zuo et al., 2014). The decomposition of S_1HCl sample undergoes 
in a single step at low temperatures showing the high degradation state 
of the starch matrix, in concordance with the abovementioned results. 
The thermal data collected in Table S2 reveals that the thermal stability 
of the polymer backbone, which refers to the Tmax of 2nd decomposition 
peak, increased with the acid treatment strength (0.1 M Ac < 1 M Ac <
0.1 M HCl). This enhancement in the thermal properties can be associ
ated with the increase of the starch crystallinity, which is usually com
panied by a higher density of the polymer entanglements (Li et al., 
2018), see Fig. 6(a). 

The derivative curves for S films enriched with a 40 wt% of OP are 
displayed in Fig. 8(b-f), while the TG curves are represented in Fig. S6 
(b-e) of Supporting information. All composites displayed degradation 
peaks characteristic to each component (vegetable additive and starch 
matrix). Most of S-OP composites exhibited a first peak of mass loss in a 
range 170–230 ℃ assigned to the degradation of the hemicellulose and 
pectin fraction of the biomass, see the TGA of OP in Fig. 2(c) (Açıkalın, 
n.d.). Interestingly, the thermal degradation of the starch biopolymer 
fraction in the S-OP composites occurred in a single step, at around 
310 ℃, against the two degradation steps observed in the neat S film 
(about 300 ℃ and 330 ℃) (Fig. 8(a)). This indicated that the addition of 
OP enhanced the thermal stability and the homogenization of the S 
(Collazo-Bigliardi et al., 2019; Merino et al., 2019). The decomposition 
curves of samples treated with HCl, in all concentrations (0.1 M, 1 M), 
exhibited the degradation stages associated to the LMW products 
resulted from the hydrolysis of starch. However, only S_0.1HCl_40OP 
displayed the thermal curve of the degradation of hemicellulose and 
pectin (highlighted in brown). The lack of this curve in the S_1HCl_40OP 
sample indicated that these components were degraded during the hy
drolysis of the OP with 1 M HCl. 

The thermal data collected in Table S2 indicated that an overall 
decrement of thermal resistance (∼10ºC) occurred in films with the 
addition of orange peel, attributed to the lower thermal resistance of the 
OP components (onset degradation temperature of pectin and hemi
cellulose below 200ºC) (Açıkalın, n.d.; Merino et al., 2021). The thermal 
stability of the present composites overcame the values obtained other 
corn starch-based films made up of natural fibers, such as those con
taining rice or coffe husk in 20–40 wt%, or corn husk fiber (4–8 wt%), 
which displayed a Tmax of about 295 ℃ and 280 ℃, respectively 
(Collazo-Bigliardi et al., 2019; Ibrahim et al., 2019). 

3.8. Water resistance properties 

The weak moisture resistance has been considered the main draw
back for the application of starch-based materials (Otàlora Gonzàlez 
et al., 2020). The effect of the acid exposure and the addition of OP filler 
in 40 wt% on the moisture properties will be evaluated in the next 
paragraphs. Fig. 9(a) shows that the exposure to acid conditions of S 
leads to a slight increase of moisture content (MC), of about 5.5%, for 
films treated with Ac. For S_0.1HCl the MC increased in ∼15%, associ
ated to the partial degradation of the S matrix when exposure to the 
stronger acid condition (Martins and Martins, 2021). The incorporation 
of 40 wt% OP, rich in polar groups resulted into the increased of MC for 
S films treated at less moderate conditions, water and 0.1 M Ac, with an 
increase of 9% and 3% with respect to films made for only starch. The 
opposite tendency was observed in S_1Ac and S_0.1HCl films, likely due 
to the interaction between the OP components and the partially hy
drolyzed starch matrix, which reduce the interaction of -OH groups of 
starch with moisture leading into an increase the water resistance 
(Chhatariya et al., 2022; Martins and Martins, 2021; Ribeiro Sanches 
et al., 2021). Moreover, the formation of hydrophic humins as product of 
the hydrolysis reaction with HCl may enhance the water resistance 
(Sangregorio et al., 2019). The MC values of films with 40 wt% of OP 
ranged from 6.1% to 6.5%, for S_0.1HCl_40OP and S_40OP, respectively, 
similar to other starch films loaded with lignocellulosic fillers (Ribeiro 
Sanches et al., 2021). 

The water vapor sorption kinetics curves of starch films and com
posite films loaded with 40 wt% of OP at 75% relative humidity (RH) are 
exhibited in Fig. S7(a). This graphic shows that the water sorption 
occurred quickly during the first 24 h, while the equilibrium condition 
was reached after 4 days in all films, obtaining final moisture adsorption 
values ranging from 23.5% to 25%. However, other starch-based films 
exposed to the same humidity conditions, such as citric acid-modified 
porous starch reported by Qian et al. (2011) reached the equilibrium 
after 6 days, with MAd varying from 32.5% to 45%. Another example 
are potato starch films containing 30 wt% of agar, which did not attain 
the equilibrium after being storaged for more than 4 days (Wu et al., 
2009). Fig. 9(b) displays the values of moisture adsorption (MAd) at 
equilibrium. In the plotted data can be observed that orange peel 
strengthened the water resistance by reducing the amount of moisture 
absorbed. The upgrading effect of orange peel was enhanced in samples 
treated with acid, especially with HCl. Indeed, S_0.1HCl film could not 
be measured because it leaks water, hampering the measuring and 
compromising the reliability of the results. However, this effect was not 
observed in the analogue sample containing 40 wt% of OP, 
S_0.1HCl_40OP. This effect was clearly observed in the MAd values of 

Fig. 9. (a) The MC, and (b) Moisture adsorption at equilibrium conditions of unfilled and OP-filled starch composites.  
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films collected during the first 24 h, reported in Fig. S7(b). 
The solubility values are displayed in Fig. S8 of Supporting infor

mation because the results obtained were barely remarkable. The graph 
indicated that the acid treatment did not have an important influence in 
the solubility properties of films, maintaining a constant value of ∼30%, 
similar to other starch composites reported in the literature (Zhang 
et al., 2011). As expected, the solubility increased with the addition of 
the filler up to ∼37% due to the presence of water-soluble molecules 
present in the orange peel, such as pectin, which concentration ranges 
30–45% (Chhatariya et al., 2022; Merino et al., 2021). The most relevant 
result was obtained in S_0.1HCl_40OP films. Herein is proven that the 
incorporation of vegetable biomass strengthened the poor solubility of 
S_0.1HCl films, maintaining its integrity after the water immersion, see 
Fig. S8(b). The esterification of starch with the organic acids resulted 
from the acid hydrolysis observed in the infrared section could justify 
this result (Chung and Lai, 2007; Martins and Martins, 2021). Interest
ingly, the best water solubility value obtained in films 100% based on 
orange peel was 46%, while the highest solubility in OP-starch com
posites was ∼37% (Quilez-Molina et al., 2022b). 

4. Conclusions 

The food waste orange peel demonstrated to have excellent features 
to be used as an additive for starch matrices, allowing loads up to 40 wt 
% of OP, and preserving the good films capability and mechanical fea
tures of the starch. Even so, it was demonstrated that the compatibility 
of both components and final properties can be improved by hydrolyz
ing the orange peel before the gelatinization. Overall, the acid condi
tions used showed to be critical to define the final properties of the 
materials, especially due to high sensitivity of starch matrix to hydro
lyze. Results showed that weak organic acid, like acetic acid, did not 
promote important chemical changes in both biomass and starch matrix. 
Meanwhile, the inorganic acid HCl conducted the hydrolysis of starch 
chains, compromising the film formation capability and the final prop
erties of the materials. However, these latter features could be improved 
in combination with hydrolyzed biomass. This is because HCl triggered 
oxidation and condensation reactions of the orange peel that resulted 
into high-value products (i.e., humic substances and organic acids), 
which interacted with starch by esterification improving the compati
bility and enhancing the mechanical and moisture resistance properties. 
Therefore, these chemical reactions provided the possibility to tune the 
characteristics of films based on food-waste obtaining sustainable 
composites with better properties than many others found in the state of 
the art (Merino et al., 2022; Quilez-Molina et al., 2022b). 

Among them, S-OP film processed with 1 M Ac exhibited the best 
overall performance, displaying superior moisture resistance but also 
keeping the excellent mechanical features of the starch matrix. To 
conclude, we demonstrated a simple and scalable method to tune and 
upgrade the final features of biocomposites with a content of agri-food 
discard of up to 40 wt%. A similar effect is expected from the acid hy
drolysis on the filler and starch to a great extent, considering that the 
degree of hydrolysis could slightly vary with the chemical features of the 
starch (degree of crystallinity, ratio amylopectin/amylose) (Singh and 
Ali, 2008). But overall, it can be assumed that the results obtained in this 
work could be largely extrapolated to other starch composites contain
ing fillers rich in pectin, such as orange peel, to enhance the performance 
of these promising materials. 
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