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Preface

This Reprint brings together a selection of valuable papers that were published in the
Special Issue “Environmentally Friendly Bio-Based Polymeric Materials” of the prestigious journal
Polymers. It represents a curated collection of articles and reviews addressing key themes related to
environmentally friendly polymeric materials.

This collection of papers falls within the scope of the utilization of bio-based and biodegradable
raw materials. In this Reprint, it is once again demonstrated that sustainable development has
become a demand in modern society due to environmental concerns and the concomitant decrease
in fossil resources. Polymers constitute an inherent part of our daily lives, and renewable sources
provide viable alternatives to conventional fossil-based raw materials, supporting sustainable
development. Research shows that biopolymers can be manufactured by blending two polymers to
develop new materials that exhibit properties that cannot be achieved using individual components
alone. In addition, the nanostructure of that blend can be modified by adding an additive material,
which enhances desirable properties.

Biodegradable polymers are a viable approach to addressing the issue of plastic pollution
in marine ecosystems. In contrast to conventional plastics, these polymers are capable of
rapidly decomposing over a brief span of a few months through natural mechanisms, such as
enzymatic digestion, hydrolysis, oxidation, or mechanical degradation, thereby reducing their
environmental impact.

This collection of thirteen scientific papers, united by the common topic of environmentally

friendly materials, constitutes a significant contribution to scientific literature.

Ana-Maria Manea-Saghin
Guest Editor
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Article
Innovative Collagen Based Biopolymers Tested as Fertilizers for
Poor Soils Amendment
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Abstract: Improving soil quality is of growing interest and, among optimal solutions, the reuse and
recycling of biopolymers of pelt waste from the tannery industry have been proposed, one of them
being for collagen hydrolysate with micronutrients and polymers incorporated, to be used as fertiliz-
ers for poor soils rehabilitation. As functionalization agents, polyacrylamide, starch and dolomite
were included into biopolymer matrixes in order to enhance their specific efficiency. These fertilizers
were adequately characterized for their physical-chemical properties, including nutrient content, and
tested on three poor soils, while a fourth sample of normal soil was chosen for comparative purposes.
These soils were also characterized for their texture and physical-chemical properties in order to
establish the fertility state of the soils as a function of nutrient content. In this respect, a series of
agrochemical tests were developed at laboratory scale, simulating real agriculture environments in a
vegetation room, where a significant plant growth in height was observed for all the agro-hydrogels
with nutrients encapsulated, and multiplication of the nodosities number was observed in the case of
the soybean culture. The most significant effect was obtained in the case of the fertilizer function-
alized with starch. Finally, the application dose of the organic fertilizers for specific culture plants
was estimated, such as field cultures (cereals, corn), field vegetables, vineyards or fruit-growing
plantations. These agro-collagen fertilizers are particularly recommended for amendment of field
cereals and vegetables. The novelty of this study mainly consists of the recovery and recycling of
the pelt waste as efficient fertilizers after their adequate functionalization with synthetic or natural
biopolymers.

Keywords: fertilizers; collagen hydrogels; agrochemical tests; poor soils rehabilitation; application
dose on soil

1. Introduction

The continuous decline of soil fertility and crop productivity has resulted in an increas-
ing interest to improve soil quality by adding various inorganic and organic amendments
from different sources. A systematic study on using diverse biosolids in agriculture and
their potential effects on soil and plant growth was reported by Sharma et al. [1]. Among the
natural resources largely used for intensification of the bioproductivity of agricultural cul-
tures, various natural zeolites, volcanic rock, gypsum and brown coal are mentioned [2—4],
while biochar and straw have been applied in conjunction with chemical fertilizers [5]. Sig-
nificant effects on growing soil fertility have been obtained by using organic composts with

Polymers 2023, 15, 2085. https:/ /doi.org/10.3390/polym15092085 1 https://www.mdpi.com/journal /polymers
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various types of waste, such as farmyard manure and crop residues [6], slaughterhouse
waste [7], poultry litter [8], pig manure [9], spirulina from aquaculture waste [10] and
micro-algal biomass [11]. Recently, an innovative poly-composite fertilizer was reported
by recycling three organic wastes, sewage municipal waste, marine algae biomass and
farmyard manure [12].

An alternative source to assure organic content is provided by the waste from the
tannery industry, and significant research effort was devoted to produce protein composites
with biochemical treatments using microorganism enzymes in order to obtain protein
hydrolysates and protein binders with different uses. Organic biopolymers are a valuable
source of raw materials for agriculture, as the protein waste matrix provides sufficient
elements to improve the composition of poor and degraded soils, and many plants can
benefit from the elements, such as carbon, nitrogen, calcium, magnesium, sodium and
potassium [13,14].

Multicomponent, absorbent, hydrogel-type networks are next-generation materials
with distinct three-dimensional structures and a high swelling capacity [15]. The appli-
cations of these materials have been diversifying in recent years, entering the fields of
agriculture, food, pharmaceuticals, electrical devices and electronics [16], environmental
protection and biomaterials.

Hydrolyzed collagen could be used in the food industry as a food supplement or in the
cosmetic industry for skin care products [17,18]. By its functionalization with encapsulated
nutrients, a product with applications as a biofertilizer in agriculture and horticulture has
been obtained [19]. It is expected that such fertilizers will be cost-effective and available
by recycling industrial units at prices at least five-times lower than similar marketable
products, since there is no cost for the raw material. A quantitative estimation of the market
cost of such fertilizers is in the range of 60-80 Euro/ton. Indeed, collagen can be recovered
from pelt waste and used in various applications due to its high nitrogen content [20]. In this
respect, the collagen obtained from wet blue leather waste after chromium extraction, for
example, could be used as a nitrogen source and, after enriching with mineral potassium (K)
and phosphorus (P), could be applied as NcollagenPK fertilizers for growing rice, soybean,
sunflowers, maize, etc. [21-24], or as a potassium-phosphorus source from potato peel
biochar [25].

Our previous research [26,27] developed new collagen composites produced by the
incorporation of both mineral (phosphorus and potassium) nutrients and various synthetic
and natural polymers into the collagen hydrogel matrix that was extracted with pelt waste
processing in order to be proposed as fertilizers for the treatment of poor soils.

The novelty of the present work is focused on testing these innovative collagen
composites for their fertilization qualities during application on three poor soil samples
of Greek origin. For comparative purposes, a fourth Romanian normal soil sample is also
tested. These soil samples are characterized with physical-chemical analyses, and the
corresponding textural classes are assessed with specific granulometry measurements.

2. Materials and Methods
2.1. Materials

The synthesis of multi-polymeric, collagen-based agro-hydrogels was previously pre-
sented in our papers [26,27]. They were prepared using, as raw material, the limed hide
waste (no haired) from the fleshing and trimming of bovine hides (lime fleshing) pro-
vided by SC PIELOREX tannery, Jilava, Ilfov county, Romania. Briefly, the gelatin hide
obtained from collagen hydrolysate was further subjected to acid hydrolysis at 8690 °C
with 2.7-3.6% H;SOy for 1.5-3.5 h in the presence of a K;HPOj, solution of 10-20% con-
centration, thus obtaining a reference fertilizer, denoted Ref-CH. In parallel, a polymeric
solution of starch or polyacrylamide gel was prepared by continuous mixing, degasing and
the addition of N,N’-methylene bis-acrylamide as the reticulant agent. Finally, the protein
hydrolysate containing mineral nutrients encapsulated (phosphorus and potassium) was
then functionalized with 5% of either a synthetic polymer—poly-acrylamide—resulting
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in the composite denoted POLY, or a natural polymer—starch—obtaining the composite
STAR. In this way, we could compare the efficacy of a natural polymer, starch, with that
of a synthetic polymer on the fertilization process. Another analysis was performed that
compared the fertilization action of the two wastes, namely the organic biopolymer and
starch, with a mineral additive, dolomite (prepared by adding 5% of dolomite suspension
to Ref-CH), and thus obtaining the composite denoted DO. In this respect, while Ref-CH
provided N-collagenPK nutrients only, the other additives incorporated into the collagen
matrix provided supplemental contributions of nitrogen and organic carbon in the case
of POLY, of organic carbon in the case of STAR, and of calcium and magnesium in the
case of DO.

The plants selected for the tests on the poor soils were corn, sunflower and soybean
for the following reasons.

Corn has good resistance to dry weather and many diseases and pests, good adapt-
ability to various climate conditions and a good efficacy in the uptake of both organic
and mineral fertilizers. The corn cob is a caryopsis containing starch, carbohydrates, pro-
tein substances, vitamins of the B group, E vitamin, iron, phosphorus, magnesium, zinc,
potassium and oils.

Sunflower is one of the most widespread oleaginous plants; Romania occupies the
fourth worldwide place after Ukraine, Russia and China. The sunflower seeds contain
50-54% fats, which are largely industrialized as oils, while the waste is used as animal
fodder.

Soybeans contain over 30% protein substances and 17-25% oils. Its main role is to
ameliorate the physical features of the soil as a result of installing symbiosis between the
reticular system and nitrogen-fixing bacteria. In this way, many nodosities are developed
to enhance the atmospheric nitrogen uptake and thus confer increased soil fertility.

2.2. Physical-Chemical Analyses of Soils and Harvested Crops

The determination of the particle size fractions of the soils was carried out with the
pipette method for fractions < 0.002 mm, the wet sieving method for fractions 0.002 to
0.2 mm and the dried method for fractions > 0.2 mm [28].

The pH was determined with the potentiometric method in aqueous suspension of soil:
water ratio 1:2.5 with a glass—calomel combined electrode; the potentiometer is calibrated
with buffer solutions of known pH prior to the analysis of samples.

The organic matter (humus), OC%, was determined with the wet oxidation-modified
Walkley—Black method.

The total nitrogen (TN%) was determined with the Kjeldahl method: digestion with
H;,S0; at 350 °C, potassium sulfate and copper sulfate catalysts.

Exchangeable (accessible, mobile) phosphorus (EP%) was determined with extraction
followed by spectrophotometry (CINTRA 404 UV-VIS spectrometer) with molybdenum
blue after reduction with ascorbic acid [28].

Exchangeable (accessible, mobile) potassium (EK%) was determined with extraction
followed by flame photometry (Flame Photometer 5-935).

The alkaline soil carbonates of the air-dried soil fraction (particle size < 2 mm) were
estimated with the calculation of measured carbon dioxide from carbonates decomposed
with hydrochloric acid (1:3)—STAS 7184/16-80.

The total phosphorus was estimated with spectrophotometry (CINTRA 404 UV-VIS
spectrometer), and the total potassium was estimated with flame photometry (Flame
Photometer S-935) [29].

The four soil samples were thoroughly investigated according to ecopedologic indica-
tors that were determined based on physical-chemical analyses: granulometry, pH, organic
carbon (OC), total nitrogen (TN), exchangeable phosphorus (EP), exchangeable potassium
(EK), carbonates (CO327) and heavy metals content.

The chemical analyses of the soils are detailed in Tables 1 and 2.
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Table 1. Chemical analysis of soils.

pH 0C, % TN, % EP, mg/kg EK, mg/kg (CO3)?~, mg/kg
S1-L 8.30 241 0.12 Nd 50 37.5
S2-CL 8.27 2.81 0.11 Nd 128 -
S3-SiCL 8.50 2.28 0.09 Nd 42 54.3
S4-SCL 8.30 2.96 0.19 17 144 1.26

OC—organic carbon, TN—total nitrogen, EP—exchangeable phosphorous, EK—exchangeable potassium,
Nd—below detection limit.

Table 2. Metal content in tested soils, mg/kg.

Essefltlal Potential Toxic Metals
Soil Sample Nutrients
Cu Zn Cr Co Ni Mn Pb Cd As Hg

S1-L 47 82 53 15.4 107 940 16.4 0.233 5.54 0.032
S2-CL 63 108 63 24.8 139 1710 18.3 0.125 8.11 0.025
S3-SiCL 39 110 46 12.1 82 743 17.1 0.268 3.79 0.025
S54-SCL 32 64 48 10.8 22 978 8.67 0.087 0.18 0.010
Alertthreshold *  100/250  300/700  100/300 30/100 75/250 1500/2000 50/250 3/5 15/25 1/4

* Sensitive/less sensitive use of lands—types of land uses, which involve a certain quality of soils, characterized
by a maximum accepted level of pollutants.

According to ecopedologic indicators [30], these four soil samples are classified as
follows:

All the four soils fall in the weak alkaline reaction class with low organic matter;
S1-L and S2-CL are in the class with low total nitrogen contents;

S3-SiCL and S4-SCL are in the class with very low total nitrogen contents;

54-SCL is in the class with low exchangeable phosphorus;

S1-L and S3-SiCL are in the class with very low exchangeable potassium;

S2-CL is in the class with low exchangeable potassium;

54-SCL is in the class with medium exchangeable potassium;

S1-L, S3-SiCL and S4-SCL belong to the class with low content of calcium carbonate
with values below 1%.

Analysis of the data from Table 1 reveals, for the three samples S1-L, S2-CL and S3-
SiCL, a very low nutrient content, phosphorous being not detectable, while for the sample
54-SCL, the data are specific for a fertile soil having a higher NPK nutrient content.

In Table 2, the metal content in the tested soils is quantified with special reference to
essential metal nutrients and potential toxic metals. For this last category, one may observe
that the metal contents are below the limit of environmental requirements except for nickel
and manganese, which are within the alert zone for the sensitive soils in the case of the clay
loam sample S2-CL.

The definitions in accordance with Romanian regulations [31] are the following:

- The sensitive use of lands is represented by their use for residential and leisure areas,
for agricultural purposes, as protected areas or sanitary areas with restricted regime,
as well as the land areas provided for such uses in the future;

- The less sensitive land use includes all existing industrial and commercial uses as well
as the land areas provided for such future uses.

The alert thresholds are the concentrations of pollutants in air, water, soil or in emis-
sion/discharges, that have the role of alerting the competent authorities to a potential
impact on the environment and that trigger the additional monitoring and/or reduction in
pollutant concentrations in emission/evacuations.

Total heavy metals (Cd, Co, Cr, Cu, Ni, Mn, Pb, Zn, As and Hg) were quantified with
atomic absorption spectrometry (GBC 932 AA atomic absorption spectrometer) using a
calibration standard solution for each determined metallic ion.
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The texture of the soils has been examined and the type of them is obtained using
the triangular diagram of the basic soil textural classes according to USDA particle sizes
from [32], page 182, Figure 8.13 as the location inside a ternary system built with the
granulometric fractions in the corners: amounts of clay, silt and sand. According to these
data, the following textural classes are established: soil S1 belongs to textural class L—loam;
soil 52 belongs to textural class CL—clay loam; soil S3 belongs to textural class SiCL—silty
clay loam; and soil 54 belongs to textural class SCL—sandy clay loam. In line with these
findings, our tested soils are further coded as follows: S1-L, S2-CL, S3-SiCL and S4-SCL.
More information can be found in the Supplementary Materials, Tables S1 and S2.

The leaves harvested from the tested crops (sunflowers, corn and soybean) were first
dried at ambient temperature, and then the dehydration was finished in the oven followed
by grounding to a powder and, finally, sampling for chemical analyses.

2.3. Evaluation of Exchangeable NPK Nutrients of Agro-Hydrogels in Soils

Soil that was poor in nutritive elements sampled from the Western Greece region was
placed in an aluminum vessel and mixed with the agro-hydrogel as liquid, dried or gel in
various final proportions: 1%, 5%, 10%, 30%, 50%. Portions of these mixtures were sampled
at different time intervals (e.g., 1, 3, 7, 14, 21 and 30 days) and analyzed for ammonium
leaching. Changeable ammonium was evaluated by elution of the soil mixture with a
solution 2.0 M KCl, and ammonium nitrogen was determined with a modified Kjeldal
method.

2.4. Experiments in the Vegetation Room

The agrochemical experimentations were carried out in the vegetation room belonging
to the National Research and Development Institute for Pedology—ICPA Bucharest. The
seeds of green pea, sunflower, corn and soybean were sowed during the springtime (end of
March) in plastic vegetation pots containing 1 kg of the tested soils sampled from Greece
(two types of poor soils with very low nutrient contents characterized according to the
data shown in Section 3.1). Both soils (S1-and S3-SiCL) were pretreated (amended) with
5% agro-hydrogels (Ref-CH, POLY and STAR) 4 months before the cultivation for a good
homogenization of the agro-hydrogels added with soil and for adaptability of the existing
microorganisms in the soils. The soil humidity in the vegetation pots was ensured at a
permanent 70% level of the field capacity. According to the testing methodology, three
replicates (three plants per single replication for the beginning and one month after rising
and growth) were ensured for each experimental variant. The experiment was finished in
September.

2.5. Estimation of Dose for Application of Organic Fertilizer

Agrochemical tests were conducted in the vegetation room on various plant species
by monitoring the parameters related to the chemical composition of the soils, chemical
composition of the plants and composition of microflora in the soil. Finally, the stage of
plant growth was evaluated in order to assess which type of crops was most appropriate
for the different soils.

The optimal dose of organic fertilizers in ton/ha of cultivated terrain was calculated
based on the experiments in the vegetation room by applying a special formula and taking
into account the humus content in the soil and the base saturation degree to evaluate the
nitrogen index (IN), clay content and total nitrogen of the soil according to Equation (1) [29]:

DOF, t/ha=(a+b/IN) x (c — d/Ag) x (e/Ng) (1)

where:

DOF = Dose of Organic Fertilizer, t/ha;
a, b, ¢, d empiric parameters with the following values:
a = 15 for field crops and fruit-growing plantations; 20 for field vegetables and vineyards;
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b =30 for field crops and field vegetables; 40 for vineyards; 50 for fruit-growing plantations;
c = 1.35 for all cultures;

d = 8 for all cultures;

IN = nitrogen index of soil (% humus x V%)/100;

Ag = clay content of soil (%);

e = medium standard content of total nitrogen (%Nt) of the organic fertilizer = 0.45% from
wet mass;

Ng = total nitrogen content of the organic fertilizer, % from wet mass.

2.6. Field Experiments

Two of the fertilizers, S1-L and S3-SiCL, were incorporated into the soils, and the soil
humidity was permanently maintained at 70% from the soil capacity. These tests were
performed from the spring sowing until the autumn harvesting period.

2.7. Statistical Analyses

The agrochemical results represent the average (mean) of three replicates for soil and
plant, respectively, and the standard deviation values {STDEV} have been calculated. The
mean summarizes an entire dataset with a single number representing a typical value. It is
one of several measures of central tendency. STDEV measures the amount of variability or
dispersion, indicating how close the individual data values are from the mean value.

The factorial experimental design is also introduced, and the analysis of variance
(ANOVA) is used as one of the primary tools for the statistical data analysis. There is a
three-factor factorial experiment, the factors being the following: the first factor is for the
considered four situations for the soils (no fertilizer soil, and the three soils treated with
Ref-CH, POLY and STAR, respectively); the second factor is for two considered soils, i.e.,
loam soil S1-L and silty clay soil S3-SiCL; and the third factor is for the three cultivated
plants taken into account in this discussion—corn, sunflower and soybean. Therefore, there
is a total number of 4 x 2 x 3 x 3, the last factor representing the number of replicates.

3. Results and Discussion
3.1. Physical-Chemical Characteristics of the Fertilized Soils

The general evaluation of the fertility state of the soils was performed as a function of
the soluble nutrient content available for plant growth [33], as shown in Table 3.

Table 3. General evaluation of the fertility state of the soil as a function of the soluble nutrient content
available for plant growth.

Nitrogen (mg/kg) Phosphorus, Potassium,
Fertility State Aqueous Extract Aqueous Extract
NO;~ + NHy* (mg/kg), P,O5 (mg/kg), K,O

Low to reduced <10 <10 <50

Medium 10-30 11-20 50-80
High >30 >20 >80
S1-L 12 Nd 50
S2-CL 11 Nd 128
S3-SiCL 9 Nd 42
54-SCL 9 17 144

Nd—below detection limit.

When these values are compared with the nutrient content of our soils, one may
conclude that, for nitrogen content, the three soils, S1-L—S3-SiCL, are at the limit of
very low fertility, and phosphorus is not detectable, while for potassium, only sample
2 corresponds to a good fertility state. That is why the new NPK agro-hydrogels proposed
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in this work could provide a promising source of nutrients to enhance the fertility state of
these poor soils.

Three fertilizers were tested, including potassium phosphate incorporated as P-K
nutrients source and considered as the reference sample together with its poly-composites
obtained by functionalization with polyacrylamide, dolomite and starch. Their action
on the soil samples was demonstrated by a series of agrochemical tests simulating real
environmental conditions in the vegetation room for four culture plants. Finally, the dose
of organic fertilizer to be applied for various agriculture crops in the field was estimated.

In Table 4, the results of the physical-chemical analyses for the fertilized soils are
presented.

Table 4. Physical-chemical analyses, mg/g of dried fertilized soils.

Parameters S1-L S2-CL S$3-SiCL S4-SCL
pH 7.89 7.25 7.64 7.52
Temperature at sampling (°C) 2 4 10 14
Total phosphorous 0.012 0.011 0.015 0.014
PO~ 0.040 0.042 0.044 0.043
Cl~ 7.5 7.5 7.3 7.4
Cl, free 1.0 0 0 0
NO;~ 10 9.0 11 10
NO,~ 0.02 0.02 0.03 0.05
s~ 0.021 0.017 0.028 0.029
S04~ 0.021 0.016 0.028 0.030
CO; free 517 2.53 1.54 22
NH,* 0.001 0.001 0.01 0.05
Total dissolved salts 30.8 33.2 36.9 38.0

The average stem heights after one month from sowing of the three plant cultures are
shown in Table 5.

Table 5. The average stem heights of the cultivated plants after one month from sowing (cm).

Experimental Loam Soil, S1-L Silty Clay Soil, S3-SiCL
Variant Corn Sunflower Soybean Corn Sunflower Soybean
No fertilizer 20 18 15 18 16 13
Treated with Ref-CH 42 34 26 41 35 23
Treated with POLY 44 38 26 40 37 25
Treated with STAR 45 42 28 42 38 26

From the analysis of these data, one may observe that, in all variants using agro-
hydrogels with nutrients encapsulated, a significant plant growth in height was obtained,
accompanied by a well-developed and profound reticular system, vigorous and healthy
plantlets and multiplication of the nodosities number in the case of the soybean culture.
The most important effect was produced by the agro-collagen hydrogel functionalized with
starch (STAR).

These remarkable fertilizing effects are in good agreement with the monitoring results
on the nutrients’ inclusion into the hydrogel matrix and their release towards the cultivated
plants for the two tested poor soils (Table 4).

The mean values considered in Table 5 can be considered in good agreement with our
experiment, since we discovered interactions between the variables as revealed in Table 6,
which contains the ANOVA results.
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Table 6. Analysis of variance table for the three-factor, fixed-effects model.

ANOVA (Balanced Design)
Factor Type Levels
Treatment fixed 4
Soil fixed 2
Plant fixed 3
Analysis of Variance for Stem Height
Source DF F P
Treatment 3 18.69 0.003
Soil 1 4.33 0.049
Plant 2 1.26 0.045
Treatment*Soil 3 3.10 0.056
Treatment*Plant 6 0.03 0.067
Soil*Plant 2 0.64 0.071
Treatment*Soil*Plant 6 2.08 0.188
Error 24
Total 47

* Represents interaction of the analysis factors.

The F-ratios for all three main effects and the interactions are formed by dividing the
mean square for the effect of interest by the error mean square. Since we selected o = 0.05,
the critical value for each of these F-ratios is f(05(18,1) = 4.41. We could use the p-value
approach. The p-values for all the test statistics are shown in the last column of Table 6.
An inspection of these p-values is revealing. We observe that the most important factor
is the treatment applied. In addition, the type of plant and the type of soil are significant.
However, there is some indication of an effect due to the interactions of the treatments and
soils, treatment and plants, and soil and plants, since the p-values are 0.056, 0.067 and 0.071,
respectively, which are not much greater than « = 0.05.

3.2. Comparison of Functionalized Agro-Hydrogels Tested in Real Simulated Conditions

Agro-hydrogels containing starch and dolomite embedded into a collagen matrix
with phosphorus and potassium nutrients incorporated were first tested on the normal
soil S4-SCL for a green pea culture in order to ameliorate the field by soil enriching in
biologically fixed nitrogen, which allows early clearing of the field to be further prepared
for barley sowing. It is well established that a green pea culture needs nitrous fertilizers,
mainly during the first development stage. Afterwards, this culture grows on account of
the nitrogen uptake from the atmosphere through the bacteria formed in the root nodosities.
The most appropriate soil reaction for a green pea culture is in the neutral pH domain,
which requires amending the soils with lime, not directly, but by means of prior plant
cultures.

In this respect, during the flourish phenological phase of the green pea culture, Diana
variety, the number of nodosities on the roots were counted per plant on soil treated with
0.25-0.5 kg/m?. For the untreated soil, 17 nodosities per plant were counted; for the soil
treated with hydrogel functionalized with starch (STAR), this number was 39; for dolomite
(DO), this number was 37 (refer to Figure 1).

One may conclude that these collagen hydrogels functionalized with natural com-
pounds have a high agrochemical efficacy, the best effect being obtained for the soil treated
with the fertilizer containing starch.

Other agrochemical tests performed by using leather industry solid waste have been
previously carried out for growth of the common bean [20] or rice [22], but only the effect
of collagen as an organic nitrogen source has been investigated. Instead, our research is
more complex, as these original smart fertilizers are able to provide all three main nutrients,
NPK, while starch brings a supplementary contribution of organic carbon.
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Figure 1. Monitoring plant cultures tested on poor soils in simulated field experiments.

Another series of three agro-hydrogels with phosphorus and potassium nutrients
incorporated, (Ref-CH)—as reference fertilizer, POLY—Ref-CH with polyacrylamide ad-
ditive as the functionalization agent, and STAR—Ref-CH with starch incorporated, were
extensively studied when applied on two Greek soils, S1-L—loam type and S3-SiCL—silty
clay type soil, in order to increase their nutrient content.

As one can observe from the previous data of Table 3, the soils S1-L and S3-SiCL
are characterized by a very low content of total nitrogen and extremely low content of
exchangeable potassium, while the content in exchangeable phosphorus is not detectable.
These experiments aimed at using the above-mentioned fertilizers on the two poor soils
in order to stimulate the germination processes, accelerate the productive phase (plantlet
growth), vigorously develop the plants, profoundly root the plants and strengthen the
self-defense system of the plants.

The NPK content in the tested plants, sunflowers, corn and soybean, cultivated on the
two Greek soils (S1-L and S3-SiCL) after one month from sowing, is quantified in Table 7.

Table 7. Nutrient content in plants cultivated on soils S1-L and S3-SiCL, mg/kg.

Agro-Collagen Soil Not Treated Ref-CH POLY STAR
Nutrient N p K N p K N 4 K N 4 K
Loam Soil S1-L
Sunflower 0.09 Nd 35 0.156 0.08 40 0.180 0.11 38 0217  0.12 38
Corn 0.11 Nd 40 0.178 0.09 42 0.205 0.12 40 0.223  0.12 45
Soybean 0.12 Nd 42 0.216 0.11 44 0245 0.14 41 0.246 0.13 48
Silty clay Soil S3-SiCL

Sunflower 0.05 Nd 28 0.142 0.07 35 0.168  0.09 35 0.203  0.10 37
Corn 0.08 Nd 35 0.152 0.08 37 0.189  0.10 37 0214 o011 42
Soybean 0.11 Nd 40 0.253 0.09 40 0.218 0.11 40 0232 012 44

Nd—below detection limit.

A comparison of the monitoring results obtained on the treatment of these two poor
soils showed that the nutrient leaching into the soil and plants was more efficient for the
loam soil S1-L than for silty clay soil S3-SiCL, as expected [34], and the most significant
effect was observed on soybean.

3.3. Estimation of Application Dose for Various Types of Culture Plants

This study demonstrated that the new agro-hydrogels belong to the category of organic
GREEN fertilizers. In order to extend their applicative area, a complementary investigation
was needed to select the most appropriate plant cultures with higher technical economic
efficiency. Based on the experiments carried out in the vegetation room, the potential
of application on various types of plant cultures, such as field cultures (cereals, corn),
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field vegetables, vineyards or fruit-growing plantations, was evaluated, and the optimal

application dose by hectare was estimated using the Equation (1) defined in Section 2.5.
The results on organic fertilizer dose (DOF) in t/ha, estimated for the three agro-

collagen hydrogels applied on the three poor soils, are listed in Tables 8-10.

Table 8. Estimated Dose of Organic Fertilizer, DOF, for Ref-CH agro-hydrogel in t/ha.

Field Cultures

Fruit-Growing

No Crt ] Soill (Cereals, Corn) Field Vegetables Plantations Vineyards Plantations
ample
P N P,0s5 K,O N P05 K,O N P,0s5 K,O N P,0s5 K>,O
. Soil 1 DOF 36.79 37.80 87.41 71.55
loam NPK 0.82 0.50 0.79 0.84 0.52 0.81 1.95 1.20 1.88 1.6 0.98 1.54
) Soil 2 DOF 46.46 47.64 110.84 90.56
Clay loam NPK 1.03 0.64 1.0 1.06 065 103 247 152 239 202 124 195
3 Soil 3 DOF 55.08 56.24 132.47 107.83
Silty clay loam NPK 1.23 0.75 1.19 1.25 0.77 1.21 2.9 1.81 2.85 2.4 1.48 2.32
Table 9. Estimated Dose of Organic Fertilizer, DOF, for POLY agro-hydrogel in t/ha.
Soil lgdd ful(tjures Field Vegetables Fr11,111t-Gr(?wmg Vineyards Plantations
No Crt Sample (Cereals, Corn) antations
N P,05 K,O N P,05 K,O N P,05 K,O N P,05 K,O
. Soil 1 DOF 46.03 47.29 109.37 89.52
loam NPK 0.82 0.57 0.83 0.84 0.59 7.0 1.95 1.36 1.97 1.6 1.11 1.61
, Soil 2 DOF 58.13 59.60 138.67 113.30
Clay loam NPK 1.03 0.72 1.05 1.06 0.74 1.07 247 1.73 2.5 2.02 1.41 2.04
, Soil 3 DOF 68.91 70.36 165.73 134.91
Silty clay loam  NpK 1.23 0.86 124 125 088 127 2.9 2.06 3.0 2.4 1.68 2.43
Table 10. Estimated Dose of Organic Fertilizer, DOF, for STAR agro-hydrogel in t/ha.
Field Cultures . Fruit-Growing . .
No Crt ] 50111 (Cereals, Corn) Field Vegetables Plantations Vineyards Plantations
ample
P N P,05 K,O N P,05 K,O N P,05 K,O N P,05 K,O
: Soil 1 DOF 25.60 2631 60.84 49.80
loam NPK 0.82 0.37 0.68 0.84 0.38 0.70 1.95 0.89 1.62 1.6 0.73 1.33
) Soil 2 DOF 32.33 33.15 77.13 63.02
Clay loam NPK  1.03 047 086 106 048 088 247 113 167 202 092 167
X Soil 3 DOF 38.33 39.14 92.19 75.04
Silty clay loam  NpPK 123 0.56 1.02 125 057 104 295 135 245 24 1.1 1.99

Once again, we confirmed that the most efficient among the composite fertilizers tested
was the collagen hydrogel functionalized with starch (STAR), and for the poor tested soils,
the application dose varied between 25 t/ha on the loam soil cultivated with field cultures
and over 92 t/ha for the silty clay soil cultivated with fruit-growing plantations. However,
for economic reasons, these agro-collagen fertilizers are particularly recommended for
amendment of field cereals and vegetables in the case of all poor soils tested.

4. Conclusions

This study focused on the systematic testing of the agrochemical features of three
composite fertilizers based on collagen hydrolysate, incorporating both mineral nutrients
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Abstract: Blends based on polylactic acid (PLA), chitosan, and grape seed extract (GE) were prepared
by extrusion and injection molding. The effect of chitosan (5% and 15% on PLA basis) and natural
extract (1% on PLA basis) incorporated into the PLA host matrix was explored regarding the thermal
and mechanical properties. GE showed antioxidant activity, as determined by the DPPH assay
method. Chitosan and GE affect the degree of crystallinity up to 30% as the polysaccharide acts
as a nucleating agent, while the extract reduces the mobility of PLA chains. The decomposition
temperature was mainly affected by adding chitosan, with a reduction of up to 25 °C. The color of
the blends was specially modified after the incorporation of both components, obtaining high values
of b* and L* after the addition of chitosan, while GE switched to high values of a*. The elongation at
break (EB) exhibited that the polysaccharide is mainly responsible for its reduction of around 50%.
Slight differences were accessed in tensile strength and Young’s modulus, which were not statistically
significant. Blends showed increased irregularities in their surface appearance, as observed by SEM
analysis, corresponding to the partial miscibility of both polymers.

Keywords: chitosan; PLA; grape seed extract; DPPH assay

1. Introduction

Sustainable development has become a demand in modern society due to environmen-
tal concerns and the concomitant decrease in fossil resources. Polymers are an inherent part
of our daily life. Renewable sources provide polymers for the replacement of conventional
fossil-based raw materials aiming at sustainable development [1]. Research shows that
biopolymers can be manufactured by blending two polymers to develop new materials
that exhibit properties that could not be achieved by using each individual polymer. In
addition, the nanostructure of that blend can be modified by adding additive material,
which will enhance desirable properties.

Thermoplastic polymers exhibit low process temperatures compared to thermosets,
which is advantageous for the development of packaging materials. Polylactic acid (PLA)
is one of the most promising thermoplastics, as it is considered a fully sustainable and
biodegradable polymer [2]. Its production is based on the fermentation of dextrose, which
is converted into lactic acid, followed through polymerization. After disposal, the PLA-
based materials are degraded into the water, and carbon dioxide is consumed to grow more
agricultural products [3]. Nevertheless, toughness and strong hydrophobic properties limit
PLA for packaging and biomedical applications. Strategies to overcome this limitation
are usually related to employing methods such as copolymerization [4] or the addition
of fillers [5]. Nevertheless, the copolymerization process involves the use of chemicals
or generates unsafe subproducts. Then, a sustainable approach in the development of
ecofriendly PLA materials includes the use of reinforcement materials, such as flax fibers [6],
cellulose nanofiber [7], silk fibroin [8], or montmorillonite clay [9]. Alternatively, simply
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blending with another polymer is one of the most effective solutions. Pradeep et al. [10]
investigated the use of PLA /poly (butylene succinate-co-adipate) (PBSA) and observed an
increment in the crystallinity of the composites. In a study of blend filaments of PCL/PLA,
the authors showed the effect on tensile strength regarding the concentration of PCL [11]. In
our study, the aim was to combine PLA with a biopolymer that should provide appropriate
mechanical and morphological properties without losing its biodegradable behavior. In
that concern, chitosan is a polymer that fits those conditions.

Chitosan is obtained from the chitin deacetylation process in the presence of a strong
alkali [12]. Besides its biodegradability properties, chitosan is considered a renewable and
green polymer, as it is derived from waste sources in the fish industry [13]. In this regard,
this polysaccharide also has promising potential for the packaging industry, improving
hydrophilic capacity and adding ductility to the blends.

The association of both renewable polymers has already been described in the litera-
ture. Suyatma et al. [14] described the preparation of PLA /chitosan films by the casting
process and observed an increase in both tensile strength and elongation at break associated
with the rise of chitosan concentration. Bonilla et al. [15] studied the PLA /chitosan mixture
by extrusion, but only a low amount of the polysaccharide was considered in the research.
Claro et al. [16] compared PLA /chitosan and PLA /cellulose acetate films and found that
plasticizers are not necessary to produce blends with potential use applications.

Our study addresses the development of PLA and chitosan blends using the extrusion
process and injection molding process, which is known as an efficient technique for incor-
porating chitosan into PLA host matrixes [15]. Additionally, the traditional casting method
for film preparation could not be advantageous, as solvent residues can be left in the final
product due to the difficulty of controlling the solvent evaporation process [17].

Grape seed extract mainly consists of flavonoids, tocopherol, and other phenolic
compounds responsible for its antioxidant activity [18]. Then, the grape seed extract was
chosen as the additive active material of the blends. Recently, Wang et al. [17] described the
preparation of films of poly(e-caprolactone)/chitosan loaded with grapefruit seed extract
and found an application as a packaging material. Nevertheless, poly(e-caprolactone) is
not considered a renewable source polymer. At this point, our contribution is to describe
a blend composed of two renewable and biodegradable polymers (PLA and chitosan)
associated with an additive (grape seed extract) to improve the antioxidant features without
compromising the mechanical and thermal characteristics of these blends.

2. Materials and Methods
2.1. Materials

Polylactic acid (PLA) (grade: 3052D Ingeo, L-lactic acid/D-lactic acid: 96/4 and
MM = 116,000 g mol ') used in this study was supplied by NatureWorks LLC, Plymouth,
MA, USA. Low-molecular-weight chitosan was purchased from Sigma Aldrich (DA 15%
and MM 120,000 g mol—!). The grape seed extract was obtained from Buxtrade GmbH (Ger-
many), and it mainly contained oligomeric proanthocyanidins, as specified by the supplier.

2.2. Antioxidant Properties of Grape Seed Extract

The free radical scavenging activity of the grape seed extract was evaluated by 1,1-
diphenyl-2-picryl-hydrazil (DPPH) following the method adapted from [18]. The DPPH
solution was prepared in ethanol and mixed with a diluted extract solution. The volume
was adjusted with ethanol to a final volume of 5 mL. After incubation in the dark for
30 min at room temperature, the absorbance was measured at 517 nm against ethanol as
blank using a UV Perkin Elmer Lambda 900. The scavenging activity of the sample was
compared with a control (DPPH solution and ethanol). The absorbance of the control and
the extract sample was measured in triplicate, and the activity was calculated according to
Equation (1).

(Ac — As)

DPPH scavening activity (%) = { "
c

} % 100 1)

15



Polymers 2023, 15, 1570

where A, is the absorbance of the control solution and Ay is the absorbance of the extract
sample solution.

2.3. Extrusion

PLA granules and chitosan powder were dried at 40 °C overnight to remove the ab-
sorbed moisture. Both biopolymers were mixed in a beaker in different ratios of PLA/CHI
(95/05 and 85/15), namely P95C5 and P85C15, respectively. A control sample of PLA was
prepared to allow for a comparison effect of chitosan addition in the binary blends. Blends
containing the dye molecule, grape seed extract, were prepared following the same ratio of
PLA and chitosan. A fixed amount of 10 mg was used in our study. Then, samples were
labeled as PLAGE, P95C5GE, and P85C15GE, where the suffix “GE” means the addition of
the grape seed extract.

Each mixture was extruded in a twin-screw extruder (Haake Rheomix, ThermoFischer,
Dreieich, Germany), and the screw speed and processing temperature were maintained at
50 rpm and 160 °C, respectively. The recycle time was set up in 5 min. The extruded strips
were collected and stored in a humidity control chamber (50% and 23 °C).

2.4. Differential Scanning Calorimetry (DSC)

The thermal properties of PLA and the extruded samples with or without grape seed
extract were determined by differential scanning calorimetry (Perkin-Elmer DSC 7). The
glass transition temperature (Tg) and the intrinsic degree of crystallinity (X,) as a function
of the composition changes (chitosan and grape seed extract addition). The samples were
heated from 20 to 200 °C at a rate of 5 °C min~!. All sample weights were between 6 and
8 mg.

The onset temperature of the glass transition was determined as Tg in the software of
the equipment. The X, (%) was calculated from Equation (2):

oy AHm
XC( /0) — m X 100 (2)
where AH,;, is the measured melting enthalpy, w is the mass fraction of PLA in the compos-

ite, and AH®,, is the corresponding enthalpy of 100% PLA crystalline polymer (93] g~ 1).

2.5. Thermogravimetry (TGA)

TGA analyses were performed on a Perkin-Elmer, Pyris Diamond TG/DTA. Ther-
mogravimetric curves were performed under a synthetic air atmosphere. Samples of
approximately 8 mg were loaded into a platinum crucible and heated from 25 to 800 °C at

a heating rate of 10 °C min .

2.6. Tensile Tests

Using the extrudate produced as previously described, shoulder bars of type 5A
were manufactured with the aid of a miniature injection molding machine (Haake MiniJet,
ThermoFischer, Dreieich, Germany). Tensile tests were carried out using a Zwick Z010 from
Zwick & Roell according to the standard DIN EN ISO 527 at a test speed of 2 mm/min.
Tensile strength, maximum elongation at break, and Young’s modulus were evaluated. At
least three measurements with each blend (17.5 x 4 mm) were performed. Tensile strength
(TS) was expressed in megapascals (MPa) and calculated by dividing the maximum load
(N) by the specimen’s initial cross-sectional area (m?). EB was determined by the ratio of
the final length (sample rupture) to the initial length of the specimen and expressed as
a percentage. Young’s modulus was evaluated by the slope of the linear portion of the
stress—strain curve.

Tensile test results were statistically treated using analysis of variance (ANOVA) and
Tukey’s test with a significance level set at 5%. The test was performed with the Origin
software and results were presented as the mean value and the standard deviation.
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2.7. Color Measurements

The injection-molded test specimens were subjected to color spectroscopy. Color
changes were examined by spectroscopy, based on the CIE L*, a*, and b* color space, in
which L* represents the lightness from 0 (black) to 100 (white), a* express green/red, and
b* depict the yellow-blue dimension. The measurement was performed on an Ultra Scan
Pro (Hunterlab, Reston, VA, USA) in a replicate assessment. The results were plotted as a
function of the color space diagram.

2.8. Scanning Electron Microscopy (SEM)

The morphology of the blends was examined using scanning electron microscopy
(SEM). Approximately 0.5 cm? sample size was placed in the stubs and covered using a
thin layer of palladium-gold to improve their conductivity properties. The coating was
performed in a Sputter coater from Polaron, and a thickness of 10 nm was deposited. The
SEM images were acquired in an S-4000 equipment from Hitachi.

3. Results and Discussion
3.1. DHPP Antioxidant Assay

Grape seeds are the main by-products of juice and wine production, considered a
waste material. Nevertheless, they consist of approximately 60-70% of polyphenols in
their composition, a valuable compound with potent antioxidant activity by effectively
scavenging free radicals. The free radical scavenging activity of the grape seed extract was
tested using the DPPH method through the change of absorbance due to the reduction in
the DPPH radical.

The inhibition percentage of the DPPH radical, based on the concentration used in
the blends, was 78.12 & 5.03%. A previous study described values ranging from 83% and
99% [10], in which the values differ due to the method of extraction, the species of grape,
and even the season of cultivation [19]. The antioxidant activity of the grape seed extract
was shown to be effective, and its addition to the blends improves their functionality
against free radicals.

3.2. Differential Scanning Calorimetry (DSC)

Extrusion is a convenient method to prepare environmentally friendly polymer blends
without using an organic solvent. Additionally, it is an efficient way to improve the
blending of the components and prevent the formation of phase separation.

As the PLA is the main compound of the blends, we want to analyze the effect of
chitosan and grape seed extract addition on its crystallinity degree (Figure 1). Moreover,
the glass transition temperature (Tg) is a practical criterion for analyzing the miscibility of
the components. Indeed, the Ty value should be affected by the partial miscibility of the
components, and it is usually composition-dependent.

Semicrystalline polymers, such as PLA, under measurement conditions followed in
this study, show endothermic peaks related to the glass transition temperature (Tg) and
melting (Trm). The glass transition (PLA, Tg) is found to be 58.6 °C, which is a comparable
value reported by [20]. The exothermic peak at 98.2 °C refers to the crystallization tempera-
ture (T¢c), a thermal event observed after the glass transition in semicrystalline polymers.
In fact, after the Tg, there is an orientation and order in the PLA chains due to the increase
in mobility during the heating process, which is reflected in the crystallization process. A
flat heat flow in the cooling step of the curve is observed (not shown), which means the
PLA does not crystallize during the cooling ramp at 10 °C min~!. There are two main
reasons to explain this behavior. First, a portion of the D isomer inhibits the organization
and crystallization of PLA chains. Second, the high cooling rate does not give enough time
for the PLA chains to rearrange and organize in a crystalline structure.
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Figure 1. DSC curves for (a) PLA; (b) P95c5; (c) P85C15; (d) PLAGE; (e) P95C5GE; and (f) P85C15GE.

Additionally, two peaks observed at 147.3 °C and 156.3 °C are associated with double
melting peaks for PLA [21], which is attributed to the melting of two kinds of PLA crystals
with different lamellae thicknesses [22].

No significant modification of the glass transition is observed for the low-weight
fraction of chitosan (Figure 1b), as a slight reduction of around 2 °C is noticed. However,
sample P85C15 (Figure 1c) exhibits two peaks in the glass transition region (highlighted
with * in Table 1), which confirms the phase separation of both components. Bonilla
et al. [15] studied PLA/CHI ratios of 95:5 and 90:10 and did not observe any lack of
miscibility of both polymers. Our study shows that increasing the chitosan ratio (P85C15)
leads to phase separation. The cold crystallization temperature (Tc) decreases with the
addition of chitosan, which means that chitosan acts as a nucleation agent that favors PLA
crystallization. This observation agrees with the study by [23] on the thermal behavior
of PLA and PLA /natural rubber. Similarly, the polymer at a low weight fraction allows
a heterogeneous nucleation mechanism of the PLA, reducing the free energy barrier and
fastening the crystallization process.

Table 1. Thermal properties of neat PLA and the blends obtained by DSC.

Sample Tg (°C) Tee °O) AH,(Jg™1) Tm1 CO) Tm2 (°C) AHn (Jg™1) Xc (%)
PLA 58.6 98.2 23.3 147.0 156.4 24.0 25.8
P95C5 56.8 96.8 18.2 146.3 155.8 22.6 25.5
P85C15 56.7/53.0 94.2 17.7 144.3 155.0 23.2 29.3
PLAGE 55.9 94.0 16.7 145.3 155.5 16.9 18.2
P95C5GE 53.0 94.5 15.6 144.6 155.2 17.2 19.5
P85C15GE 54.1 93.0 12.9 144.9 155.4 18.9 23.9

* highlighted second glass transition peak for the sample P85C15

Comparably to the neat PLA sample, the blends show the two melting peaks (T
and Tp,») due to the recrystallization process observed during heating. Then, the peak
at a lower temperature is attributed to the reorganization of the less crystalline structure,
while the Tmj refers to the more perfect crystalline structure of PLA [22]. The total melting
enthalpy (AH,,) of this thermal event was applied in Equation (1) to calculate the degree of
crystallinity (X;) of the samples (Table 1).

With the addition of the grape seed extract, the glass transition peak was shifted
to lower temperatures compared to the transition temperature observed for neat PLA
(Figure 1d) and blends without the extract (Figure le,f). Additionally, it affects the cold crys-
tallization temperature and reduces the enthalpy involved in the thermal event. A reduction
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Mass (%)

100

in the AH, might be related to a decrease in the recrystallization process after the glass
transition event. Thus, chitosan and grape seed extract affect the degree of crystallization
of the blends, as they act as a hindrance to disrupting the PLA crystalline sites.

A degree of crystallinity (X;) of 25.8% was found for the pure PLA (Table 1), a com-
parable value found in the literature [20]. Interestingly, chitosan increases the X, mainly
due to the phase separation observed in the sample P85C15, allowing the PLA to dense
pack in a crystalline form, as the polysaccharide acts as a nucleating agent. The grape
extract addition reduces the crystallinity of PLAGE compared to the control sample, which
is related to the reduced mobility of PLA chains. In fact, even low-weight contents of
additives change the crystallization, and consequently the heat involved in the process, as
observed by Yu et al., with the addition of Talc in PLA filaments [24].

3.3. Thermogravimetry (TGA)

The weight loss curves of pure PLA and blends are reported in Figure 2. A complete
weight loss in a single step was observed for pure PLA, with an onset temperature of
thermal decomposition at 318.7 °C (Table 2).
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Figure 2. TGA curves. In (A): (I) PLA, (II) P95C5, and (III) P85C15. In (B), (I) PLAGE, (II) P95C5GE,
and (II) P85C15GE.

Table 2. Temperatures at 10%, 25%, 50% and 75% weight loss obtained by TGA.

T (°Q)

Sample T10% Tas9, Ts0% T759 Tonset (°C)
PLA 287.1 302.0 314.6 329.1 318.7
P95C5 263.2 282.4 298.0 315.1 307.0
P85C15 258.2 277.0 295.5 319.5 292.0
PLAGE 234.7 251.9 265.0 280.4 321.4
P95C5GE 282.5 298.2 311.7 327.4 309.3
P85C15GE 265.4 284.4 302.8 323.5 293.9

The onset temperature is the beginning of weight loss and reflects the thermal stability
of the material. As PLA is the main compound in the polymeric blends, the inclusion of
chitosan did not change the single-step profile; even then, chitosan is characterized by two
significant degradation steps [25]. The single weight loss is associated with the relatively
low chitosan ratio in the blends. Nevertheless, chitosan addition reduces the decomposition
temperature up to 10 °C for the blend with a low amount of polysaccharide (5%) to around
25 °C for the blend with a high content (15%).

In general, the presence of grape seed extract does not change the thermal properties
observed for PLA /chitosan ones, as comparable degradation temperatures were obtained.
Lately, the low ratio of the extract could explain the behavior.
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3.4. Tensile Tests

The average values and standard deviation of the mechanical properties of the speci-
mens prepared in this study are reported in Table 3.

Table 3. Results of the tensile tests of neat PLA and the blends.

Sample Tensile Strength (MPa) Maximum Elongation at Break (%) Young’s Modulus (MPa)
PLA 554 +1.8%2 41+072 3306 + 2172
P95C5 50.4 + 4.4 2P 21+05P 3415 £+ 258 2
P85C15 494 +4.1°b 224+08P 3488 +431°
PLAGE 55.0+04¢% 36+£052 3319 £ 2142
P95C5GE 470+ 6.0P 1.54+02b 3582 +£ 1822
P85C15GE 50.5 +1.22P 20+03P 3808 4 1482

The same letter in the column means no significative difference.

The effect on tensile strength (TS) of chitosan and grape seed extract incorporated
in PLA-based injection-molded shoulder bars was observed as a function of the chitosan
loading of 5% and 15% (w/w) and the addition of 1% of the GE regarding the dry weight of
biopolymers (Figure 3A). The TS of the pure PLA specimen was found to be 55.4 + 1.8 MPa,
which means a very brittle behavior, a value in agreement with the literature [26]. Adding
chitosan decreases the TS in the binary blends, displaying values up to 50.4 + 4.4 MPa
(P95C5) and 49.4 & 4.1 MPa (P85C15). Even though a slight decrease in TS was noticed, the
change is not statistically significant. In the same way, no change in tensile strength was
observed after incorporating the grape seed extract into the neat PLA sample. Nevertheless,
comparing this set of samples, the introduction of the extract reduces the TS values in
P85C15GE (50.5 + 1.2 MPa) and P95C5GE (47.0 & 6.0 MPa).

The elongation at break (EB) exhibited that the inclusion of chitosan is the main respon-
sible for its reduction (Figure 3B). Indeed, all the samples containing the polysaccharide
showed a reduction of around 50% in the EB values. In fact, the simple fact of adding the
grape seed extract does not change the EB by comparing PLA and PLAGE values. However,
the inclusion of chitosan showed that the reduction was significant, as confirmed by the
statistical analysis.

The behavior of tensile properties in composites is very sensitive due to interfacial
adhesion in composite mixtures. In fact, strength and elongation at break decrease when
interfacial affinity is not ensured [27]. Our results established that adding chitosan im-
parted mechanical properties due to the decrease in both analyzed features. Other authors
observed the same characteristic when cellulose in different forms was combined with
PLA. Sanchez-Garcia and Lagaron described the same reduction in mechanical properties
by the mixing of PLA and cellulose nanowhiskers, while Petersson and Oksman showed
a reduction in elongation at a break of about 16% when microcrystalline cellulose was
used as reinforcement of PLA. Even though Zakaria et al. reported an increase in ten-
sile strength when 5% chitosan was used in PLA—chitosan blends, a further increase in
the polysaccharide concentration implied a reduction in the tensile strength [28]. Never-
theless, the reinforcement of PLA was intrinsically related to a better dispersion of the
guest material and also the compatibility between the components, mainly defined by the
interfacial affinity.
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Figure 3. Mechanical properties of PLA and blends measured by tensile tests. In (A), tensile strength;
in (B), elongation at break; in (C), Young "s modulus results.

Young’s modulus is one of the most important structural parameters of materials,
determined by the coefficient of proportionality as a linear relationship in stress—strain
curves. Even though significant differences were not observed between Young’'s modulus
values measured for the samples, a slight tendency to increase this property after the
addition of chitosan was observed (Figure 3C). This indicates more rigidity of the samples,
probably related to the rising of crystallinity [29] as calculated by DSC measurements. The
extract showed no effect in the linear portion of the stress—strain curve.

3.5. Color Measurement

Before carrying out the color spectroscopy, the injection-molded test specimens were
first photographed (Figure 4). Even under nonstandardized light conditions, it can be
clearly seen that adding chitosan at both 5% and 15% leads to a distinct reddish-yellowish
tone. After adding the grape seed extract, the test specimens darkened to reddish brown.

In order to evaluate changes in coloration of the samples under standardized condi-
tions, measurements were carried out by using the CIE coordinates values. To assess the
effect of chitosan and grape seed extract incorporation on the color properties of the speci-
men, the parameters L (lightness), a (redness), b (yellowness), and total color difference
(AE) were measured. As shown in Figure 4, the PLA sample was visually the lightness
one, which is consistent with the data obtained by color measurements (Table 4). The PLA
control sample showed a higher L* value associated with the brightness characteristic (the
white standard used as a background presents the L value of 100).
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Figure 4. Photograph of the injection-molded test specimens prepared in this study.

Table 4. Color measurements values of neat PLA and the blends.

Color Parameters

Sample a* b* L AE
PLA —0.40 9.43 78.09 0
P95C5 5.33 26.49 46.55 36.32
P85C15 8.38 20.59 40.44 40.24
PLAGE 5.40 3.34 26.53 52.25
P95C5GE 6.69 5.97 28.22 50.49
P85C15GE 5.51 5.05 27.42 51.20

The incorporation of chitosan decreased the L* parameter and is concentration-
dependent, as—for P85C15—Iless brightness was observed. On the other hand, a con-
siderable change in the b* value was noticed, as adding the polysaccharide shifts it to
high values. In fact, the yellowish color is an intrinsic property of chitosan, related to its
storage [30] and thermocompression molding [31].

All three samples containing the grape seed extract (GE) were in a similar color range,
which is no longer assigned to yellow but to red due to the natural color of the extract.
Additionally, the L* parameter decreased in PLAGE, P95C5GE, and P85C15GE samples.
In practice, it means that the grape seed extract greatly impacts the color property of the
blends, even if it was added in a low ratio.

The color difference (AE) of the samples was evaluated in comparison to pure PLA
(Table 4). The AE was in the range of 40 after the addition of chitosan (P95C5 and P85C15),
confirming the color changing behavior of the samples. As mentioned earlier, the high
AE value can be associated with the thermocompression molding process used in sample
preparation and was not significantly dependent on the polysaccharide concentration. As
expected, the AE for the samples after the inclusion of the GE rose due to the intrinsic
characteristic of natural extracts being colorful.

3.6. Scanning Electron Microscopy (SEM)

Characteristic SEM images of pure PLA and blends with and without grape seed
extract samples are shown in Figure 5. The surface of the PLA neat sample had a homoge-
neous structure, and no irregularities were observed (Figure 5A). Oppositely, P95C5 and
P85C15 blends showed increased irregularities in their surface appearance (Figure 5B,C),
corresponding to the partial miscibility of both polymers.
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Figure 5. SEM images of the blends. PLA (A); P95C5 (B); P85C15 (C); PLAGE (D); P95C5GE (E);
P85C15GE (F). Magnification of 200x.

When GE was incorporated into the blends (Figure 5D-F), a nonhomogeneous surface
appearance with the presence of pits was noticed on their surface. Wang et al. [17] described
that the addition of grape seed extract resulted in a poorer interfacial adhesion, with weak
tensile strength and elongation at break in PCL/chitosan films. In our study, the GE did
not affect the mechanical properties, probably due to the presence of chitosan, which acts
as a main role in the interfacial adhesion properties, as visualized in elongation at break
values, reducing this property to half of the value measured for the PLA neat sample.

4. Conclusions

The blends proposed in this study offer an alternative material, not only on the
raw source side, but also on the disposal side, via promising end-of-life choices. The
extrusion method was chosen to prevent extract aggregation, and homogeneous blends
were obtained. Generally, the GE did not affect the mechanical and thermal properties
of the blends but added antioxidant properties to the final materials. Chitosan is the
main responsible for the reduction in elongation at break and thermal decomposition,
mainly due to changes in interfacial adhesion properties. The addition of GSE leads to a
nonhomogeneous surface appearance without compromising the mechanical properties
of the material. Even though a reduction in elongation at break was observed after the
inclusion of chitosan, the production of the proposed blend was achieved with comparable
features found the pure PLA.
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Abstract: Neodymium (Nd) is a key rare earth element (REE) needed for the future of incoming
technologies including road transport and power generation. Hereby, a sustainable adsorbent
material for recovering Nd from the aqueous phase using a residue from the saccharification process
is presented. Banana rachis (BR) was treated with cellulases and polyethylene glycol (PEG) to produce
fermentable sugars prior to applying the final residue (BR-PEG) as an adsorbent material. BR-PEG
was characterized by scanning electron microscopy (SEM), compositional analysis, pH of zero charge
(PHpzc), Fourier transform infrared analysis (FTIR) and thermogravimetric analysis (TGA). A surface
response experimental design was used for obtaining the optimized adsorption conditions in terms
of the pH of the aqueous phase and the particle size. With the optimal conditions, equilibrium
isotherms, kinetics and adsorption—-desorption cycles were performed. The optimal pH and particle
size were 4.5 and 209.19 um, respectively. BR-PEG presented equilibrium kinetics after 20 min and
maximum adsorption capacities of 44.11 mg/g. In terms of reusage, BR-PEG can be efficiently reused
for five adsorption—desorption cycles. BR-PEG was demonstrated to be a low-cost bioresourced
alternative for recovering Nd by adsorption.

Keywords: rare earth recovery; sorption; lignocellulosic waste; PEG

1. Introduction

The recovery of REE, and particularly the Nd element, has gained attention due to
the growing demand for the production of technological Nd-containing products. For
example, the Nd element is part of permanent NdFeB magnets used in wind turbines,
vehicles, mobile phones, CoSm magnets, hard disk drives, computers and peripherals [1].
The Nd element is considered a key element in the green energy technology market [2],
particularly in road mobility and energy generation [3]. Over the last 30 years, a total of
880 kt of Nd was extracted from mines, 64% of which has not been recycled [4]. Accordingly,
Nd was classified as a critical REE by the U.S. Department of Energy [5], which involves
several actions, including promoting the development of technology in recycling areas to
minimize the future provisioning issues. On the other hand, Nd has been recognized as
a new contaminant in water resources [6]. Thus, the recovery of Nd is needed to ensure
the future global demand and to minimize the environmental affectation caused by the
discarding of technological devices.
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Several methods have been developed for the recovery of Nd3* ions from the aque-
ous phase such as solvent extraction, ion-exchange, co-precipitation and adsorption [7,8].
Among these technologies, adsorption and, particularly, biosorption are sustainable meth-
ods for recovering this element due to the use of bio-based materials. Lignocellulosic
resources have gained attention in recent years because these biosorbent materials have
demonstrated the capability for removing metals, dyes, REE and other contaminants [9-11].
Banana rachis (BR) is a lignocellulosic waste material which is able to recover various REE
ions by the absorption of what is owed to the affinity of its carboxylic groups to REE [12].
Banana cultivation is of considerable economic importance; about 130 countries produce
and export this fruit. The production of one metric ton of fruit generates four metric tons
of wastes, which means that the production of approximately 115 million metric tons of
fruit per year produces around 460 million metric tons of waste, including rachis, pseudo-
stem and peel [13,14]. This means BR is not only an interesting and promising source for
bio-sorbent material fabrication, but it also holds great potential for alleviating both waste
problems and rare earth supply problems.

A now-established approach to valorizing lignocellulosic wastes is producing second-
generation ethanol [15], but the solid residue after saccharification could be used as adsor-
bent material. The solid remnants mainly consist of residues of cellulose, hemicelluloses
and lignin [16], which conserves some functional surface groups that are able to attach
metals by the adsorption process.

Ethanol production from banana waste would start with converting cellulose into
glucose as a fermentable sugar. Several approaches have been tested, including biological,
physical-mechanical, chemical approaches or their combinations [17,18]. Polyethylene
glycol (PEG) is a non-toxic, non-ionic surfactant for which there exists experience in
enhancing saccharification during enzymatic hydrolysis (EH) [19]. Due to the amphiphilic
nature of PEG, this surfactant can be adsorbed onto the lignocellulosic surface, facilitating
the immobilization of enzymes on the substrate and avoiding the inhibition effect caused
by the adsorption of cellulase on lignin and cellulose [20]. Alternatively, regarding metal
adsorption, PEG has been successfully applied to improve the adsorption performance of
acid orange II dye by the reduction in the agglomeration of the sorbent material particles,
therefore allowing for the availability of more active surface sites [21]. The suitability of
PEG for promoting both enzymatic lignocellulose digestion and metal binding prompted us
to investigate the use of PEG in combining the capability of improving the saccharification
process and the solid residue for adsorption purposes.

In fact, to the best of our knowledge, PEG has not been tested for improving the sugar
conversion of BR, nor for producing sorbent materials with enhanced adsorbent properties
from BR waste material. Here, the example of Nd®* is a representative of the rare earth
metal family. In this context, the current research focuses on evaluating the residue from
enzymatic hydrolysis with PEG as an adsorbent material of Nd** ions from the aqueous
phase. The evaluations include the parameters that affect the adsorption performance, such
as the pH, particle size, initial Nd concentration and reaction time. We also tested to what
extent the material can be reused. The present research contributes to the green chemistry
concept through the incorporation of a renewable raw material based on a residue from a
residue, seeking the avoidance of wastes and the use of degradable chemical products. This
approach tends to improve the value chain and circular economy of the banana market,
which, in some developing countries, is just limited to the exportation of banana fruit.

2. Materials and Methods
2.1. Chemicals

Neodymium (III) nitrate hexahydrate (Nd(NOs3)3-6H0O, 99.9%), sodium hydroxide
(NaOH, 98%) and nitric acid (HNOj3, 70%) were obtained from Alfa Aesar Inc. (Kan-
del, Germany). Polyethylene glycol 4000 (PEG), cellulase (enzyme blend of cellulases,
3-glucosidases and hemicellulose, Lot #SLBW7460) and citric acid (99.5%) were the prod-
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ucts of Sigma Aldrich Inc. (St. Louis, MO, USA). Deionized water was used to prepare the
solutions.

2.2. Adsorbent Material Preparation

The solid residue from the EH of BR treated with PEG was labeled as BR-PEG. This
BR-PEG material was used as the adsorbent material. Prior to obtaining BR-PEG, the BR
was collected from the Musa Cavendish plantation located in the south of Ecuador (3°15’ S,
80°51" W). The neat BR was washed, chopped in pieces of around 2-5 cm, dried at 75 °C,
milled and sieved. These particles were dried afterwards at 75 °C for 48 h.

The batch EH experiments were performed in a 1 L reactor (Tecnal, Piracicaba, Brazil).
The EH consisted of adding 50 g of BR in 1 L of distilled water and autoclaving at 121 °C
for 15 min. The solid residue was transferred to a citrate buffer solution of pH 4.8. Then, 1 g
of PEG (2% w/w) was added and kept in the blend for 1 h at room temperature (25 & 2 °C).
Finally, 3.25 mL of the cellulase blend was added to the reactor (30 FPU/g—enzymatic
activity of 206.58 FPU/mL). The hydrolysis experiments were performed by keeping the
temperature at 50 °C at 150 rpm for 96 h. The obtained solid residue (BR-PEG) was dried at
75 °C, milled and sieved to three particle size fractions: (i) 150-180 pm, (ii) 500-600 um and
(iii) 850-1000 um. To analyze the data using Design-Expert 11 software, the averages of
these particle size values were used, according to Table 1. The experiments were conducted
in triplicate.

Table 1. Factors and levels used in CCD experiments.

Factor Units Levels
-1 0 +1
A:pH pH 2 3.7 55
B: particle size um 165.0 550.0 925.0

2.3. Material Characterization

The composition in terms of the quantity of cellulose, hemicellulose and lignin was
analyzed by the ASTM D-1103-60, ASTM D-1104-56 and TAPPI 222 om-02 standard method-
ologies, respectively [22].

The pH point of zero charge (pHp,c) was determined by measuring the pH change
in electrolyte solutions loaded with BR-PEG. A total of 25 mg of BR-PEG was added in
25 mL of the electrolyte solutions (adsorbent dosage: 1 g/L) of NaCl 0.01 M with an initial
pH (pHo) of 3.0, 5.0, 7.0 and 9.0. These analyses were executed in triplicate.

A scanning electron microscope (SEM) coupled with an energy dispersive X-ray probe
(EDX) was used to observe the morphology of the BR-PEG (Phenom XL, Eindhoven, The
Netherlands). Prior to the observations, the BR-PEG was sputtered with a carbon film.

Fourier transform infrared (FTIR-ATR) spectroscopy was used to determine the surface
functional groups (Spectrum Two IR, Perkin Elmer, Waltham, MA, USA).

Thermogravimetric analysis (TGA) was carried out from 25 to 800 °C, applying a
heating rate of 10 K/min under a nitrogen atmosphere at a flow rate of 30 mL/min
(TGA/DSC 3+, Mettler Toledo, Greifensee, Switzerland).

2.4. Adsorption Experiments
2.4.1. pH and Particle Size Influence

To establish the optimal pH of the aqueous phase and the optimal particle size of
BR-PEG to recover Nd>* ions, a response surface methodology (RSM) based on central
composite design (CCD) with two factors and face-centered was conducted. The experi-
ments were run in duplicate, and the central point was replicated five times. Table 1 shows
the factors and levels evaluated.
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The adsorption capacity (g¢) in mg/g was used as the response. The g, was calculated
by the following Equation (1).
(Ci—C)V

g = M

where C; and C, are the initial and the equilibrium concentrations, respectively, in mg/L, V
is the volume in L and m is the mass of the adsorbent material in grams.
A second-order model was generated according to Equation (2).

k k
y=PBo+ Y Bixi+ Y Bixi+3 .Y Bijxixj+e€ 2
i=1 i=1

i<j

The adsorption experiments consisted of adding 25 mg of the sorbent material in
25 mL of a solution containing 50 mg/L of Nd** ions, kept at 120 rpm in an orbital shaker
for 24 h prior to the Nd analysis in a microwave plasma-atomic emission spectrometer
(MP-AES 4100, Agilent Technologies, Santa Clara, CA, USA). The pH of the solutions was
adjusted using convenient solutions of HNO3; or NaOH with a concentration of 0.1 M or
0.01 M.

2.4.2. Kinetic Study

The adsorption kinetics reaction was evaluated by measuring the remaining concen-
tration of Nd** ions during the time. The experiments consisted of adding 500 mg of BR
into 500 mL of a solution which was composed of 100 mg/L of Nd** and was previously
adjusted to pH 4.8. Nonlinear mathematical models including pseudo first-order (PFORE),
pseudo second-order (PSORE) and Elovich equations, according to Equations (3)—(5), re-
spectively [23], were fit to the experimental data to evaluate the kinetics of the process. The
experiments were carried out in triplicate.

Pseudo first-order rate equation (PFORE):

d
T =k —a) ©)

Pseudo second-order rate equation (PSORE):

dq
———— = kodt 4)
(g0 —)*
Elovich equation:
1
q= Bl”(l‘F o pt) ®)

where g, and g are the equilibrium sorption capacity and the adsorption capacity (mg/g) at
any time, respectively, t is the time (min), k; and k; are the PFORE rate constant (1/min)
and the PSORE rate constant (g/mg-min), respectively, « is the initial adsorption rate
(mg/g-min) and B is a desorption constant related to the extent of surface coverage and
activation energy.

2.4.3. Equilibrium Study

The equilibrium isotherms were obtained by varying the initial Nd** concentration
(C;) from 10 to 200 mg/L at an initial pH of 4.8. The equilibrium isotherms were modeled
by applying the Langmuir, Freundlich and Dubinin-Radushkevich (R-D) nonlinear models,
according to Equations (6)—(8), respectively. The experiments were carried out in triplicate.
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Langmuir non-linear equation:

o= i ©
Freundlich non-linear equation:
7 = KpCe/" 7)
SIPS non-linear equation:
go = AmaxKsCe™ ®

1K

where g, is the adsorption capacity (mg/g), C. is the equilibrium concentration (mg/L),
Jmax is the Langmuir and SIPS adsorption maximum capacity expressed in mg/g, b is the
Langmuir constant (L/mg), Kr is the Freundlich constant ((mg/g)-(L/ mg)l/ M), n is the
sorption intensity (dimensionless), K; is the SIPS equilibrium constant (L/mg) and ms is
the SIPS model exponent.

2.4.4. Desorption Evaluation

Several adsorption—desorption cycles were carried out using HNO3 0.1 M as the eluent.
The recovery of Nd>* was calculated by using Equation (9).

CD*VD

Recovery % = ———F———
]/ (C,’ — Ce) k VA

* 100 )

where Cp is the concentration (mg/L) of the desorbed Nd>* ions in the desorption cycle, C;
and C, are the initial and equilibrium concentrations of Nd3* ions (mg/L) in the adsorption
cycle, respectively, and Vp and V4 are the volumes used in the adsorption and elution
cycles, respectively. The experiments were carried out in triplicate.

3. Results and Discussion
3.1. Material Characterization
3.1.1. SEM Observations

The surface morphology observations of BR before and after the sugar production
process (BR-PEG) were carried out by SEM (Figure 1). The surface of neat BR presented
heterogenous textural properties, combining flower-like rugosity and a smooth surface
(Figure 1a). The smooth surface could be attributed to the cementing non-cellulosic layers
of the cell wall of BR, including lignin, hemicelluloses and pectin compounds [24]. After the
enzymatic hydrolysis with PEG (Figure 1b), the rugosity of the BR-PEG surface partially
disappears, and consequently, fibers and smoothness are more appreciable. The fiber-like
texture is presented in micro-sized bundles in some parts of the BR-PEG surface. The
change in the morphology is caused by the enzymatic hydrolysis previously applied. In
addition, the presence of PEG in the BR-PEG aids the dispersity of the fibers. PEG has
demonstrated effective effects in minimizing the fiber agglomeration [25], which is also
beneficial for the adsorption process because it further increases the available contact area
of an adsorbent material.
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Figure 1. Microscopical observations of materials (magnification: X500). (a) neat BR, (b) BR-PEG.

3.1.2. Compositional Analysis

Neat BR is mainly composed of cellulose (30.66%), followed by hemicelluloses (14.47%)
and lignin (12.4%), as depicted in Table 2. As expected, after the enzymatic hydrolysis
aided by PEG, some changes in the composition were determined—particularly, the lignin
content increased to 62.96%, and the cellulose and hemicellulose concentrations decreased
to 17.26% and 10.27%, respectively. The changes in the composition are related to the
enzymatic hydrolysis, which consumes the cellulose and hemicelluloses, decreasing their
contents but consequently causing an increase in the lignin content. Thus, the material is
mainly composed of lignin.

Table 2. Structural composition of the evaluated materials.

Composition Neat BR BR-PEG
Hemicelluloses (%) 14.47 10.27
Cellulose (%) 30.66 17.26
Lignin (%) 12.40 62.96

3.1.3. Thermogravimetric Analysis

The thermal degradation characteristics provide key information about the stability
and composition of a sorbent material, because the thermal behavior depends on the inher-
ent characteristic and molecular interactions of a solid material [24]. The thermogravimetric
(TGA) and differential thermogravimetric (DTG) profiles of BR and BR-PEG (Figure 2)
showed an initial small weight loss from 35 °C to 120 °C due to the evaporation of the
absorbed water of the materials. BR showed an initial degradation from 170 °C to 310 °C,
corresponding to the water evaporation and decomposition of extractives, hemicelluloses
and lignin [24], and a final weight loss in the range between 300 °C to 380 °C, accounted for
by the cellulose decomposition. Two stages of weight loss were observed in the BR-PEG
sample: i) an initial and fast decomposition at 217 °C corresponding to the decomposition
of PEG and the remaining hemicelluloses and ii) a second significant degradation of ~60%
of mass weight from 220 °C to 360 °C due to the thermal degradation of the lignin, cellulose
and polyether chain of PEG [26,27].
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Figure 2. Thermogravimetric profile and DTG curves of neat BR and BR-PEG.

3.1.4. Infrared Analysis

FTIR analysis based on the determination of surface functional groups provided in-
formation about the changes in composition of BR, BR-PEG and BR-PEG after contact
with Nd3* ions (BR-PEG-Nd) (Figure 3). A broad stretching vibration around 3300 cm !
belonging to the -OH groups is attributed to the lignocellulosic compounds such as hemi-
celluloses, pectins and cellulose present in the neat BR, BR-PEG and BR-PEG-Nd materials.
A change in the stretching vibration from 2900 cm ! in neat BR to 2888 cm ! in BR-PEG is
attributed to the hydrogen bonding caused by the incorporation of PEG in the material [28].
Various new peaks in BR-PEG in the fingerprint region between 1700 cm ! and 700 cm ™!
can be attributed to the lignin compounds [17]. The stretching vibration at 1032 cm ™!
related to C-O and O-C-O and the aromatic C-H groups related to the hemicelluloses,
cellulose and lignin [12,29] remain in BR-PEG as the original neat BR, indicative of the
presence of these compounds in both materials. The FTIR analysis indicates that PEG
appears incorporated in BR-PEG; both materials maintain the hemicelluloses, cellulose and
lignin. These compositional changes revealed by FTIR analysis agree with the chemical
and TGA analysis discussed in Sections 3.1.2 and 3.1.3.

The BR-PEG material presented four shifts in the stretching vibrations after the contact
with Nd** ions during the adsorption process. A bathochromic shift from 1633 cm~! to
1655 cm ! was related to the participation in the adsorption of C=C bands from aromatic
rings [17]. The stretching vibration at 1591 cm ™!, which was attributed to the carboxylic
acids of BR [12], changed to 1607 cm ™!, which is indicative of the interaction of this negative
COO group with Nd>* ions. The peak at 1409 cm ™!, which was attributed to the methylene
vibration of glucopyranosyl [30], experienced a change to 1422 cm ™. The aromatic ring
vibration, plus the C=0 stretching vibration from the lignin, experienced a red change
from 1386 cm~! to 1370 cm~!. The shifts in these specific stretching vibrations of the
BR-PEG surface are related to functional groups originating from the lignin, cellulose and
hemicelluloses participating in the adsorption of Nd>* ions.
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Figure 3. Infrared analysis of neat BR and BR-PEG.

3.2. Adsorption Experiments
3.2.1. pH and Particle Size Factorial Experiments

The pH of the aqueous phase and the particle size of the adsorbent material had been
considered as factors influencing the adsorption process [31,32]. This section presents the
simultaneous evaluation of two factors such as the pH of the solution and the particle size of
the BR-PEG applied to the Nd3* ion recovery. The optimal levels of these two factors were
determined to set the conditions prior to performing the equilibrium isotherms, kinetics
and desorption evaluation.

The results obtained after CCD experiments were adjusted among four mathematical
models including linear, two-factor interaction (2FI), quadratic and cubic models (Table 3).
The quadratic model was found to be the best model because the lack-of-fit p-value was
statistically significant (p < 0.05) and the adjusted and predicted R? values showed accept-
able values (R? closer to 1), except for the cubic model, which is discarded because the
model was aliased. Although the linear and 2FI show statistical significance (p < 0.05), the
R? (adjusted and predicted) is relatively farther than that shown by the quadratic model.
Thus, as expected, the quadratic model was selected for further data analysis.

Table 3. Fit summary adjusting to different models.

Model Lack-of-Fit Adjusted Predicted
p-Value R? R?
Linear <0.0001 0.7617 0.7097
2F1 <0.0001 0.7459 0.6836
Quadratic 0.0025 0.9829 0.9743 Suggested
Cubic 0.0132 0.9902 0.9840 Aliased

ANOVA Table (Table 4) shows the main effects and statistically significant interactions

of the quadratic model. High F-values together with p-values less than 0.05 (95% of the
confidence level) define which factor is statistically significant with respect to the model.
The quadratic model result is statistically significant based on the high F-value of 207.67
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and p < 0.0001, defining the accuracy of the model. In addition, the variables A (pH) and
A? were significant based on high F-values and p < 0.05, while B? (particle-size) showed a
lower effect in the model. On the other hand, the interaction of the variables B and AB did
not show a significant effect on the adsorption phenomena (low F-values and p > 0.05).

Table 4. ANOVA Table for the quadratic model.

Source SS :::;r(;fs ];:eg:;z;f Sl\c/:sz?e F-Value p-Value
Model 418.68 5 83.74 207.67 <0.0001 significant
A-pH 334.00 1 334.00 828.35 <0.0001
B-particle 0.0795 1 0.0795 0.1972 0.6643
Si1ze
AB 0.0353 1 0.0353 0.0876 0.7720
A? 82.79 1 82.79 205.33 <0.0001
B 471 1 471 11.69 0.0046
Residual 5.24 13 0.4032

The model result from the quadratic model fitting is represented in Equation (10).
Figure 4a shows the surface response.

Je = —16.67 +13.61 % A — 0.0084 * B+ 0.0001 % A * B — 1.4 % A? +7.18 x B (10)

(a) (b)

q (mg/q)

B: Particle size

Figure 4. Effect of pH and particle size on Nd** adsorption capacity. (a) surface response and
(b) pHpzc profile of BR-PEG. (experimental conditions for a): temperature: 25 °C; sorbent dosage,
SD: 1 g/L; agitation speed: 180 rpm).

The main effect influencing 4. was the pH, followed by the pH squared, while the par-
ticle size and the interaction AB did not significantly affect the response. The optimal levels
calculated by the Design Expert 11 software were: pH: 4.5 and particle size: 209.19 um.

The squared behavior described by pH can be observed in the curvature presented in
the pH axis of the modeled surface response depicted in Figure 4a. The lower pH tested
(pH 2) presented a lower g, of around 3 mg/g, while pHs around 4.5 presented around
the maximum g, of 14 mg/g, which is a ca. fourfold increase. The changes in g, along
the pH evaluated can be explained by the variability of the electrostatic forces imposed
by the functional groups available in BR-PEG. According to the pHp, profile (Figure 4b),
BR-PEG material is negatively charged between pH 3 and 5.6, and the maximum negativity
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matches with the optimal pH of 4.8, at which point the maximum Nd** uptake was
achieved. The adsorption is mainly caused by the electrostatic forces imposed by the
surface functional groups of the material. In accordance with the FTIR analysis, the
surface functional groups are related with carboxylic and carbonyl groups and lignin
compounds [12,33]. The carboxylic group becomes anionic (-COO") at pHs < pK, of 2.0 to
5.0. Thus, negatively charged carboxylic groups are the active functional groups responsible
for the REE adsorption and corroborate the expected high affinity of rare earths to the
oxygenated surface functionalities [34] present in BR-PEG material.

3.2.2. Kinetics

The kinetic evaluation provides the information regarding the reaction time for captur-
ing an adsorbate in the solid adsorbent material, the reaction rate at which the adsorption
occurs and the probable adsorption mechanisms governing the phenomena [23]. The
behavior of the Nd>* ion concentration over the time during the adsorption is shown in
Figure 5a, and the mathematical modeling of the kinetic process using three non-linear
kinetics model fittings of PFOR, PSOR and Elovich is presented in Figure 5b.
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Figure 5. Kinetics modeling of Nd3* ion recovery. (a) reaction time vs. concentration, (b) reaction
time vs. ... (experimental conditions: temperature: 25 °C; sorbent dosage, SD: 1 g/L; particle size:
150-180 um; agitation speed: 180 rpm; pHo: 4.5; Co: 50 mg/L).

The typical kinetics steps regarding the adsorption stages can be identified in Figure 5a.
During the first stage (film diffusion), from 0 to 10 min, the adsorbate is transported speedily
from the liquid phase to the primary external surface of the BR-PEG, achieving around
30 mg/g of adsorption capacity. Step 2 (pore or intraparticle diffusion) takes approximately
from 10 to 20 min, in which the Nd>* ions are transported from the external BR-PEG
surface into the material pores, where experimental adsorption capacities between 31 mg/g
and 36 mg/g were reached. Finally, Step 3 (surface reaction) occurs after 20 min until
reaching the material saturation. The total reaction time can be 30 min (Figure 5a), which
can be considered competitive compared with that of the raw BR material [12] or can be
considered fast compared with the natural material chitosan—iron’s reaction time of 5 h [8].
The rapid adsorption is indicative of strong affinities of the material for the adsorbate [35],
which corroborates the favorable adsorption determined by the Ry, factor in Section 3.2.3.
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Moreover, short reaction times imply a reduced volume reactor during the process scaling
and consequently play a key role in reducing cost investments.

Three mathematical models—PFOR, PSOR and Elovich—were fit to the experimental
kinetic data (Figure 5b and Table 5). The PFOR model and PSOR presented close values
of regression coefficients (R?) of 0.98 and 0.96 for PFOR and PSOR, respectively, followed
by the Elovich model (R?: 0.89). Considering the closeness of the R? values, a statistic
error function RMSE (root mean sum-of-squares error) is used to determine which is the
best fitting model for describing the kinetic experimental data. The RMSE error function
provides a quantification of the error between the model parameter and experimental
values and can be used to discriminate when the R? values are too close [23]. Thus, PFOR
presents a lower RMSE than the PSOR model (1.38 for PFOR and 1.91 for the PSOR model)
and can be considered a model suitable for describing the experimental kinetic data. The
PFOR model suggests that the rate of adsorbate occupation is of the first order and is related
to the surface sites available, and the adsorption rate is controlled by the diffusion of the
adsorbate, while the PSOR and Elovich models are representative of chemisorption [23,36].
Thus, physical sorption is assumed to be the dominant adsorption mechanism to the Nd**
ions on BR-PEG. The PFOR model has been used to describe the adsorption kinetics of a
banana peel adsorbing Cd(II) [37] and Cr(VI) [38].

Table 5. Kinetic parameters of BR-PEG.

PFOR PSOR Elovich
k1 e 2 ko e 2 2
(I/min)  (mg/g) R RMSE (g/mg + min)  (mg/g) R RMSE « B R RMSE
0.19 33.75 0.98 1.38 0.0079 37.26 0.96 191 108.5 0.19 0.89 3.11

3.2.3. Equilibrium Isotherms

Equilibrium isotherms represent the capacity of sorbent materials to capture the target
element or molecules at different initial concentrations. Figure 6 shows the equilibrium
isotherm representation of Nd adsorption on BR-PEG material at different Nd concen-
trations. The data were fit to three mathematical models: Langmuir, Freundlich and
SIPS.
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Figure 6. Equilibrium isotherm of Nd* ion recovery. (Experimental conditions: temperature: 25 °C;
sorbent dosage, SD: 1 g/L; particle size: 150-180 um; agitation speed: 180 rpm; pHy: 4.5.)

The BR-PEG equilibrium isotherm presents a type I shape (convex upward) [39],
showing a deep slope at the beginning until a g, of 21 mg/g, followed by a horizontal
plateau reaching the highest g, values at around 40 mg/g. Table 6 shows the parameters

36



Polymers 2023, 15, 1666

obtained after fitting the experimental data on the mathematical models evaluated using
the Langmuir, Freundlich and SIPS models.

Table 6. Equilibrium isotherm modeling parametrization.

Langmuir Freundlich SIPS
R
2 L 2 2
REE Tmax b R at Ci: 100 mg/L Kr n R Qs K ms R
mg/g L/mg (mgl-Vn/g LVW mg/g L/g
Nd 44.11 0.10 0.97 0.0022 10.78 3.52 0.92 44.2 0.10 1.01 0.96

The Langmuir equation better describes the experimental data (R? = 0.97) among
the three non-linear mathematical models applied. Langmuir theory assumes that ad-
sorption occurs in definite localized sites covering a homogeneous adsorbent surface [40].
Therefore, once Nd>* ions occupy a particular surface functional group, those sites cannot
be held again. In addition, the Ry, dimensionless factor indicates a favorable adsorption
(0 <Rg, <1) [39]. The Langmuir model has been probed as an adequate model for describ-
ing equilibrium isotherms where lignocellulosic residues were tested in metal binding,
including various parts of banana wastes such as banana rachis for adsorbing critical
rare earths [12], banana stalk for removing Pb(II) [41] or banana peel activated carbon for
adsorbing Cu(II), Ni(II) and Pb(II) [42]. In addition, BR-PEG showed a better adsorption
capacity than other biopolymers such as chitosan, which needs modifications to perform
improved adsorption capacities. For instance, chitosan was modified with Fe(OH)3, im-
proving its adsorption capacity from 3.77 mg/g to 11.51 mg/g for neat chitosan and
chitosan-Fe(OH)3 [8].

The gy calculated by the Langmuir model resulted in 44.1 mg/g, which is compared
with similar materials applied in Nd3* ions recovery (Table 7). The BR-PEG results are
moderate compared with those of similar materials derived from banana waste including
peel (47.0 mg/g) and pseudo stem (66.4 mg/g) and are less than the g, showed by its
neat BR material banana rachis (104.0 mg/g) [12]. In addition, BR-PEG presented a better
adsorption capacity compared with other non-modified or natural materials such as bone
powder (10.9 mg/¢g) [43], clinoptilolite (1.8 mg/g) [44], C. marxianus yeast (12 mg/g) [45] or
chitosan—iron modified material (13.8 mg/g) [8].

Neat BR showed a better adsorption capacity than its residual material BR-PEG.
However, the application of BR-PEG represents a route of valorization involving a previous
process for producing fermentable sugars and, parallelly, the adsorbent BR-PEG material.
This approach provides extra economic profit, because the fermentable sugars obtained
during the enzymatic hydrolysis with PEG can be transformed into the most valuable
products (i.e., ethanol, ethylene, etc.), representing an advantageous alternative instead
of using neat BR directly. In addition, BR in its raw form is able to be used once [12]
due to the disintegration of the material, attributed to the solubilization of water-soluble
compounds. The reusability of BR-PEG and its advantages compared to neat BR are
presented in Section 3.2.4.

Table 7. Nd (III) recovery with different materials.

Sorbent pH Jmax (Mg/g) Authors
Bone powder - 10.9 [43]
Kluyveromyces marxianus yeast 1.5 12 [45]
Chitosan/iron (III) hydroxide 6 13.8 [8]

Banana peel waste 45 47.03 [12]

Banana pseudo steam waste 4.5 66.46 [12]

Banana rachis waste 4.5 104 [12]

BR-PEG 45 4411 Present work
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In addition, experiments focused on the evaluation of selectivity in solutions con-
taining a mixture of Nd/Fe ions were performed (Figure S1). The initial concentrations
simulate a leachate from an Nd/Fe/B magnet, according to the leaching experiments per-
formed by Riafo et al. [46]. The initial concentration of Nd and Fe followed the ratio Fe/Nd:
~6, resulting in the initial concentrations of Fe: 6.69 mmol/L and Nd: 1.10 mmol/L, and
prepared in acetate buffer to avoid iron precipitation. The chemical distribution diagrams
(Figure S2) show the soluble Fe and Nd ions present in the working solution. The results,
in terms of adsorption capacity, indicate no selectivity for Nd ions over Fe ions. Fe ions are
preferred 32% more than Nd ions. However, according to the results presented in terms of
the yield of extraction (%), the Nd ions were extracted 27% more than the Fe ions, which is
because the initial concentration of Fe is higher than that of Nd. BR-PEG material can be
used during a concentration stage where the Nd ions, together with some number of Fe
ions, can be separated by the adsorbent material, extracting most of the rare earth from the
starting solution. That approach is under evaluation, focusing on the selectivity towards
rare earths and proposing process strategies towards rare earth extraction and purification.

3.2.4. Desorption Evaluation

BR-PEG was reused for five adsorption—desorption cycles to assess its performance
of adsorption and desorption using HNOj3 0.1 M as the eluent solution (Figure 7). The
performance of the adsorption of BR-PEG material remains relatively constant, with over
73% of recovery efficiency throughout the five reusages. The recovery during the desorption
showed recoveries >60% during the first two cycles and reached the best recovery in the
third cycle, with up to 76%.
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Figure 7. Desorption performance of BR-PEG after several reusages. (Experimental conditions:
temperature: 25 °C; sorbent dosage, SD: 1 g/L; particle size: 150-180 um; agitation speed: 180 rpm;
pHo: 4.5.)

BR-PEG presents stability after the adsorption-desorption of Nd** ions. FTIR spectra
(Figure S3) comparing BR-PEG, BR-PEG after Nd** ions adsorption (BR-PG-Nd) and
BR-PEG after the desorption of Nd** ions (BR-PEG desorbed) were performed to identify
changes in the composition after being desorbed with HNOj3 0.1 M. It is observed that
the main functionalities remain similar after one adsorption—desorption cycle. Stretching
vibrations located at 3300 cm 1, 1633 cm ™1, 1409 cm !, 1386 cm ! and 1032 cm ! and
related to the OH, C=C, C=0 and C-O from lignin, cellulose and hemicellulose did not show
changes in their location compared with the starting BR-PEG material, demonstrating the
stability in relation to the usage.
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BR-PEG presents stability after the adsorption of Nd3* ions. By comparing the FTIR
spectra (Figure 3) between BR-PEG and BR-PG-Nd, it is observed that the main func-
tionalities remain similar after the adsorption (peaks at 3300 cm—1, 1316 em~1, 1031 cm !,
1010 cm ™! and 1151 cm~!) related to the cellulose, hemicellulose and lignin composition of
BR-PEG, demonstrating the stability in relation to the usage.

The capacity of an adsorbent material to be reused increases its competitive value
against adsorbent materials [47]. BR-PEG material is demonstrated to be a stable material
after five reusages. This is to say that, during the whole usage, BR-PEG can adsorb around
200 mg/g (~40 mg/g multiplied by five times) compared with ~100 mg/g for neat BR. The
possibility of using BR-PEG several times is a remarkable advantage in relation to neat BR
and contributes to the total cost of producing BR-PEG and the circular economy of banana
agribusiness. The stability of BR-PEG material is attributed to the presence of PEG in its
composition.

4. Conclusions

BR-PEG residual material from a saccharification process was probed as an adsorbent
material for Nd®* ions recovery from aqueous solutions. BR-PEG showed competitive ad-
sorption capacities and kinetics compared with similar natural-sourced materials. The main
mechanisms suggest that adsorption is carried out by electrostatic attraction induced by
surface functional groups. The mathematical modeling of equilibrium isotherms suggests
that the adsorption was produced in a monolayer. BR-PEG can be considered a sustainable
alternative for recovering Nd>* ions due to the fact that this material is valorized from a
waste, contributing to the circular economy of the banana market.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15071666/s1, Figure S1: Recovery in a mixture Nd/Fe
performed by BR-PEG; Figure S2: Chemical distribution diagram to the Nd/Fe mixture used in
the selectivity experiments. (a) Nd ions, (b) Fe ions; Figure S3: FTIR analysis after one cycle of
adsorption-desorption.
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Abstract: Nickel ions are hazardous heavy metals that are non-biodegradable and can lead to allergic
sensitivity and dermatitis. Nanomaterials are chosen for their effective elimination of impurities from
water structures based entirely on the variety of therapy and degree of purification. The target of this
work was the combination of the properties of biopolymers such as chitosan, silver nanoparticles
(SNPs), and carbon nanotubes (CNTs) in one ecofriendly compound for Ni (II) uptake from the
aqueous solution. To attain this target, the endeavor was made by creating a nanocomposite based
on chitosan/SNPs/CNTs. The characterization of the structure of the fabricated nanocomposite
(Chit-SNPs-CNTs) was carried out using different techniques. The removal of Ni (II) was examined
by studying the adsorption of Ni (II) ions onto the fabricated nanocomposite by batch adsorption
using UV, XRD, XPS, and ICP techniques. Moreover, we investigated the effect of the contact time,
pH of the solution, and mass of the adsorbent on the efficiency of the adsorption of Ni (II). The
results show that the adsorption capacity of Ni (II) increased by increasing the contact time with
a neutral pH. The maximum removal of Ni (II) ions (99.70%) was found using 0.3 g of the (Chit-
SNPs-CNTs) nanocomposite. In addition, the results indicate that the fabricated nanocomposite has
a high adsorption effectivity, which is associated to the function of the chitosan, SNPs, and CNTs
in upgrading the adsorption efficiency. Finally, the results in the existing work indicate that the

ecofriendly nanocomposite organized here gave excessive effectivity closer to the elimination of
Ni (II).

Keywords: biopolymer; silver nanoparticles; carbon nanotubes; ecofriendly nanocomposites;
wastewater; Ni (II)

1. Introduction

Water is an integral but restricted useful resource that all dwelling matters want to
access. The viability of clean water is the most necessary factor for life on the earth. Because
of the intense pressure introduced by the increasing human population, industrialization,
civilization, environmental changes, and agricultural activities, water shortage is a world
problem that impacts even water-rich regions. The difficulty in obtaining the right of entry
to smooth water is unavoidable, and will take widespread learning about how to increase
new, much-less-high-priced strategies of purification while considering electricity utiliza-
tion and environmental effects [1]. Water pollution consists of all kinds of liquid pollution,
such as river and ocean contamination. Liquid pollution, as the phrase implies, occurs
in quick liquid-containing regions, such as bays, streams, rivers, lakes, and subterranean
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water. It entails the discharge of toxic materials, pathogenic microorganisms, substances
that want a large amount of oxygen to break down, and substances that are without prob-
lems regarding solubility, radiation, etc., that are deposited on the back side and whose
accumulations will influence the fitness of aquatic ecosystems. Heavy metals such as
lead (Pb), arsenic (As), mercury (Hg), chromium (Cr), especially hexavalent chromium,
nickel (Ni), barium (Ba), cadmium (Cd), cobalt (Co), selenium (Se), and vanadium (V), as
well as oils and grease, pesticides, etc., are some of the pollutions that are extraordinarily
harmful, toxic, and toxic even in the ppb (parts per billion) range [2]. Nickel ions are
hazardous heavy metals that are non-biodegradable and can lead to allergic sensitivity
and dermatitis. The highest approved amount of Ni in US effluents from electroplating
procedure wastewater is 4.1 mg/L, whereas that in ingesting water needs to be much less
than 0.1 mg/L, in accordance with World Health Organization rules. Industrial tactics
along with electroplating, battery production, mining, steel polishing, and forging are the
major producers of nickel air pollution in water [3]. The desalination of sea and brack-
ish water; extensive reuse of wastewater; disinfection and decontamination of water, i.e.,
biosorption and nanoadsorption for contaminant removal; nanophoto catalysis for the
chemical degradation of contaminants; nanosensors for contaminant detection; and unique
membrane-utilized sciences along with reverse osmosis, nanofiltration, ultrafiltration, and
electrodialysis are all examples of nanotechnology applications in water treatment that are
being developed and used [1]. Based on their physical and surface characteristics, nano-
materials are chiefly divided into countless classes. Carbon nanotubes (CNTs), metallic
nano-adsorbents (Al,O3, ZNO, TiO,, and CeO; nanoparticles), metal nanoparticles (Au
and Ag), combined oxide nanoparticles (Fe-Ti nanoparticles), polymer nano-adsorbents,
nanofibers, and nanoclays are examples of nanomaterials. In addition, they make use of
nanoscale holes determined in zeolite filtration membranes and nanocatalysts [4].

Three-dimensional (3D) carbon nanomaterial assemblies are of great interest in emerg-
ing applications [5]. Carbon nanotubes (CNTs), a novel adsorbent that was first developed
in 1991 by using lijima, have been tested to currently be of greater quality than activated
carbon. In the literature, there are, however, distinctly few investigations on the absorp-
tion of heavy metals with CNTs [6]. The extremely good adsorption conducts carbon
nanotubes (CNTs) toward several hazardous contaminants. These adsorbents are very
fine in casting off unique pollution due to their excessive adsorption effectivity and high
adsorption rate. These traits make CNTs the present day substance for the purification of
water contaminated with heavy steel ions and dyes [4]. The most time-honored biopolymer
after cellulose is chitosan. It has been utilized in water purification systems for over thirty
years. In recent years, a new type of unique polymeric material with intrinsic microporosity
(PIM) has emerged as a practical material for a range of technologies, such as membrane
separation, catalysis, energy storage, sensors, and so on [7]. Chitosan, a polysaccharide that
takes place naturally and is located in crabs, shrimps, lobsters, coral jellyfish, butterflies,
ladybugs, and one-of-a-kind creatures, is the deacetylated structure of chitin. Because it
possesses free amino groups, chitosan is a higher first-rate chelating agent than chitin [8].
Since chitosan has free amino groups, it can chelate substances more effectively than chitin.
Biocompatibility, biodegradability, and an improved medication absorption are among chi-
tosan’s unique properties. Chitosan should therefore be viewed as a young polymer that is
useful for analytical chemistry and water treatment [8]. For wastewater treatment, chitosan
(clay-containing silver nanoparticles)-based nanocomposites were utilized [8]. However,
to enhance the absorption potential and separation rate, the sketch and synthesis of novel
adsorbents relying on chitosan nanocomposites are still needed [8]. In the present work, we
fabricated an ecofriendly and simple nanocomposite based on chitosan, CNTs, and silver
nanoparticles (SNPs) for the uptake of Ni (II) ions from wastewater. We investigated the
sorption of Ni (II) ions using different techniques, such as FTIR, UV-Vis, EDX, XRD, XPS,
SEM, TEM, ICPE, and atomic adsorption. The sorption of Ni (II) ions was studied in this
work by a variation in different parameters, such as the contact time, pH of the solution,
and mass of the fabricated nanocomposite (Chit-CNTs-SNPs) as the absorbent.
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2. Materials

All of the chemicals used in this project came from the German Sigma-Aldrich com-
pany (St. Louis, MO, USA).

2.1. Synthesis of Chitosan from Chitin

The preparation of chitosan in this work was achieved by deacetylation of chitin,
which was supplied from the shrimp peel as shown in Scheme 1. The chitin reacted with
12.5 M NaOH at a solid /liquid ratio of 1:15 (g/mL) and was stirred for 24 h. The mixture
was cooled and frozen for 24 h. After that, the mixture’s temperature was raised to 115 °C,
and the reaction continued while being stirred for 6 h. The crude product of chitosan was
filtrated followed by washing with distilled water until neutral pH. Finally, the produced
chitosan was dried at 70 °C [9].

Chitin
B CHs |
OH O=<
NH
SN LS T
HO o
NH
o:< OH
CHs n
3) heat to 115 °C, stirring 6 h o
4) washing by water 1) NaO-I-I, stirring 24 h
5) drying in oven 72 h 2) Freezing for 24 h
OH OH OH
o
HO o o
HO HO HO OH
NH> NH, NH>
n
Chitosan

Scheme 1. Preparation of chitosan from chitin.

2.2. Synthesis of Silver Nanoparticles (SNPs)

Using trisodium citrate to reduce AgNO3, an SNP colloidal solution was created. The
process was carried out as follows: the solution was stirred for 30 min while adding 5 mL
of 1% trisodium citrate dropwise after heating 50 mL of 1 x 1073 M AgNO3 until boiling.
This produced a pale-yellow color of SNPs [8].

2.3. Nano Formation of Chitosan with SNPs

The nano formation of the chitosan with SNPs (Chit-SNPs) was produced as follows:
acetic acid solution of chitosan (5 mL) was added to 20 mL of SNPs aqueous solution. The
mixed solution of chitosan and SNPs was stirred until the color changed to colorless [10].

2.4. Fabrication of the Nanocomposite (Chit-CNTs-SNPs)

The nanocomposite (Chit-CNTs-SNPs) was prepared using CNTs and Chit-SNPs as
follows: the ethanolic solution of CNTs (1 g/100 mL) was poured into 50 mL solution of
Chit-SNPs prepared in step (2.3) and was stirred for 24 h. The output material was filtered,
and water-cleaned. The pure nanocomposite (Chit-CNTs-SNPs) was created after overnight
drying under vacuum [11].
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2.5. Removal of Ni (II) lons Using the Nanocomposite (Chit-CNTs-SNPs)

The removal of Ni (II) ions using the nanocomposite (Chit-CNTs-SNPs) was carried
out by the following steps.

2.5.1. Preparation of Ni (II) Solutions

The nickel (II) sulfate hexahydrate (100 mg) was dissolved in 1 L of distilled water to
prepare Ni (II) solution (100 mg/L) [3].

2.5.2. Effect of Time on Removal of Ni Ions

In this work, Ni (II) solution (100 mg/L) and 0.1 g of adsorbent-prepared nanocom-
posite (Chit-CNTs-SNPs) at various periods (20, 40, 60, 80, 100, 120, 140, and 160 min) with
pH 7 at ambient temperature were used to investigate the influence of time on the removal
of Ni ions. To bring the adsorbent nanocomposite and the Ni ions into equilibrium, the
solution was agitated for 90 min. A UV-VIS double-beam PC scanning spectrophotometer
(LABOMED, INC., UV-2950, Los Angeles, CA, USA) was used to evaluate the solid portion
of the filtered Ni (IT) solutions as well as the leftover filtrates [3].

2.5.3. Effect of pH on Removal of Ni Ions

A total of 0.1 g of the adsorbent (Chit-CNTs-SNPs) was combined with a series of Ni
(II) solutions (100 mg/L). Using a standard acid solution of 0.01 M H,SO,4 and an alkaline
solution of 0.125 M NaOH, the pH of the solution was altered to be at pH levels of 1, 2,
10, and 11. Before taking any measurements, the pH meter was calibrated using buffers
with pH values of 4.0, 7.0, and 10. The pH meter (Mettler-Toledo AG 8603 made by Mettler-
Toledo Group, Schwerzenbach, Switzerland) was used to measure all pH measurements.
To remove the solid component, the solutions were filtered. Then, using a UV-VIS double-
beam PC scanning spectrophotometer (LABOMED, INC., UV-2950, Los Angeles, CA, USA),
the residual Ni (II) concentrations were found [3].

2.5.4. Nanocomposite Mass Effect on Sorption of Ni Ions

The mass effect of the nanocomposite as adsorbent for Ni ions was investigated by
mixing of different weights (0.1, 0.2, 0.3, and 0.4 g) of the nanocomposite (Chit-CNTs-SNPs)
separately to a series of 100 mL of Ni solutions (100 mg/L) at pH 7.0 while stirring for
90 min to reach the equilibrium. The solutions were filtered to separate the solid part of
the nanocomposite. The remaining Ni (II) concentrations were detected using UV-VIS
double-beam PC scanning spectrophotometer (LABOMED, INC., UV-2950, USA). We used
Equations (1,2) to calculate the amount of adsorption qe (mg/g) and the percentage of
removal (% removal) [3].

qe = (Co — Ce) X V/m (1)

% removal = (Cyg — Co)/Co x 100% (2)

where Cj and C, are the initial Ni (II) concentration and the concentration at equilibrium
in mg/L, m is the mass of the adsorbent, and V is the volume of solution.

3. Experimental Analyses
3.1. Infrared Spectrometer (FTIR) and Ultraviolet Absorption Measurements (UV)

The FTIR measurements for the samples used in this study were carried using Ther-
mos Nicolet 6700 FT-IR optical spectrometer (Mundelein, IL 60060 USA). The sample (2 mg)
was grinded with 100 mg of KBr with grinding. The sample was converted to pellets by
pressing into pills with a compressor. The wavenumber range of the spectra used was
4000-400 cm !, with resolution of 4.0 cm ™! at an angle of incidence 80° relative to the sur-
face normal. In this work, we used a UV-VIS double-beam PC scanning spectrophotometer
(Labomed, Inc., UV-2950, Los Angeles, CA, USA). The distilled water was used as solvent
for all measurements.
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3.2. Scanning Electron Microscope, Energy-Dispersive X-Ray Spectroscopy, and Transmission
Electron Microscope (TEM)

A VEGA 3 TESCAN scanning electron microscope (Tescan, Brno, Czech Republic)
with a secondary electron (SE) detector and an energy-dispersive spectrometer (EDS) de-
tector, Element Silicon Drift Detector AMETEK MATERIALS ANALYSIS DIVISION, USA,
alongside an electron backscatter diffraction (EBSD) system, was employed for “in situ”
chemical composition analysis, morphology observation, and structure determination of
the prepared nanocomposite (Chit-CNTs-SNPs), where the measurement was carried out at
a selected voltage of 20 KV with a working distance of 8-10 mm between the specimen and
the detector without any polishing or use of conductive coating. The compositional charac-
terization diffraction mapping of the nanocomposite (Chit-CNTs-SNPs) was carried out
using EDX analysis. An investigation of the chitosan-SNPs nanostructure was conducted
using TEM. The TEM images were measured by TEM model (Joel JeM-2100, Tokyo, Japan).

3.3. X-Ray Diffraction (XRD) and X-Ray Photoelectronic Spectroscopy (XPS)

The morphology composition of the fabricated nanocomposite (Chit-CNTs-SNPs) was
investigated using X-ray diffraction (XRD-7000S, Shimadzu, Japan) operating with a Cu
anticathode (A = 1.5406 A) at 40 kV and 30 mA, using a continuous scan mode of 2° /min
with 2(0) range from 20° to 100°. The XPS measurements for the nanocomposite (Chit-CNTs-
SNPs) were performed using X-ray photoelectron spectroscopy, K-Alpha Plus, Thermo
Fisher Scientific, Waltham, MA, USA, equipped with Al Ko multi-focused monochromatic.

3.4. Inductively Coupled Plasma Emission (ICPE) and Atomic Adsorption

The residual amount of Ni ions in nickel sulfate hexahydrate solution (100 mg/L) after
the removal of Ni (II) from this solution using the nanocomposite (Chit-CNTs-SNPs) was de-
termined using inductively coupled plasma emission spectroscopy (ICPE-9800, Shimadzu,
Japan). In this work, the Perkin Elmer Analyst AA400 model flame atomic adsorption
spectrometer (FAAS) (PerkinElmer Co., Norwalk, CT, USA) was used to determine the
uptake of the Ni (II) ions absorbed by the nanocomposite (Chit-CNTs-SNPs).

4. Results and Discussion
4.1. Chemical Structure of the Synthesized Chitosan

The chemical structure of the synthesized chitosan in Scheme 1 was established using FTIR.

We can observe the FTIR of the synthesized chitosan as shown in Figure 1. The bands
in the region 3289-3362 cm~! are related to the N-H and O-H stretching, as well as the
intramolecular hydrogen bonds. These bands appear at 3291-3361 cm ! as mentioned in a
previous publication [12]. The bands that appear at around 2931 and 2876 cm ™! are the
bands of C-H symmetric and asymmetric stretching, respectively, which are compatible
with the position of these bands at 2921 and 2877 cm ™! mentioned in a previous work [12].
It is known that these bands are a typical characteristic of polysaccharides [12]. In addition,
the band at 1575 cm ! corresponds to the N-H bending of the primary amine [12]. The
observed band at 1163 cm ™! can be considered as the asymmetric stretching of the C-O-C
bridge. Moreover, the bands at 1071 and 1016 cm ! correspond to C-O stretching [12]. The
bands observed at 1648.79 and 1374.36 cm~! show the presence of C=0 stretching and C-H
deformation, respectively [13]. All above bands are related to the spectra of chitosan as
shown in other publications [12,13].
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Figure 1. FTIR of the prepared chitosan.

4.2. Chitosan Assembling on Silver Nanoparticles (SNPs)

The assembling of chitosan molecules on SNPs was confirmed using UV absorbance
spectrum and TEM as shown in Figures 2 and 3. Figure 2 shows the absorbance spectra of
SNPs individually and after the assembling of chitosan molecules. The absorbance peak
for SNPs appears at 422 nm because of the surface plasmon absorption of SNPs. This peak
disappears after the assembling of chitosan molecules on SNPs as shown in Figure 3. The
reason for this phenomenon is related to the neutralization of the charges surrounding
the SNPs and reduction in the plasmon charge on it [14]. Further confirmation of the
assembling of chitosan molecules on SNPs was achieved using TEM images as shown in
Figure 3. TEM micrographs of the individual SNPs solution and the SNPs in the presence of
chitosan molecules are represented in Figure 3. The nanostructure of SNPs in Figure 3 can
be seen as taking a spherical shape and polycrystalline structure, with an average size range
from 19.1 to 21.44 nm. After assembling chitosan molecules on the SNPs, the individual
nanoparticles converted to nanoshells. This behavior leads to restricting the aggregation
of SNPs due to the formation of nanoshells after the assembling of chitosan molecules
into SNPs (see Figure 3). Moreover, the assembling of chitosan molecules increased the
stability of the SNPs and reduced their aggregation. Therefore, the presence of NH, groups
in chitosan enhances the assembling of the chitosan molecules on SNPs via chemosorption
due to the presence of a lone pair of electrons on the N, atom in NH; groups. In addition,
due to the effect of NH; groups in chitosan molecules on the charge of SNPs, the surface
charge of the SNPs is reduced [15]. The above factors prevented the aggregation of SNPs
after the formation of nanoshells with chitosan molecules as shown in Figure 3.
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Figure 2. Cont.
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Figure 2. The UV-VIS spectra of SNPs (a) and Chit-SNPs (b).
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Figure 3. The TEM images of SNPs (a) and Chit-SNPs (b).
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4.3. Establishment of the Morphology and Composition of the Prepared Nanocomposite
(Chit-SNPs-CNTs)

The morphology and composition of the prepared nanocomposite (Chit-SNPs-CNTs)
was studied using some techniques as follows.

4.3.1. FTIR Spectroscopy of the (Chit-SNPs-CNTs)

Figure 4 represents the FTIR spectra of the CNTs and Chit-CNTs-SNPs. We used
the FTIR to confirm the formation of the Chit-CNTs-SNPs nanocomposite by testing the
vibration frequency changes in their functional groups within the range of 4000-400 cm .
The FTIR of the individual CNTs showed absorption bands at 2860 and 2917 cm~! for
symmetric/asymmetric CHy groups stretching, respectively. These groups may be located
at the defect sites on the sidewall surface [16]. After the formation of the nanocomposite
(Chit-CNTs-SNPs), the FTIR of CNTs in Figure 4 is completely changed and new bands
appear at 2162, 2015, and 1979 cm !, which are related to the stretching vibration of SNPs
and the CN group of chitosan, respectively [17].
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Figure 4. The FTIR spectra of the CNTs and Chit-CNTs-SNPs nanocomposite.
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4.3.2. Energy-Dispersive X-ray (EDX)

The EDX chart in Figure 5 for CNTs represents the C (K) peak for the CNTs. After the
addition of SNPs coated with chitosan, new peaks for Ag (M) and Ag (L) appeared with
the C (K) peak of CNTs as shown in Figure 5, which gives an indication of the formation of
the (Chit-CNTs-SNPs) nanocomposite.
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Figure 5. THE EDX of CNTs (a), Chit-CNTs-SNPs (b), and Chit-CNTs-SNPs-Ni (c).

4.3.3. Scanning Electron Microscope (SEM)

In this study, we used an SEM to study the surface morphology of the CNTs and the
prepared nanocomposite (Chit-CNTs-SNPs) as shown in Figure 6. It can be noticed from
the SEM images of the CNTs in Figure 6 that the surface of the CNTs contains smooth and
wide blanks between the layers. It is clear from Figure 6 that the blanks between the CNTs
layers decreased after the addition of the SNPs coated with chitosan. This may be due to
the filling of these blanks by the SNPs coated by the chitosan molecules in the prepared
nanocomposite (Chit-CNTs-SNPs) [6].

I R
SEM HV: 20.0 kV WD: 7.01 mm
View field: 262 pm Det: SE
SEM MAG: 529 x Date(mi/diy): 01/24/23

SEM HV: 20.0 kV WD: 7.10 mm
View field: 181 pm Det: SE
SEM MAG: 764 x Date(m/d/y): 01/24/23

Figure 6. Cont.
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Figure 6. SEM images of CNTs (a), Chit-CNTs-SNPs (b), and Chit-CNTs-SNPs-Ni (c).

4.3.4. X-ray Diffraction (XRD)

In addition to the SEM and EDX, we used XRD for a further study of the morphology
of the fabricated nanocomposite (Chit-CNTs-SNPs) as represented in Figure 7. The XRD
pattern CNTs show a (002) peak at ~26.3° and (101) peak at 43.7°. These peaks arise due
to the tubular structure of the carbon atoms [18]. The intensity of this peak decreased
after the addition of SNPs coated by chitosan molecules to form the nanocomposite (Chit-
CNTs-SNPs) as shown in Figure 7. This may be due to the interpenetration of the SNPs
coated by chitosan between the CNTs layers, which confirms the formation of the fabricated
nanocomposite (Chit-CNTs-SNPs).
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Figure 7. XRD of CNTs (a), Chit-CNTs-SNPs (b), and Chit-CNTs-SNPs-Ni (c).

4.3.5. X-ray Photoelectronic Spectroscopy (XPS)

The composition of the fabricated nanocomposite (Chit-CNTs-SNPs) was also con-

firmed using the XPS technique. Figure 8 represents XPS spectra of the nanocomposite
(Chit-CNTs-SNPs). When focused into the region characteristic for the carbon, the C1s peak
of the CNTs was resolved at 284.5 eV and the O1s peak of O, was detected at 532.2 eV as
shown in Figure 8 [19]. After the addition of SNPs coated with chitosan molecules to the
CNTs for the formation of the nanocomposite (Chit-CNTs-SNPs), new peaks appeared as
represented in Figure 8. One peak appeared at 400.54 eV (N 1s) for N, atoms, and two
peaks appeared at 368.02 (Ag3d 5/2) and 373.23 eV (Ag3d 3/2) with respect to the silver

nanoparticles (SNPs).
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Figure 8. XPS spectra of Chit-CNTs-SNPs nanocomposite. (a) Chit-CNTs-SNPs; (b) C1s; (c) Ols;
(d) N1s; (e) Ag3d.

4.4. The Uptake of Ni (1I) lons from Nickel Sulphate Solution

The following techniques were used in this work to establish the uptake of Ni (II) ions
from the nickel sulfate hexahydrate (NiSO4-6H,0O) solution onto the fabricated nanocom-
posite (Chit-CNTs-SNPs): the EDX results in Figure 5 were used to confirm the removal of
Ni (II) ions using the fabricated nanocomposite (Chit-CNTs-SNPs). It is clear in Figure 5 that
some peaks related to Ni (L) and Ni (K), in addition to the other peaks for Ag (M) and Ag
(L), appeared with the C (K). The presence of the Ni peaks in Figure 5 establishes the sorp-
tion of Niions onto the surface of the nanocomposite (Chit-CNTs-SNPs). The SEM image in
Figure 6 shows the surface morphology of the nanocomposite after the sorption of Ni ions
(Chit-CNTs-SNPs-Ni). It is clear from this image that the surface morphology is completely
changed after the uptake of Ni (II) onto the surface of the Chit-CNTs-SNPs nanocomposite.
The surface contains bumps, small dark gray spots, and tight thickness due to the uptake of
Ni (II) ions. Herein, we used XRD in this work for the investigation of the sorption of Ni (II)
onto the fabricated nanocomposite (Chit-CNTs-SNPs) as shown in Figure 7. As mentioned
in Figure 7, the XRD pattern CNTs show a (002) peak at ~26.3° and (101) peak at 43.7°.
The intensity of these peaks of CNTs became weaker, as shown in Figure 7, which may
be due to the sorption of Ni ions onto the surface of the Chit-CNTs-SNPs nanocomposite.
XPS analysis was used here to gain further investigation into the sorption of Ni (II) ions
as shown in Figure 8. Comparing between the XPS of Chit-CNTs-SNPs (see Figure 8) and
the XPS after sorption of Ni in Figure 9, it is noticed that new peaks appear at binding
energy (BE) values of 856.6 and 870.2 eV related to Ni2p, which consists of two spin-orbit
doublets, Ni2p3,, and Ni2pq /;, respectively [20]. These results confirm the uptake of the
Ni ions on the surface of the Chit-CNTs-SNPs nanocomposite. The uptake of Ni (II) using
0.1 g of the prepared nanocomposite (Chit-CNTs-SNPs) was investigated in this work using
ICPE and atomic adsorption as represented in Table 1. The result of atomic adsorption
shows that 72.70 ppm of Ni (II) ions were uptaken from a 100 ppm NiSO,4.6H;O solution.
In addition, the ICPE data in Table 1 confirm that 27.30 ppm of Ni (II) ions remain in the
NiSO4.6H,0 solution. These results in Table 1 confirm the uptake of Ni (II) ions using the
Chit-CNTs-SNPs nanocomposite.

Table 1. Removal % of Ni II ions adsorption capacity (qe) using UV absorbance at different times
using the fabricated nanocomposite (Chit-SNPs-CNTs) at pH = 7 and ambient temperature.

Time (min) 20 min 40 min 60 min 80 min 100 min 120 min 140 min 160 min

Removal % 50% 55% 60% 65% 75% 82% 82% 82%
Ce (g/1) 0.050 0.045 0.040 0.035 0.025 0.018 0.018 0.018

qe (mg/g) 250 275 300 325 375 410 410 410
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Moreover, the uptake of Ni (II) ions using the fabricated nanocomposite (Chit-CNTs-
SNPs) was investigated experimentally using the UV-VIS technique at different contact
times, pHs of the Ni (II) solution, and masses of the adsorbent (Chit-CNTs-SNPs) nanocom-

posite as follows.
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4.5. Variation in Contact Time

The data in Figure 10 and Table 1 represent the relationship between the contact
time and the absorbent (Chit-CNTs-SNPs) nanocomposite’s adsorption capacity (qe). The
contact time varied at 20, 40, 60, 80, 100, 120, 140, and 160 min, with an initial metal
concentration of nickel (II) sulfate hexahydrate of 100 mg/L. The analysis of the data in
Figure 10 and Table 1 shows that the adsorption rate of Ni (II) ions using the nanocomposite
(Chit-CNTs-SNPs) increases from a 50% removal of Ni (II) and qe = 250 mg of Ni (II) per
gram of (Chit-CNTs-SNPs) at 20 min until 82% and qe = 410 mg of Ni (II) per gram of
(Chit-CNTs-SNPs) at 120 min. These results in Figure 10 and Table 1 make it abundantly
evident that the chelation between the Ni ions and the NH, group in chitosan may play
a role in the adsorption of Ni (II) using the (Chit-CNTs-SNPs) nanocomposite. The rapid
diffusion of Ni (II) ions from the solution to the outer surface (Chit-CNTs-SNPs) as a result
of the interaction between CNTs and SNPs in the nanocomposite (Chit-CNTs-SNPs) may
also be connected to this [3].
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Figure 10. Effect of contact time (a), pH (b), and the mass of nanocomposite (Chit-CNTs-SNPs) (c) on
the sorption Ni ions.
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4.6. Variation in pH

It is known from the previous publications that the variation in pH of the metal ion
solution has an effect on the adsorption capacity (qe) of an absorbent material such as
the (Chit-CNTs-SNPs) nanocomposite [3]. Figure 10 and Table 2 show the results of the
investigation into how the pH of the starting solution affects the removal percentage of Ni
(IT) and adsorption capacity of the synthesized nanocomposite (Chit-CNTs-SNPs). The high
percentage (45.70%) of the Ni (II) ions adsorbed by the (Chit-CNTs-SNPs) nanocomposite
was found at pH = 11 as represented in Figure 10 and Table 2. The NH; groups of chitosan
in the nanocomposite (Chit-CNTs-SNPs) convert to -NH>* cation at a lower pH (1 and
2), which deactivates the chelation between the NH, group and Ni (II) ions. Moreover,
the conversion of the NH; groups to the -NH3* cation causes electrostatic repulsion
between Ni (II) ions and -NH?3* cation, which restricts the sorption of Ni (II) ions using the
nanocomposite (Chit-CNTs-SNPs) [3]. At a high pH (10 and 11), the Ni (II) starts to deposit
as Ni(OH),, which causes a decrease in the adsorption capacity (qe =297 at pH = 10 and
272 at pH = 11) as shown in Figure 10 and Table 2 [3].

Table 2. Removal % of Ni Il ions adsorption capacity (qe) using UV absorbance at different pH using
the fabricated nanocomposite (Chit -CNTs-SNPs) after 1 h at ambient temperature.

pH of Ni (ID

Solution pH=1 pH=2 pH=10 pH=11
Removal % 35.50% 25.50% 40.60% 45.70%

Ce (g/1) 0.035 0.0255 0.0406 0.0457
qe (mg/g) 325 373 297 272

4.7. Variation in the Nanocomposite Mass

The removal % of Ni (II) and the adsorption capacity were considered in this work
by a mass variation in the fabricated nanocomposite (Chit-CNTs-SNPs) from 0.1 to 0.4 g
at a constant pH and contact time as shown in Table 3 and Figure 10. It is clear from the
data in Table 3 and Figure 10 that the maximum removal of Ni (II) ions reaches (99.70%)
and the adsorption capacity (qe) equals (498 mg/g) using 0.3 g of the (Chit-CNTs-SNPs)
nanocomposite. Comparing these data in Table 4 and Figure 10 with the results given in
the previous publications [3] gives an indication that the sorption of Ni (II) ions using the
fabricated nanocomposite (Chit-CNTs-SNPs) in this work has a greater efficiency for the
removal of heavy metal ions than the other composites in the previous publications.

Table 3. Removal % of Ni (II) ions and adsorption capacity (qe) using UV absorbance at different
weights using the fabricated nanocomposite (Chit-CNTs-SNPs) after 1 h at pH = 7 and ambient

temperature.
Mass of
(Chit-CNTs-SNPs) 0.1 gm 0.2 gm 0.3 gm 0.4 gm
Removal % 95.44% 97.53% 99.70% 99.70%
Ce (g8/D 0.0955 0.0080 0.0003 0.0003
Qe (mg/g) 450 460 498 498

Table 4. Comparison between the maximum adsorption capacity (mg/g) of the fabricated nanocom-
posite (Chit-CNTs-SNPs) and some absorbents for heavy metals removal.

Absorbent Maximum Adsorption Capacity (mg/g) Reference
Chitosan—zeolite composites 14.75-51.32 3
Semi-IPN hydrogel based on chitosan and gelatin 153.9 3
Xanthate-modified magnetic chitosan 34.5 3
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Table 4. Cont.

Absorbent Maximum Adsorption Capacity (mg/g) Reference

Chitosan nanofibrils 186.6 3

Chitosan (Ch)/clay, chitosan (Ch)/AgNPs/clay,

and chitosan (Ch)/AuNPs/clay 181.5 3

Chit-CNts-SNPs 498 Present work

4.8. The Mechanism for the Uptake Process of Ni (I1) lons

The fabrication of the nanocomposite (Chit-CNTs-SNPs), which is used to adsorb Ni (II)
ions, depends on a number of variables. One of these elements is the coordination between
the metal cation and amino group in chitosan, which causes chelation [6,21]. The amino
groups of the chitosan molecule, which function as a Lewis base, can donate electron pairs
to the metal cation, such as Ni (II), which acts as a Lewis acid [3]. As the nanocomposite
(Chit-CNTs-SNPs) contains ions exchangeable with silver nanoparticles (SNPs) in addition
to the metal chelation with the NH, group of chitosan, the removal of the Ni (II) ions in
this work depends on both the ion-exchange mechanism and the chelation [3,21]. The
information in Table 4 demonstrates that the synthesized nanocomposite (Chit-CNTs-SNPs),
which was used as an absorbent in this study, was more effective in absorbing heavy metal
ions than other absorbents in earlier studies [3].

5. Conclusions

Recently, greater focus has been placed on creating environmentally acceptable nanocom-
posites that function as adsorbents, particularly those that rely on biopolymers, CNTs, and
nanoparticles. Here, we created an environmentally friendly nanocomposite (Chit-CNTs-
SNPs) for absorbing Ni (II). We looked into how the mass of the absorbent, pH of the
solution, and contact time affected the removal of Ni (II) ions. According to the results
of this work, 0.3 g of the Chit-CNTs-SNPs nanocomposite had the highest removal rate
(99.70%) of Ni (II). The results also show that qe = 498 mg/g was the critical value for this
work’s maximal Ni (II) ion uptake. The Chit-CNTs-SNPs nanocomposite is also very active
in capturing Ni (II) ions from wastewater treatment.

Author Contributions: Conceptualization, A.Y.A.a., EM.S.A. and EM.S.A.; methodology, EM.S.A.
and A.Y.A.a,; software, EM.S.A; validation, EM.S.A. and A.Y.A.a.; formal analysis, EM.S.A., A. Y. A.a.
and H.A.A.; investigation, EM.S.A ; resources, EM.S.A., A Y.A.a. and FA; data curation, W.LE. and
H.A.A.; writing—original draft preparation, EM.S.A., A.Y.A.a. and W.LE.; writing—review and
editing, EM.S.A., FA. and W.LE,; visualization, EM.S.A. and H.A.A.; supervision, E.M.S.A.; project
administration, EM.S.A., FA. and W.LE.; funding acquisition, EM.S.A., W.LE. and F.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Deputy for Research & Innovation, Ministry of Education
through Initiative of Institutional Funding at University of Ha'il—Saudi Arabia grant number
IFP-22 089.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy.

Acknowledgments: This research has been funded by Deputy for Research & Innovation, Ministry
of Education through Initiative of Institutional Funding at University of Ha’il-Saudi Arabia through
project number IFP-22 089.

Conflicts of Interest: The authors declare no conflict of interest.

58



Polymers 2023, 15, 2759

References

1. Kumar, S.; Ahlawat, W.; Bhanjana, G.; Heydarifard, S.; Nazhad, M.M.; Dilbaghi, N. Nanotechnology-based water treatment
strategies. J. Nanosci. Nanotechnol. 2014, 14, 1838-1858. [CrossRef] [PubMed]

2. Verma, R.; Dwivedi, P. Heavy metal water pollution—A case study. Recent Res. Sci. Technol. 2013, 5, 98-99.

3.  Azzam, EM,; Elsofany, W.I; Alrashdi, G.K.; Alenezi, K.M.; Alsukaibi, A.K; Latif, S.; Abdulaziz, F; Atta, A.M. New route for
removal of Cu (II) using fabricated nanocomposite based on cationic surfactant/ Ag-nanoparticles/silica gel. Arab. |. Chem. 2022,
15,103897. [CrossRef]

4. Jain, N.; Kanu, N.J. The potential application of carbon nanotubes in water treatment: A state-of-the-art-review. Mater. Today Proc.
2021, 43, 2998-3005. [CrossRef]

5. Wang, X,; Yin, H,; Sheng, G.; Wang, W.; Zhang, X.; Lai, Z. Fabrication of self-entangled 3D carbon nanotube networks from
metal-organic frameworks for Li-ion batteries. ACS Appl. Nano Mater. 2018, 7, 7075-7082. [CrossRef]

6. Kandah, M.I; Meunier, J.L. Removal of nickel ions from water by multi-walled carbon nanotubes. J. Hazard. Mater. 2007, 146,
283-288. [CrossRef] [PubMed]

7.  Guo, H; Li, H;; Jing, C.; Wang, X. Soluble polymers with intrinsic porosity for efficient removal of phenolic compounds from
water. Micropor. Mesopor. Mater. 2021, 1, 111068. [CrossRef]

8. Azzam, EM,; Eshaq, G.H.; Rabie, A.M.; Bakr, A.A; Abd-Elaal, A.A.; El Metwally, A.E.; Tawfik, S.M. Preparation and characteriza-
tion of chitosan-clay nanocomposites for the removal of Cu (II) from aqueous solution. Int. J. Biol. Macromol. 2016, 89, 507-517.
[CrossRef] [PubMed]

9.  De Queiroz Antonino, R.S.; Lia Fook, B.R.; de Oliveira Lima, V.A.; de Farias Rached, R.I; Lima, E.P; da Silva Lima, RJ.;
Peniche Covas, C.A.; Lia Fook, M.V. Preparation and characterization of chitosan obtained from shells of shrimp (Litopenaeus
vannamei Boone). Mar. Drugs 2017, 15, 141. [CrossRef] [PubMed]

10. Azzam, EM.; Sami, RM.; Alenezi, K.M.; Haque, A.; El Moll, H.; Soury, R.A.; Ismail, A.R. Inhibition of Sulfate-Reducing Bacteria
by Para-amino-N-((1-Alkylpyridin-1-Tum Bromide)-4-Y1) Benzamide Surfactants and Surfactant-Coated Silver Nanoparticles.
J. Surfactants Deterg. 2022, 25, 125-131. [CrossRef]

11.  Azzam, E.M,; Fathy, N.A ; El-Khouly, S.M.; Sami, R.M. Enhancement the photocatalytic degradation of methylene blue dye using
fabricated CNTs/TiO2/AgNPs/Surfactant nanocomposites. J. Water Process Eng. 2019, 28, 311-321. [CrossRef]

12.  Queiroz, M.E; Teodosio Melo, K.R.; Sabry, D.A.; Sassaki, G.L.; Rocha, H.A.O. Does the use of chitosan contribute to oxalate
kidney stone formation? Mar. Drugs 2014, 13, 141-158. [CrossRef] [PubMed]

13.  Vijayalakshmi, K.; Devi, B.M.; Sudha, PN.; Venkatesan, J.; Anil, S. Synthesis, characterization and applications of nanochi-
tosan/sodium alginate/microcrystalline cellulose film. |. Nanomed. Nanotechnol. 2016, 7, 419.

14. Azzam, EM.S,; El-Farargy, A.FM.; Abd-Elaal, A.A. Enhancement the detection of NiZ* and Zn?* ions using nanostructure of
synthesized dithiol surfactants with gold nanoparticles. . Ind. Eng. Chem. 2014, 20, 3905-3912. [CrossRef]

15. Dabrowski, A.; Hubicki, Z.; Podkoscielny, P.; Robens, E. Selective removal of the heavy metal ions from waters and industrial
wastewaters by ion-exchange method. Chemosphere 2004, 56, 91-106. [CrossRef] [PubMed]

16. Do Amaral Montanheiro, T.L.; Cristovan, FH.; Machado, J.P.B.; Tada, D.B.; Duran, N.; Lemes, A.P. Effect of MWCNT function-
alization on thermal and electrical properties of PHBV/MWCNT nanocomposites. J. Mater. Res. 2015, 30, 55-65. [CrossRef]

17. Velmurugan, N.; Kumar, G.G.; Han, S.S.; Nahm, K.S.; Lee, Y.S. Synthesis and characterization of potential fungicidal silver
nano-sized particles and chitosan membrane containing silver particles. Iran. Polym. ]. 2009, 18, 383-392.

18. Abdulrazzak, EH.; Alkiam, A.F.; Hussein, FH. Behavior of X-Ray Analysis of Carbon Nanotubes. In Perspective of Carbon
Nanotubes; IntechOpen: London, UK, 2019.

19. Azzam, EM.S.; Abd El-aal, A.A.; Shekhah, O.; Arslan, H.; Woll, C. Fabrication of spr nanosensor using gold nanoparticles and
self-assembled monolayer technique for detection of Cu?* in an aqueous solution. J. Dispers. Sci. Technol. 2014, 35, 717-724. [CrossRef]

20. Al-Kuhaili, M.E; Ahmad, S.H.A.; Durrani, S.M.A.; Faiz, M.M.; Ul-Hamid, A. Application of nickel oxide thin films in NiO/Ag
multilayer energy-efficient coatings. Mater. Sci. Semiconduct. Process. 2015, 39, 84-89. [CrossRef]

21. Gandhi, M.R.; Meenakshi, S. Preparation and characterization of silica gel/chitosan composite for the removal of Cu (II) and Pb

(II). Int. ]. Biol. Macromol. 2012, 50, 650—-657. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

59



ﬁ polymers MbPI

Article

Designing Sustainable Polymer Blends: Tailoring Mechanical
Properties and Degradation Behaviour in PHB/PLA/PCL Blends
in a Seawater Environment

Leonardo G. Engler 1.2 Naiara C. Farias !, Janaina S. Crespo 1.2 Noel M. Gately 3 Ian Major 1 Romina Pezzoli 3
and Declan M. Devine -*

PRISM Research Institute, Technological University of the Shannon: Midlands Midwest, Athlone Campus,
University Road, N37 HD68 Athlone, Ireland; a00278634@student.tus.ie (L.G.E.)

Postgraduate Program in Materials Science and Engineering, University of Caxias do Sul, Francisco Gettlio
Vargas Street, 1130, Caxias do Sul 95070-560, Brazil

Applied Polymer Technologies Gateway, Technological University of the Shannon: Midlands Midwest,
Athlone Campus, University Road, N37 HD68 Athlone, Ireland

*  Correspondence: ddevine@ait.ie

Abstract: Biodegradable polyesters are a popular choice for both packaging and medical device
manufacture owing to their ability to break down into harmless components once they have com-
pleted their function. However, commonly used polyesters such as poly(hydroxybutyrate) (PHB),
poly(lactic acid) (PLA), and polycaprolactone (PCL), while readily available and have a relatively
low price compared to other biodegradable polyesters, do not meet the degradation profiles required
for many applications. As such, this study aimed to determine if the mechanical and degradation
properties of biodegradable polymers could be tailored by blending different polymers. The seawater
degradation mechanisms were evaluated, revealing surface erosion and bulk degradation in the
blends. The extent of degradation was found to be dependent on the specific chemical composition
of the polymer and the blend ratio, with degradation occurring via hydrolytic, enzymatic, oxidative,
or physical pathways. PLA presents the highest tensile strength (67 MPa); the addition of PHB and
PCL increased the flexibility of the samples; however, the tensile strength reduced to 25.5 and 18 MPa
for the blends 30/50/20 and 50/25/25, respectively. Additionally, PCL presented weight loss of up to
10 wt.% and PHB of up to 6 wt.%; the seawater degradation in the blends occurs by bulk and surface
erosion. The blending process facilitated the flexibility of the blends, enabling their use in diverse
industrial applications such as medical devices and packaging. The proposed methodology produced
biodegradable blends with tailored properties within a seawater environment. Additionally, further
tests that fully track the biodegradation process should be put in place; incorporating compatibi-
lizers might promote the miscibility of different polymers, improving their mechanical properties
and biodegradability.

Keywords: poly(lactic acid) (PLA); poly(hydroxybutyrate) (PHB); polycaprolactone (PCL); thermal
degradation; seawater degradation; biodegradable blends

1. Introduction

As our dependence on plastics continues to grow globally, the amount of plastic waste
that finds its way into our oceans, rivers, and landfills is largely a result of human behaviour.
This trend has catastrophic consequences, as plastic particles are now being incorporated
into the food chain of animals, including humans, with unpredictable consequences [1,2].
Given that oceans account for approximately 97% of the world’s water supply and cover
nearly 70% of the Earth’s surface, it is likely that a significant portion of this plastic waste
ultimately ends up in our oceans, particularly when not properly disposed of [3].

Biodegradable polymers are a viable approach to addressing the issue of plastic pollu-
tion in marine ecosystems. In contrast to conventional plastics, these polymers are capable
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of rapidly decomposing over a brief span of a few months through natural mechanisms,
such as enzymatic digestion, hydrolysis, oxidation, or mechanical degradation, and are
hence environmentally friendly. Nevertheless, not all biodegradable polymers degrade in
seawater; for instance, PHB and PCL are known to biodegrade in seawater [4,5], whereas
PLA is not [6,7]. Therefore, it is crucial to study the blending process and characterisation
of these polymers to enable the comprehensive seawater degradation of these materials.

Seawater solutions contain a higher content of salts than freshwater, with chloride,
sodium, sulphate, magnesium, calcium, and potassium making up 99% of the ionic salts
present [8]. The temperature of seawater varies between 30 °C on the surface in summer
and —1 °C on the seabed during winter, depending on the season and geographical region,
while the pH can range from 7.5 to 8.4 [1,9]. Additionally, previous studies have shown that
the natural dynamic movement of waves in oceans can promote degradation by mechanical
fragmentation of the biodegradable polymers studied, such as PLA, PCL, and PHAs [6,10].

Reproducible investigations of seawater degradation in the natural environment are
challenging owing to the varying climatic conditions in different regions. However, labora-
tory experiments can standardise the experimental parameters, increasing the likelihood
of reproducible results [1]. Similarly, when blending PLA with more flexible materials,
such as PCL and PHB, the goal is to enhance flexibility while preserving the mechanical
properties of the blends. Although this approach shows promise, it is essential to overcome
the limitations of multi-material mixtures using techniques such as plasticisation, copoly-
merisation, and blending [11,12]. The use of different polymers to produce ternary blends
is an interesting alternative that can be used to tailor the desired properties of materials.
In the context of biomedical polymeric devices, understanding their degradation process
is crucial for ensuring their stability and functionality. By examining the degradation
mechanisms and behaviour of these ternary blends, researchers can gain valuable insights
into how the materials perform under real-world conditions. This knowledge enables
the development of more robust and reliable biomedical devices that can withstand the
challenges of the human body and contribute to improved patient outcomes.

The degradation process of biomedical polymeric devices is a multifaceted phe-
nomenon that is subject to variations in the environmental conditions and kinetics, which
depend on the processing settings, temperature, sample geometry, and packing proper-
ties; e.g., moulded parts are more densely packed than extruded components, which are
susceptible to die swelling (the expansion due to polymer chain realignment) once they
exit the extruder [13-15], therefore presenting a more complex degradation process than in
seawater. Similarly, the degradation of such medical devices can also occur via four dis-
tinct mechanisms, namely hydrolytic, oxidative, enzymatic, and physical degradation [1].
Hydrolytic degradation is triggered by the interaction between the polymeric chains and
the water present in the surrounding tissues. On the other hand, oxidative degradation
results from the release of oxidants by tissues, which acts as a biological defence mechanism
against the implant. Enzymatic degradation also involves a biological response, but it varies
from patient to patient and from tissue to tissue over time. Finally, physical degradation
occurs as a result of water swelling and mechanical tension, leading to changes in the glass
transition temperature and geometry of the swollen polymers. This, in turn, affects the
mechanical properties of the device and could potentially lead to fractures, particularly in
situations where friction is involved in the motion under pressure [1,16].

Narancic et al. (2018) [15] previously examined the marine biodegradability of 25 mg
extruded samples of different biodegradable polymers and found that only PHB and
thermoplastic starch (TPS) were marine degradable. To overcome this challenge, the
novelty of this work is to determine whether, through the production of ternary blends
containing common biodegradable polymers, PLA, and PCL, a commercially relevant
marine biodegradable polymer blend could be produced. Furthermore, most medical
devices and packaging types are produced by injection moulding which manufactures
parts that have tightly packed polymer chains compared to extruded parts and are more
challenging from a biodegradation point of view.
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The selection of polymer concentrations in ternary blends of PHB, PLA, and PCL, is
also challenging and can be justified based on various factors. Firstly, each polymer in the
blend contributes distinct properties, with PHB offering biodegradability and excellent
mechanical properties, PLA providing stiffness and strength, and PCL imparting flexibility
and toughness to the blends [13,14]. Accordingly, this study proposes that the low flexibility
of PLA can be mitigated by blending it with more pliable materials such as PCL and PHB
through a blending process, while simultaneously tailoring its degradation properties. The
selected blends exhibit enhanced flexibility and can be applied in various fields, including
packaging and medical devices, particularly in the production of biodegradable straws
as an alternative to single-use plastics. Additionally, optimal blends will serve in future
studies as feedstock material for the development of flexible biodegradable ureteral stents.

2. Materials and Methods
2.1. Materials

Poly-(lactic acid) (PLA 4043D) was purchased from NatureWorks (Minnetonka, MN,
USA), it has a melt flow index (MFI) of 4.9 g-10 min !, and a density of 1.24 g-cm 3. Poly-(3-
hydroxybutyrate) (PHB P226) was purchased from Biomer (Krailling, Germany), it is highly
crystalline with an MFI of 16.3 g-10 min~! and a density of 1.25 g-cm~3. Polycaprolactone
(PCL CAPA 6500) was purchased from Ravago Chemicals (Barnsley, UK), it has a high
molecular weight (M,, 50,000 g-mol’l), and MFI of 7.0 g-10 min~!, all MFI tests were
performed at a temperature of 175 °C and a load of 2.16 kg, following standard methods.
All polymers were used as received and they were dried with forced hot air circulation
at 45 °C for 24 h before processing, to avoid any moisture residue that could promote the
hydrolysis degradation of the polyesters.

2.2. Material Extrusion

The compounding of materials was carried out on a Leistritz Micro 27 twin-screw
co-rotating extruder (Leistritz Group, Nuremberg, Germany) with a 27 mm screw diameter
and a 38:1 length-to-diameter ratio, with a constant screw speed of 150 rpm and temperature
profile from feeder to die of 110/120/130/140/150/160/170/180 °C, and two additional
heating zones at the head of the extruder, a flange and a strand die, at 190 and 200 °C,
respectively. The extruder was fed at 4 kg-h~!, and the compounded samples were named
as PHB, PLA, PCL, 50/50/0,50/0/50,50/25/25 and 30/50/20 (wt.% PHB/PLA/PCL). The
filament produced was pelletised to 3 mm granulates after cooling down in a conveyor belt.

2.3. Material Moulding

Tensile specimens with dimensions (type V): length 63.50 mm, width 9.50 mm, gauge
length 9.50 mm, gauge width 3.18 mm, and thickness 3.20 mm, were moulded according to
ASTM D638 on a BabyPlast® 6/12 (Rambaldji, Italy) injection moulding process, equipped
with a 14 mm diameter piston. The machine possesses three temperature-controlled zones:
plasticising zone, chamber and nozzle represented as zone 1, 2 and 3, respectively. The
injection moulding parameters were optimised for each sample and are described in Table 1.
At least 5 specimens for each sample were produced.

2.4. Seawater Degradation

For the seawater degradation study, a marine broth solution based on ASTM D6691
was prepared and placed into a 22 L unstirred thermostatic bath Clifton™ (Oldmixon Cres,
Weston, UK), allowing the temperature constant to maintain at 30 °C for up to 8 weeks of
the experimental testing. The marine broth was prepared by weighing all the individual
components of the solution in a high precision analytical scale (0.1 mg), before dissolving
them in distilled water under constant stirring for 3 h to promote solution homogeneity.
A commercial fish tank pump was introduced to the thermostatic bath to promote the
aeration of the solution and prevent components of the solution from depositing at the
bottom of the bath.
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Table 1. Injection moulding process parameters of PHB, PLA, and PCL and their respective blends
with different compositions (wt.% PHB/PLA /PCL).

Sample Temperature (°C) Shot Size . Cooling Pressure (Bar)

Zone 1 Zone 2 Zone 3 (mm) T (°C) t(s) 1st 2nd

PHB 185 175 170 35 50 25 40 30
PLA 210 200 180 40 35 35 80 70
PCL 170 160 150 40 35 35 100 90
50/50/0 160 150 140 37 35 35 90 85
50/0/50 150 140 130 36 35 35 70 65
50/25/25 150 140 130 36 35 35 70 65
30/50/20 160 150 140 36 35 35 90 85

Moulded tensile samples were weighed and placed into the seawater solution dis-
tanced at a minimum of 2 cm from each other, to assess degradation during 0, 14, 28, and
56 days with 3 minimum replicates for each sample. Each collected sample was washed
and dried before testing.

2.5. Weight Variance

The weight variance of samples was measured from the beginning of the degradation
tests and after 14, 28, and 56 days of seawater degradation. After each collection date,
the samples were removed from the seawater environment, washed with current water,
and dried for 24 h in an oven at 40 °C. Their final weight was measured and recorded
using a Sartorius Entris analytical balance (Sartorius AG, Géttingen, Germany), prior to
any subsequent testing.

2.6. Mechanical Properties

Tensile testing was conducted in accordance with ASTM D3039 standard procedure
using a ZwickRoell Z010 universal testing machine (ZwickRoell Ltd., Ulm, Germany)
equipped with a 5 kN load cell. The tests were carried out at a strain rate of 5 mm-min !,
at room temperature and the tensile properties were obtained directly from the equipment
analysis software. A minimum of 3 replicates were evaluated per group, and the dimensions
of each sample were recorded prior to testing. The stress—strain curves were obtained from
the software TestXpert II (ZwickRoell, Ulm, Germany), and utilised for the calculation of

the Young Modulus.

2.7. Infrared Analysis

The infrared analysis was performed using a Spectrum One (Perkin Elmer, Waltham,
MA, USA) with a universal attenuated total reflectance (ATR) sample adapter. All data
were obtained at room temperature (20 °C) in the spectral range between 4000-650 cm !
against a background of air, using 10 scans per sample cycle and a resolution of 4 cm~!. The
compression force was kept constant at 80 N and the data were collected from the spectrum
software used to perform the analysis. The chemical groups were evaluated in regions by
performing the ratio area of the groups related to the main chain (-CH3 and -CH2) and
the oxygenated groups (-C=0, -C-O). The areas of -CH3, -CH2 stretches; A; (3050-2800
cm1); -C=0: A, (1840-1600 cm1); and -C-O: A3 (1250-1000 cm™~!) were determined
using the software Origin (OriginLab®). Results were expressed as the mean and standard
deviation.

2.8. Thermal Analysis

By using a thermal analyser (TGA-50, Shimadzu Co., Kyoto, Japan) with a dynamic
nitrogen atmosphere of 50 mL-min !, the blends were characterised by thermogravimetric
analysis to evaluate the thermal stability of the blends produced. Samples weighing
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between 8-12 mg were heated from room temperature (20 °C) to 700 °C at a rate of
10 °C-min~!, providing information about the weight loss plotted against the temperature
for each sample. Additionally, a derivative curve (DTG) was produced to indicate the
temperatures at which maximum rates of weight loss occurred.

The thermal properties of the samples were investigated in a differential scanning
calorimeter DSC Pyris 4000 (Perkin Elmer, Waltham, MA, USA). Samples weighing between
4-6 mg were crimped in non-perforated aluminium pans with reference to an empty
crimped pan. The analysis was carried out with a nitrogen flow rate of 30 mL-min~! to
prevent the sample degradation. The samples were heated from —60 to 190 °C at a rate
of 10 °C-min~! holding the temperature for 2 min before cooling down to —60 °C and
holding the temperature for 2 min again, this process is repeated twice for each sample.
The thermal properties of the samples were analysed with the equipment software Pyris
Series DSC 4000 (Perkin Elmer, Waltham, MA, USA) and the data analysed based on the
second heating cycle of the test. The crystallinity of the samples was calculated with the
values in Table 4 by applying the crystallinity index equation,

AHm

Cr= AHmg x f

x 100% (1)
where Cj is the crystallinity index, AHm is the experimental melting enthalpy, f is the
polymer weight fraction and AHm, is the theoretical melting enthalpy of the pure material
(considering it as 100% crystalline). The theoretical melting enthalpy for PHB, PLA and
PCL are 146 J-g~1,93.7]-g ™1, and 135 J-g !, respectively [17-19].

Dynamic mechanical thermal analysis (DMTA) was run to provide information about
thermal transitions (Tg values) that were not possible to identify in the previous thermal
analysis, due to the overlapping of these properties in the blends of this study. DMTA
was carried out in single-cantilever mode using a Perkin Elmer (Waltham, MA, USA)
DMA 8000. Rectangular samples of size 20 x 10 x 3 mm? were subjected to a temperature
ramp from —80 up to 100 °C at a constant heating rate of 3 °C-min~!. A frequency of 1 Hz
was used for all tests and the maximum flexural deformation (y) was set at 10 pm.

2.9. Morphology Characterisation

Tensile samples were subjected to a cryofracture process using liquid nitrogen to
observe the internal morphology of the samples without any deformation in the inner
layers of the sample. A field emission scanning electron microscope (Tescan Mira, Oxford
Instruments, Cambridge, UK) (5 kV) was used to assess the degradation areas of samples
after 56 days in the seawater environment.

3. Results and Discussion
3.1. Seawater Degradation

As reported in previous studies [20], the degradation of a biomaterial may occur
through four different mechanisms: hydrolytic degradation (scission of polymeric chains
by hydrolytic activity), enzymatic degradation (scission of polymeric chains by enzymatic
activity), oxidative degradation (radical attack supported by peroxide-producing inflam-
matory reactions, when in vivo), and physical degradation (depending on the physical
activity of the environment, swelling-deswelling, etc.) [21].

Surface erosion and bulk degradation represent two distinct mechanisms of hydrolytic
degradation, although their occurrence may not always be mutually exclusive [22]. Bulk
degradation is the predominant mechanism of degradation in most polyester-based poly-
mers, and when the rate of water diffusion is greater than the rate of hydrolysis (Dt >> Ht),
sample saturation by the degradation media and a non-linear mass loss over time occur [20].
Additionally, as a result of the accumulation of degradation products, it is common to
have autocatalytic reactions in situ, which leads to areas of accelerated degradation that
might compromise or cause the structure to collapse [14]. Surface erosion, on the other
hand, commonly presents a linear loss of mass over time and is characterised by a faster
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rate of hydrolysis than water diffusion (Dt < Ht). This effect reduces the accumulation
of degradation products since they are free to diffuse away from the polymeric matrix;
therefore, no autocatalytic reactions occur [20].

The phenomenon of bulk degradation in poly(x-hydroxy-esters) samples with a
thickness (Lc) up to 7.4 cm was previously reported in studies with temperatures ranging
between 15 and 37 °C, which reported an increased rate of PHA and PLA degradation
in alkali environments. Additionally, the onset of percent crystallinity change during
hydrolysis was observed at approximately 37 °C, corresponding to the temperature at
which the hydrolysis of PLA chains starts to occur noticeably [22-25]. This has been
demonstrated through experimental results as well, as depicted in Figure 1. Over a period
of 56 days, an observable increase in the weight of some samples is noted, attributable to
the formation of fissures and cracks, which permit the infiltration of aqueous solutions into
the PLA-based samples, leading to a transient rise in their mass, as observed in samples of
100 wt.% of PLA, 50/50/0, and 30/50/20 (wt.% PHB/PLA /PCL). The same investigations
also demonstrated that microbial activity exerts a marginal to negligible impact on the
hydrolysis phase of degradation, which involves the cleavage of ester linkages in PLA
samples [24]. PHB and PCL samples exhibited notable mass variations throughout the
56 days of seawater degradation, whereby PCL demonstrated a weight reduction of up
to 10%. Furthermore, the specimens containing higher amounts of these two polymers
exhibited comparable behaviours, as observed for the samples 50/0/50 and 50/25/25 (wt.%
PHB, PLA, and PCL) in Figure 1. It is assumed that surface erosion serves as the main
degradation mechanism for these samples, as evidenced by the constant decrease in weight
over time. Bagheri et al. (2017) [7] investigated the biodegradability of PHB, PLA, PCL, and
poly(lactic-co-glycolic acid) (PLGA) in a seawater environment at a constant temperature of
25 °C for over a year; only the latter underwent complete degradation within this timeframe,
while the other polymers exhibited minimal degradation. Specifically, PHB demonstrated
only 6% weight loss, whereas PLA and PCL displayed less than 1% weight loss. These
findings align with the supposition posited by previous researchers [1] that temperature
significantly affects the degradation process. In addition, Volova et al. (2010) [4] reported
that PHB and PHBYV films experienced 46% mass loss after being submerged in seawater at
29 °C for 160 days, with complete sample degradation occurring after 350 days, as reported
in a similar study [1].
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Figure 1. Weight variance (%) of PHB/PLA /PCL and their respective blends with different composi-
tions (wt.% PHB/PLA/PCL) after 0, 14, 28 and 56 days of seawater degradation.
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PLA degradation is a complex phenomenon involving several steps. Initially, its
polymer chains undergo hydrolysis, which breaks down the bonds between the individual
monomers that constitute the polymer. Water and other solutions permeate the PLA
matrix and initiate the hydrolysis reaction, causing the disintegration of the polymer chains.
Once the polymer chains are broken down into smaller fragments, the resulting lactic acid
oligomers are metabolised by microorganisms present in the environment. This process
involves the enzymatic degradation of lactic acid oligomers by microorganisms, which
consume the fragments and use them as a source of carbon and energy [26,27].

In an oxygen-rich environment, the biodegradable polymers PLA and PCL undergo
degradation primarily into CO,, CO, water and short-chain acids. However, blending these
polymers with PHB can have a significant impact on the degradation process. The addition
of PHB promotes the initial degradation of crotonic acid (2-butenoic acid), followed by
the degradation of the aforementioned products [16]. This occurs due to the presence of
microbial communities that preferentially consume the crotonic acid in the blended polymer
mixture. As the crotonic acid is consumed, the degradation of the other components is
accelerated, leading to the ultimate breakdown of the polymer blend into its constituent
components [28].

As the average temperature and microorganism density in seawater are relatively low,
the biodegradation of PLA in this environment occurs slowly. In a previous degradation
study [6] using thin films of PLA (0.05 mm of thickness), after 10 weeks, samples in a real
seawater solution at 25 °C showed an insignificant change in the average molar mass (My).
Additionally, PLA films of about 0.32 mm thickness presented no mass loss in a seawater
solution, even after a year of exposure. Nevertheless, studies comparing the degradation of
PCL and PHB films (thickness of 0.1 mm) at 25 °C [29] in seawater reported weight loss
of 100 and 41%, respectively, after 4 weeks. The same study conducted with freshwater
presented weight loss of only 25 and 9% for PCL and PHB, respectively, after 10 weeks.
confirming the significance of the biopolymer type, geometry of the samples, and also the
conditions of the environment, such as temperature and type and concentrations of marine
microbes in the seawater [1,7,29].

Similarly, research carried out in a marine pelagic environment using 25 mg ex-
truded films of blends produced with PBS, PHB, PLA and PCL reported promising relative
biodegradation (wt.%) over a period of 56 days [15]. However, when comparing the
relative biodegradation of PHB/PCL (60/40) samples reported in the previous study,
which demonstrated approximately 15 wt.% weight loss in 25 mg films, with the blend
50/0/50 (PHB/PLA /PCL) used in our current research involving injection-moulded parts,
we observed a higher loss of weight. These findings suggest that our approach, which
utilises the industrial production method of injection moulding to create more densely
packed components, yields more rapid biodegradation in the produced blends compared
to extruded components.

Some studies reported delayed disintegration of the blends due to the selectivity of
degradation of specific polymeric chains. The significant effect of hydrolysis on these poly-
meric chains was reported as being responsible for changes in the mechanical properties,
resulting in softening of the blends, including PLA samples [7].

Aliphatic polyesters are known to biodegrade via the hydrolytic breakdown of their
ester bonds [30]. The by-products of hydrolytic biodegradation lead to a more acidic
environment, which raises a concern for implantable devices, as a common response would
be local tissue inflammation. To lessen the acidity, researchers reported adding basic salts
in the media or within the polyester samples [31,32].

The chemical hydrolysis rate increases in amorphous areas around the polymers due
to the facilitated diffusion of water into the polymeric matrix compared to semi- and
crystalline polymers, which present more organised structures causing diffusion limitation,
even at temperatures higher than the Tg. Moreover, the diffusion of polymers with Tg
values lower or similar to the temperature used in the degradation studies is primarily

66



Polymers 2023, 15, 2874

governed by the amorphous area of the polymeric matrix, where chemical hydrolysis is
dominant [10,31].

According to previous research, the amount of PCL added to a polymeric matrix can be
altered to control the rate at which the copolymers degrade [33]. These studies explored the
addition and crosslinking of different PCL contents to fine-tune the degradation behaviour
of copolymers, providing a greater degree of control over the release of therapeutic agents
or other functional components. This has significant implications for the development
of biomaterials that require precise degradation profiles as well as for the engineering of

implantable medical devices and drug delivery systems [31,34].

3.2. Mechanical Properties

The PHB/PLA/PCL-based specimens were tested at a low strain rate of 5 mm-min 1
and the results are shown in Figure 2 after 0 and 56 days of seawater degradation. The
tensile properties were acquired using equipment software after each test. However, to
confirm the accuracy of this information, sample data were used to calculate the mechanical

7
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Figure 2. Stress-Strain curves of PHB/PLA/PCL and their respective blends with different composi-
tions (wt.% PHB/PLA/PCL) after 0 days in (a), and after 56 days of seawater degradation, in (b).
Individual curves of Stress vs. Strain after 0 and 56 days for each material are plotted in Figure S1.
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The tensile results of neat PLA presented a higher yield stress resistance due to its
higher intrinsic brittleness, while the remaining samples, including PHB, PCL, and blends
of PHB, PLA, and PCL, presented a notable increase in the ultimate strain, evidenced by
the higher flexibility of these materials. Similar results were reported in previous studies
using PLA and PHB blends [35]. Notwithstanding, previous studies on the toughness
of PLA [36] reported that the tensile strength and elastic modulus of ternary blends may
differ slightly compared with neat PLA, implying that these mechanical properties are
mainly influenced by the content of the PLA phase in the blends. And because PLA is
more susceptible to thermal and hydrolytic degradation, a reduction in molecular weight
due to the degradation process might lead to lower mechanical properties in the final
material [37,38]. This is evidenced in Figure 2b, where all samples became more brittle after
56 days of seawater degradation.

Neat PLA is quite brittle when compared to PHB and PCL, as observed from the
high stress and low strain relationship seen in Figure 2; it has been reported to have a low
yield elongation of about 7% [39], and a modulus of about 3.4 GPa [11], whereas its tensile
strength was found to be approximately 70 MPa, as seen in Figure 3 and supported by
previous investigations [12]. These properties may limit its application in certain fields that
require materials with higher ductility and toughness, such as flexible medical devices,
or some packaging [40]. Previous investigations focusing on PLA /PCL blends have doc-
umented a reduction in sample stiffness with increasing PCL content, while conversely
observing an increase in the elongation at break within the same samples. Furthermore,
these studies reported a notable enhancement in impact strength with higher PCL concen-
trations. Specifically, the impact strength exhibited an improvement of approximately 200%
with the incorporation of 30 wt.% PCL and a significant increase of approximately 350%
when 40 wt.% PCL was added [41].
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Figure 3. Tensile strength of PHB/PLA /PCL and their respective blends with different compositions
(wt.% PHB/PLA/PCL) after 0, 14, 28 and 56 days of seawater degradation.
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Tensile strength is an important mechanical property of polymers because it reflects
the ability of any material to withstand pulling or stretching forces, which is commonly
assessed for applications such as medical devices and packaging. The results provided
in Figure 3 corroborate that PLA stands as the polymer with the highest tensile strength
resistance in this study, and blends containing PLA also presented better performance
in the tensile tests, as expected. As one of the drawbacks related to PLA is the low
intrinsic elongation at break, the addition of PHB and PCL to tune the overall flexibility of
blends is a promising solution for brittle samples, such as PLA. Previous investigations
added different amounts of PCL to improve the ductile properties of PLA, which works
similarly as plasticizers; however, the usual outcome is lower tensile strength [42,43]. As
aforementioned, unblended PLA samples presented tensile strength results of 67 MPa,
while with the addition of PHB and PCL, values of about 18 MPa (a decrease of 73.1%)
and 25.5 MPa (a decrease of 61.9%) were obtained for the samples 50/25/25 and 30/50/20
(wt.% PHB/PLA /PCL), respectively, for samples not exposed to the seawater degradation
environment. Furthermore, seawater exposure can lead to the absorption of the seawater
solution by the polymeric blends, which may vary according to the hydrophilic nature
of each individual polymer. This can cause swelling, softening, and plasticization of the
blends, potentially leading to a decrease in mechanical properties such as tensile strength
and stiffness, as reported in previous investigations [44]. Additionally, exposure to high
temperatures, UV radiation, and mechanical stress can accelerate the degradation process.

3.3. Infrared Analysis

To better understand the main differences in the chemical structure and type of bond-
ing, all samples were analysed at different times of seawater degradation after 0, 14, 28,
and 56 days. A previous study suggested that PLA degradation is primarily driven by
the generation of acetaldehyde and lactide monomers, although small amounts of carbon
dioxide and carbon monoxide have also been detected [45]. The main degradation product
of PHB has been identified as crotonic acid (2-butenoic acid) by numerous researchers.
This assertion is supported by the characteristic peaks of the compound at 3056, 1722,
and 1152 cm !, which are attributed to C-H, C=0, and C-O stretching vibrations, respec-
tively [46]. In addition, other studies have indicated the release of ester groups during PHB
degradation [47]. PLA hydrolysis degradation and formation of oligomeric lactic acids
(OLAs) were supported by the development of a double peak related to CHj stretching
at 1454 cm ™! and another double peak at 1743 cm ™! related to the C=0 stretching vibra-
tions [23,44]. The degradation of PCL is characterised by the evolution of e-caprolactone
(approximately 1736 cm~!) and 5-hexenoic acid and its di- and trimers (approximately
3475 cm’l) ; however, carbon dioxide and some traces of carbon monoxide have also been
previously identified [45]. All FTIR peaks are shown in Figure S2.

The results presented in Table 2 show the ratio of the peak areas of the neat poly-
mers PHB, PLA, and PCL, as well as their respective blends, after 0, 14, 28, and 56 days
of seawater degradation. The ratios were determined based on the axial deformation
of the bands A; = 3050-2800 cm~! (-CHj3, -CH,), A, = 1840-1600 cm~! (-C=0), and
Az = 1250-1000 cm ! (-C-0), which correspond to the specific chemical groups in the
polymers of this study. Additionally, these results revealed that at the longest seawater
degradation time (56 days), the neat PLA and PHB polymers exhibited a reduction in the
peak ratio of areas Ay /A and A3/ A; related to the C=0O and C-O stretching absorption
bands in relation to the nonpolar peaks (-CHj, -CH,), suggesting the evolution of the
degradation of these polymeric chains, as confirmed by previous investigations [23,44].
The ratio of peak areas of PCL infrared samples remained slightly the same, suggesting
that seawater degradation did not affect the chemical structure of the polymer over the
time of these investigations, and thus it also affected blends containing PCL.
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Table 2. Ratio of peak areas of FTIR spectra of neat polymers and their respective blends (wt.%
PHB/PLA/PCL) at 0, 14, 28, and 56 days.

Days
Ratio 0 14 28 56

PHB (Ar/Ay) 5.17 3.91 14.13 3.78

(A3/A7) 5.28 3.49 15.27 3.66

PLA (Ar/Ay) 11.68 8.37 10.52 9.09

(Az/A7) 31.00 20.48 27.24 23.19

PCL (As/Ay) 1.46 1.41 1.44 1.33

(Az/A7) 1.65 2.24 1.94 2.02

(Ar/Aq) 5.35 5.19 3.18 5.63

50/50/0 (As/Ap) 10.05 8.56 476 9.35

(Ar/Ay) 2.35 2.08 2.22 4.05

50/0/50 (Az/Aq) 2.43 2.15 1.88 4.72

(Ar /A1) 3.58 3.03 3.37 3.23

50/25/25 (Az/A7) 4.44 3.96 3.96 3.96

(As/A7) 4.03 4.46 413 4.49

30/50/25 (As/A7) 5.58 6.48 5.84 7.10
Axial deformation of bands: A; = 3050-2800 cm ™! (-CHz, ~CHy); A, = 1840-1600 cm ! (-C=0); A3 = 1250~1000 cm ™!

(-C-0).

For the polymer blends, the ratios of the peak areas varied depending on the blend
ratio and degradation time. For the 50/50/0 blend, the ratio of the peak areas for A2/A1l
decreased after 28 days but increased again at 56 days, indicating a complex degradation
pattern. The same behaviour was observed for the peak ratios of A3/A1. For the 50/0/50
blend, the ratio of the peak areas for A2/A1 and A3/A1 increased over time, indicating that
the degradation of both PHB and PCL occurred preferentially in the non-polar structures.
For 50/25/25 and 30/50/25, the ratios of the peak areas remained relatively constant over
the 56-day period, suggesting that the degradation of these blends was not significantly
affected by seawater.

3.4. Thermal Transitions and Degradation of PHB/PLA/PCL Blends

All neat polymers investigated (PHB, PLA, PCL) degrade in a one-step stage with
typical representative temperatures Ts, T1p, Tmax and the residual weight summarised
in Table 3, for both neat polymers and blends. Blends containing either two or three
polymers exhibited more than a one-step degradation process, and it is worth noting that
the degradation of PLA is slightly delayed within the blends compared to neat PLA, as can
be seen by how the T5 and Tjy change in different blends [11,45]. Emphasising the blend
with the lowest amount of wt.% PHB (30/50/20), presenting the thermal degradation of
312.3 °C (Ts).

Previous studies found that the presence of PCL in similar blends delayed the degra-
dation of PLA, meaning that PCL promotes the thermal stability of the blends. Studies
using blends of 50/50 and 70/30 (wt.% PCL/PLA) compositions reported an increase in
the characteristic decomposition peak temperature of PLA to 325 °C for 50/50 blends and
334 °C for 70/30 blends [11,46]. Similar results were found using blends of PLA and PCL
with only 30 wt.% PCL. The latter suggested that the immiscibility between PLA and PCL
is evidenced by the presence of a two-step degradation process and that the amount of
weight loss is proportional to the polymer content in each blend during degradation [48-50].
According to Arrieta et al., ternary blends such as PHB/PLA/PCL tend to degrade in a
three-step process, where each process corresponds to the individual polymer and the mass
loss for each step is proportional to the polymeric content in the blend; the same behaviour
is observed in the blends in this study, as reported in the blends 50/25/25 and 30/50/20
(wt.% PHB/PLA/PCL) in Figure 4 [51].
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Table 3. Thermal degradation properties of PHB/PLA /PCL blends obtained by TG/DTG charac-
terisation. Curves of TG/DTG and the respective deconvolution of each thermal degradation are

represented in Figure S3.

. o o Tmax (°C) Residual
Material T5 (°O) Ty (°O) PLA PHE p— Weight (%)
PHB 389.9 403.7 - 4352 £ 0.1 - 0.26 = 0.1
PLA 247.1 292.2 339.2 0.0 - - 1.82 £ 0.1
PCL 403.7 420.2 - - 472.0 £ 0.1 426 +0.2
50/50/0 290.6 332.4 348.0 £ 0.1 4293 4+0.1 - 1.86 £ 0.2
50/0/50 265.3 326.5 - 3442 +0.1 4304 +£0.1 1.20 £ 0.1
50/25/25 252.2 313.3 3436 0.1 4215405 4645+05 421 +0.2
30/50/20 312.3 334.4 3435401 3806404 426.1+0.1 327 +£0.3

Ts, T1p and Trax being the temperatures at 5%, 10% and maximum weight loss rate.
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Figure 4. Comparative plot of the thermal degradation of PHB, PLA, and PCL samples and their re-
spective ternary blends with different compositions (wt.% PHB/PLA/PCL), (a) TGA (thermograms),
and (b) DTG (first derivative curves).

The DSC thermograms for blends containing both PLA and PCL, such as 50/25/25
and 30/50/20 (wt.% PHB/PLA/PCL) revealed that the melting peak of PCL overlaps
with the Tg of PLA at approximately 60 °C. For this reason, conventional DSC is unable to
detect fine variations in the Ty of PLA in blends containing PCL. To mitigate this challenge,
DMTA analysis of samples was used to detect the Ty points of PHB, PLA, and PCL; the
values found are presented in Table 4. Due to the diluting effect in the blend, the cold
crystallisation process is visible as a slightly broad peak at the same location as in the
neat PLA. This shows that PCL has little effect on the crystal structure of PLA, strongly
supporting their poor miscibility [11]. The DSC thermograms of neat polymers and their
respective blends are shown in Figure S4.

Table 4 shows that the glass transition temperature (Tg) of PLA is around 67.2 °C
after 56 days of seawater degradation, which is slightly higher than its original Tg of
66.7 °C before degradation, similar effect happened to the Tg of PCL, whereas the Tg of
PHB increased from 55.3 °C to 62.9 °C after the same period. This suggests that seawater
degradation did not have a significant effect on the Ty of PLA and PCL, but caused the
PHB chains to become more rigid, possibly due to the formation of cross-links between the
chains [48,51].
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Table 4. Differential scanning calorimetry (1t heating curves) for neat polymers and their respective
blends (wt.% PHB/PLA/PCL) after 0 and 56 days of seawater degradation.

Sample o 5 o Crystallinity
mp d Ty °C) T O T °0) AH, (J/g) BHn 0g) e o
B 0 553 167.0 1106 768 672 460

56 62.9 166.8 1112 722 652 447
LA 0 66.7 149.9 59.2 _55 6.8 73
56 672 150.1 59.4 —49 7.0 75
oL 0 —431 613 28.1 653 613 454
56 —417 65.0 287 —71.0 822 60.9
. s PLA (1418),  PLA (972,  PLA(—13), PLA(108),  PLA(115),
50/50/0 : PHB (169.8) PHB(1064) PHB(—322) PHB(274)  PHB (188)
" 55 PLA (1452),  PLA (97.9), PLA(—18), PLA(99),  PLA (10.),
: PHB (169.8) PHB(1075) PHB(—200) PHB(29.7)  PHB (20.3)
. 04 PCL (583),  PCL(294), PCL(-356), PCL(344),  PCL(255),
50/0/50 : PHB (169.0) PHB(1056) PHB(—367) PHB(349)  PHB (23.9)
s ros PCL (637),  PCL(298), PCL(—342), PCL(39.7),  PCL (29.4),
: PHB(1714) PHB(1071) PHB(-349) PHB(343)  PHB (23.5)
PCL (58.8), PCL (158),  PCL(11.7),
PCL (29.4),  PCL (—18.6),
50/25/25 0 8.8 IIZLH‘; ((11‘5?) PHB (1062)  PHB (—29.0) lf}LI‘g‘ ((;01)') 1£)I—L1§ ((fé%
PCL (60.1), PCL (266),  PCL (19.7),
PCL (29.8),  PCL (—21.1),
56 60.1 PLA (143.8), B PLA (45),  PLA (48),
PHB (1687) L 1B(106.6)  PHB(=317)  prgian s PHB (20.8)
PCL (59.5), PCL(93),  PCL (6.9),
PCL (30.2),  PCL (—11.4),
30/50,20 0 598 IELH‘; ((11%?) PHB (105.0)  PHB (—16.8) ;)}LIQ ((1952;') IlzhAB ((Z'i))'
PCL (61.4), PCL(21.7),  PCL (16.1),
PCL (30.8),  PCL (—15.1),
56 614 PLA(64),  posGoSk pEEiTO) PLA(LS),  PLA(126)
PHB (171.4) PHB(178)  PHB(122)

Furthermore, the Ty, values of both PLA and PHB remained relatively constant, in-
dicating that seawater degradation did not significantly affect the crystallinity of these
polymers. In contrast, the T, of PCL increased from 61.3 °C to 65.0 °C after degrada-
tion, and it also increased its crystallinity from 45.4% to 60.7% after 56 days of seawater
degradation, due to the amorphous regions of the polymer being more susceptible to
hydrolysis degradation.

The data also demonstrated that the thermal properties of the polymeric blends were
similar to those of their respective neat polymers, varying according to the ratio of each
polymer within the blend. For instance, the Tg of the 50/50/0 blend of PLA and PHB was
similar to that of neat PHB, but slightly lower than that of neat PLA. Seawater degradation
also had a similar effect on the thermal properties of the blends, with the crystallinity
indices of neat PLA and PHB polymers remaining slightly constant after degradation,
whereas the crystallinity of PCL increased. A similar effect was observed for the respective
blends, which varied according to their polymer ratios.

3.5. Morphology of the Samples

The examination of fractured specimens after tensile testing revealed the brittle fracture
of samples of neat PLA and PHB at 0 and after 56 days of seawater degradation. Both
polymers presented lower strain before failure in the stress—strain curves, as reported in
Figure 2. A ductile fracture preceded by significant plastic deformation was observed,
associated with extensive stress whitening that occurred throughout nearly the entire gauge
zone of the specimen, which diminished in the same specimens after 56 d of seawater
degradation. This was observed in the blends containing 50 wt.% of PLA, such as both
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50/50/0 and 30/50/20 formulations, as shown in Figure 5. Furthermore, it was observed
that blends with weight ratios of 50/0/50 and 50/25/25 (wt.% PHB/PLA /PCL) exhibit a
greater occurrence of white spots, which are indicative of surface degradation accompanied
by a loss of ductility and transition to brittle fracture behaviour [35], after 56 days of
seawater degradation.

|
|
|

Figure 5. Comparative of the different morphologies of PHB, PLA, and PCL samples and their

od 56 d

/M

PH

50/0/50

PLA

50/25/25

(2

PCL
30/50/20

respective ternary blends with different compositions (wt.% PHB/PLA /PCL), after tensile testing at
0 and after 56 days of seawater degradation.

SEM photomicrographs revealed the formation of cracks and fissures on the surfaces
of the PLA, which is also a typical indication of polymer degradation [52,53]. The formation
of cracks on the surface of PLA samples is an important factor in promoting the diffusion
of OLAs into the degradation environment [54]. These cracks increased the surface area of
PLA, which was exposed to an environment that promoted degradation, thereby facilitating
the diffusion of OLAs and other degradation products. The increased diffusion of OLAs
from PLA also promotes local bacterial activity, as the microorganisms present in the
environment can more readily access OLAs and use them as a source of carbon and energy.
This localised bacterial activity can further accelerate the degradation of PLA, leading to
a quicker breakdown of the polymer chains and the release of carbon dioxide and other
by-products [24].

As depicted in Figure 6, the SEM analysis of the studied blends revealed uneven
surface topography and disordered internal structures, which are indicative of phase
separation within the blend. These observations are consistent with previous investigations
and with the behaviour of immiscible polymer blends [55]. This is in contrast to the
smooth and uniform fracture surfaces characteristic of neat PLA and PHB, which present
brittle fracture behaviour and might be classified as rigid fillers in the blends, whereas
the presence of PCL improves the overall ductility of the blends, as evidenced by SEM
photomicrographs and mechanical properties from previous investigations [56-59].
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Figure 6. SEM photomicrographs of blends 50/0/50 (left) and 50/25/25 (right)
(wt.% PHB/PLA/PCL) at 0 and after 56 days of seawater degradation.

In previous studies on ternary blends of PHB, PLA, and PCL, researchers reported
that neat PLA has a brittle fracture with a typical smooth surface presenting several crack
fronts [11]. Regarding PLA /PHB blends (60/40 wt.%), SEM photomicrographs also showed
a morphology indicating phase separation between the polymers, and were confirmed by
thermal analysis [35]. In other studies, the immiscibility of the blends was evidenced by
the bead-like shape of the blends containing PCL, with the PCL dispersed phase containing
spherical shapes ranging from 1 to 10 um [39,60].

4. Conclusions

The present investigation utilised a methodology to fabricate and assess blends com-
posed of biodegradable materials such as PHB, PLA, and PCL, resulting in the production
of materials with customised mechanical properties. The evaluation of seawater degrada-
tion mechanisms revealed the occurrence of surface erosion and bulk degradation in the
blends, where the weight variance was initially positive in certain blends, indicating the
presence of bulk degradation with the formation of cracks and fractures that permitted the
permeation of fluids and salts, subsequently resulting in an increase in weight. However,
this effect tends to increase the degradation rate over time by augmenting the surface
area of degradation and the local autocatalysis effect. These findings have significant
implications for understanding the degradation behaviour of these polymers in a seawater
environment.

In light of the findings of this study, the development of tailored mechanical properties
for PHB/PLA /PCL blends is suggested by adjusting the content of each biopolyester. The
tensile results indicated that all samples exhibited increased brittleness after 56 days of
seawater degradation, with PLA being the most rigid polymer among the investigated ma-
terials. The blending process of the samples in this study with PCL promoted the flexibility
of the blends, especially the ones with the highest content of PLA. As corroborated by pre-
vious studies, the addition of different amounts of PCL causes a decrease in the stiffness of
PLA-based samples by improving their elongation at break and impact strength properties,
which facilitates their use in packaging and medical device applications. Furthermore, neat
polymers underwent degradation in a one-step stage, whereas blends containing two or
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three polymers underwent a multistep degradation process, indicating a degree of immisci-
bility between the polymers. Morphological analysis of the samples revealed brittle fracture
in PLA and PHB and ductile fracture preceded by significant plastic deformation in blends
containing 50 wt.% of PLA, such as 50/50/0 and 30/50/20 formulations, accompanied by
extensive stress whitening across the gauge zone. In addition, blends with weight ratios of
50/0/50 and 50/25/25 (wt.% PHB/PLA /PCL) exhibited a higher frequency of white spots,
indicating surface degradation, loss of ductility, and transition to brittle fracture behaviour.
Based on the findings of this study; it is recommended to develop a biopolyester blend with
a high PCL content to promote ductility, in combination with a suitable ratio of PHB and
PLA to achieve the desired mechanical properties.
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(b) PLA, (c) PCL, (d) B2: 50/50/0, (e) B3: 50/0/50, (f) B4: 50/25/25, and (g) B5: 30/50/20 (wt.%
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Abstract: The substitution of fossil resources by alternatives derived from biomass is a reality that
is taking on a growing relevance in the chemical and energy industries. In this sense, fats, oils, and
their derived products have become indispensable inputs due to their broad functional attributes,
stable price and sustainable character. Acrylated vegetable oils are considered to be very versatile
materials for very broad applications (such as in adhesives, coatings or inks) since, in the presence
of photoinitiators, they can be polymerized by means of UV-initiated free radical polymerizations.
The usual process for the synthesis of acrylate vegetable oils consists in reacting epoxidized oils
derivatives with acrylic acid. Here, the influence of different catalysts on the activity and selectivity
of the process of acrylation of epoxidized soybean oil is studied. In addition, a novel one-step method
for direct acrylation of vegetable oils is also explored. This new approach advantageously uses the
original vegetable resource and eliminates intermediate reactions, thus being more environmentally
efficient. This study offers a simple and low-cost option for synthesizing a biomass-derived monomer
and studies the potential for the 3D printing of complex structures via digital light processing (DLP)
3D printing of the thus-obtained novel sustainable formulations.

Keywords: soybean oil; one-step reaction; biobased polymers; UV-curable; 3D printing

1. Introduction

The modern world is constantly changing in order to be able to satisfy all requirements
at both technological and industrial levels. In this sense, the 4th industrial revolution,
also called Industry 4.0, began some years ago as a revolution that utilizes information
technology in the manufacturing sector to enable smart manufacturing [1], highlighting
additive manufacturing (AM) as being among the most useful process. AM is defined
as a process that “makes ‘objects” from a digital ‘model” by depositing the constituent
material/s in a layer-by-layer manner using digitally controlled and operated material
laying tools” and includes eight different processes: binder jetting (BJ), directed energy
deposition (DED), material extrusion (ME), material jetting (MJ), powder bed fusion, sheet
lamination (SL) and vat photopolymerization (VP). Among these methods, VP needs to
be highlighted as it allows the production of large parts with excellent accuracy, surface
finish and details [2]. Particularly, digital light processing (DLP) 3D printing is among
the most useful techniques of VP due to its basis in the layer-by-layer curing of liquid
resin formulations using digital micro-mirror devices (DMD) that induce an instantaneous
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entire layer polymerization, compared to stereolithography (SLA) methods that cure liquid
formulations using single-laser point technology [3]. In addition, as a UV light-induced
polymerization technique, DLP presents advantages because it is a fast, economic and
nontoxic method that works at room temperature, with space and energy efficiency, and
produces high-resolution patterns compared to the other AM processes [4].

Conversely, the current situation of the planet due to the growth of the greenhouse
effect, climate change, and fossil fuel resource depletion, requires the adoption of a circular
economy (CE) strategy in which the production process relies on the principles of sustain-
ability, such as green purchasing, reusing, recycling, and remanufacturing [5]. Furthermore,
the COVID-19 pandemic situation has drastically increased the consumption of disposable
polymer-based materials [6]. Thus, the use of materials obtained from sustainable sources
becomes more important year by year. Among the different possible options of renewable
materials, terpenes, carbohydrates, and vegetable oils are the most used monomers for the
plastic production [7]. In particular, oils obtained from vegetables, such as cardanol [8], are
important renewable feedstocks for the synthesis of UV-curable biobased materials because
of their low cost in comparison to other biomass material, as well as their availability and
biodegradability [9].

Here, soybean oil (SO) stands out as one of the oils presenting the largest global
production volumes (together with palm and rapeseed oil) with an economical price for
large-scale uses [10]. Additionally, it presents low toxicity, biocompatibility, inherent
biodegradability, high thermal stability, and good mechanical properties, and can be easily
combined with fillers to make functional materials [11].

However, AM processes, particularly DLP printing, are not optimized for the use of
materials obtained from renewable sources. The most promising ones for use as DLP resins
are vegetable oils (such as the aforementioned soybean oil) because they have liquid or
quasi-liquid states, similar to those of the existing petroleum-based resins, and as they
present functional groups along their chains, which are similar to those needed for UV
curing, such as the carbon—carbon double bonds of the triglyceride [10,12]. Despite this, it
was demonstrated that the reactivity of those groups against UV light in the presence of a
photoinitiator was very low [13]. For this reason, several methods have been developed to
functionalize vegetable oils, including epoxidation and/or acrylation. Epoxidation is one
of the most used methods when photocurable materials for film and coating applications
are needed, while acrylation is most appropriately used to obtain 3D printable resins.
The epoxidation reaction of vegetable oils has been tested for several oils such as peanut,
rapeseed, rose hip, safflower, or camelina oils, among others. This epoxidation consists
in reacting internal alkenes of vegetable oils using oxidizing systems to form the epoxy
groups. This is typically carried out using one of these four epoxidation methods: in situ
with peracids in the presence of an inorganic soluble or supported catalyst; with organic
or inorganic peroxides, using transition metals or enzymatic species as catalysts; via
halohydrins formation; or using molecular oxygen [14-16]. On the other hand, acrylation
of vegetable oils has been generally carried out as a two-step process consisting in an initial
epoxidation reaction (as explained above), followed by acrylation using acrylic acid. This
is the common way of obtaining acrylated epoxidized vegetable oils, such as the ones
made of soybean, palm, castor, linseed, or Jatropha seed [17-19]. However, in terms of
green chemistry (atom economy) and cost-effectiveness, it would be desirable to synthesize
acrylated vegetable oils via the direct addition of acrylic acids to the carbon—carbon double
bond of the triglyceride as it is prone to capturing electrophiles [20]. In this sense, the direct
acrylation reaction has been studied for use in soybean oil [21,22].

In this way, the main objective of this work is to synthesize and characterize acrylated
epoxidized soybean oil (AESO) and direct acrylated soybean oil (ASO), and to study their
application as suitable formulations for DLP 3D printing, comparing the final mechanical
and viscoelastic properties of UV-cured materials.
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2. Materials and Methods
2.1. Materials

Epoxidized soybean oil (ESO) EPOVINSTAB H-800D, with a viscosity of 550-650 cP
at 20 °C, was obtained from Hebron SA (La Llagosta, Spain) while soybean oil (SO) was
obtained from KM Elite products (Petwoth, UK). The acrylic acid anhydrous (AA), present-
ing a purity of 99%, was purchased on Fluka (Buchs, Switzerland) and hydroquinone with
a purity of 99.5% was acquired from Acros Organics (Hampton, NH, USA). Five different
materials were used as catalysts of ESO acrylation: triethylamine (TEA) with a purity of
99% from Fisher Chemical, triphenylphosphine (TPP) with a purity of 99% from Acros
Organics, and three different chromium salts, namely, chromium (III) 2-ethylhexanoate at
50% purity in 2-ethylhexanoic acid (Cr(EH)3;-EHXA) from Alfa Aesar (Kandel, Germany),
chromium (III) 2,4-pentanedionate (Cr(acac)s) with a purity of 97% from Alfa Aesar, and
chromium (III) 2-ethylhexanoate (Cr(EH)3-MO) at 70% in mineral oil from VladaChem
(Malsch, Germany). In the case of acrylation of SO, boron trifluoride (BF3) at 48% purity in
diethyl ether (Et,O), obtained from Acros Organics, was used as a catalyst. Ethyl acetate
with a purity of 99.8% was obtained from Fisher Scientific (Hampton, NH, USA) and
sodium sulphate anhydrous with a purity of 99.0% was purchased from Sigma Aldrich
(Darmstadt, Germany). Deuterated chloroform, presenting a purity of 99.8%, was acquired
from Sigma Aldrich and used as a solvent in nuclear magnetic resonance experiments.

Phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide with a purity of 98% was purchased
from Sigma Aldrich and used as a photoinitiator. Ethanol (EtOH) purchased from Merck
(Darmstadt, Germany) with 96% of purity was used as a sample cleaner. Poly(ethyleneglycol)
di-acrylate (PEGDA) of a molecular weight of 575 g/mol from Sigma Aldrich (Darmstadt,
Germany) was used as a sacrificial material during the 3D printing process.

2.2. Synthesis of Acrylated Epoxidized Soybean Oil (AESO)

AESO was obtained by opening the oxirane groups present in the fatty chains of
commercial epoxidized oils with acrylic acid. Reactions were carried out in a batch mode
using mechanically stirred glass reactors with a 1.1 molar excess from acrylic/epoxide
groups. Temperature was maintained at 80 °C for 6 h. In total, 1% (w/w) hydroquinone was
employed as a polymerization inhibitor. The efficiency of different nucleophilic catalysts
was evaluated using the same operational conditions in order to select the most appropriate
catalysts for use in the process. TEA and TPP were selected as two of the most common
catalysts used in acrylation reactions [18], together with three salts of chromium (III).

Products were dissolved with ethyl acetate and washed several times with brine
until the complete removal of the rest of the catalyst, hydroquinone, and acrylic acid.
This process was finished with the determination of a neutral pH for the aqueous phase.
On the other hand, the organic phase was collected, dried over sodium sulphate and
filtered. Finally, the remaining organic solvent was eliminated via vacuum distillation. The
evolution of the acrylation of epoxidized oils was followed by epoxide index and acidity
measurements.

2.3. Synthesis of Acrylated Soybean Oil (ASO)

Soybean oil (SO) and acrylic acid (AA) were premixed in specific proportions in a
glass reactor equipped with a condenser, thermometer, and magnetic stirring. When the
temperature achieved 80 °C, BF3-Et,O was added as a catalyst to the system. The acrylation
reactions were maintained for 10 h. The purification of products was carried out following
the same protocol as is employed in the acrylation of epoxidized oils.

2.4. Characterization of Acrylated Oils by Epoxy Index (E.L.), Acidity Index and lodine Value

The disappearance of the oxirane groups present in the ESO gives an idea about the
evolution of the acrylation reaction and its corresponding conversion. This factor was
assessed from the epoxy oxygen content determination, which was performed with the
standard AOCS analysis method Cd 9-57.
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Conversely, the presence of free acidic species in the reaction mixture was determined
via the acidity index according to the norm (UNE-EN-ISO 660 [23]). We determined the free
acrylic acid that remained after the reaction process. Finally, the iodine value was measured
via the Wijs method [24]. This analysis permitted us to establish the unsaturations present
in the soybean oil.

2.5. Fourier Transformed Infrared Spectroscopy (FTIR)

Fourier transformed infrared spectroscopy (FTIR) was used to analyze the main
chemical groups of the molecular structures of the different oils synthesized. The five
different acrylated epoxidized soybean oils (AESO) obtained depending on the catalyst
used, as well as the acrylated soybean oil (ASO), were analyzed. In addition, the synthesis
reaction of AESO using the chromium (III) 2-ethylhexanoate at 70% in mineral oil (Cr(EH)s-
MO) catalyst was followed at different times via FTIR, and epoxidized soybean oil (ESO)
and soybean oil (SO) were studied in order to compare the initial and final products
obtained. A Bruker Alpha Platinum ATR-FTIR spectrophotometer (Billerica, MA, USA)
was employed for experimental measures. Spectra were collected at a resolution of 4 cm ™!,
in transmittance mode, within a range of 400 to 4000 cm~!. A total of 24 scans were
acquired for each analysis.

Furthermore, attenuated total reflectance-Fourier transform infrared spectroscopy
(ATR-FTIR) equipment was used to monitor the photopolymerization reaction of AESO
and ASO formulations (AESO-L and ASO-L prepared as explained in Section 2.7) by
assessing the disappearance of the acrylic double bond peak at 1630 cm~!. Samples were
measured first in a liquid state (pre-cured) and then a solid state (post-cured) after 90
s irradiation at room temperature and under nitrogen atmospheric conditions using a
Dymax ECE 5000 UV lamp (130 mW /cm? of irradiance) (Frankfurt, Germany). For ATR-
FTIR, we used a Thermo Scientific Nicolet iS50 FTIR Spectrometer (Waltham, MA, USA)
instrument equipped with a diamond crystal ATR accessory. For each measurement, 32
spectra were obtained in the spectral range from 4000 to 600 cm ™ at a resolution of 4 cm~!.
The averaged value after 3 measurements was indicated.

2.6. Nuclear Magnetic Resonance ('H-NMR)

The chemical structure and the degree of acrylation (AD) of AESO and ASO were
determined via NMR spectroscopy. Briefly, 'H-NMR spectra were taken in CDCl; on a
Bruker Avance 300 MHz spectrometer at 25 °C, employing a polymer concentration of
33 mg/mL for all oils measured. For the quantification of the modification of epoxidized
soybean oil (ESO) and soybean oil (SO), the relative area of the hydrogen atoms of a
group that does not change during the reaction, i.e., hydrogen atoms of the carbon next
to the carbonyl group, was used as a reference for the determination of protons at an
acrylate group.

2.7. Preparation of 3D Printable Formulations and Solid Samples

Liquid formulations for use as 3D printable materials were prepared by mixing the
corresponding oil (AESO for the AESO-L sample and ASO for the ASO-L sample) with a
1 wt.% of photoinitiator (sufficient quantity to ensure photopolymerization in relatively
short periods of time [10]). A homogeneous solution is obtained after 30 min of magnetic
stirring at 50 °C for AESO material and at room temperature for ASO material. Then, in
order to de-gas the liquid formulations, samples were sonicated for 1 h in an ultrasound
bath at a controlling temperature above 40 °C.

AESO-L and ASO-L formulations were used to obtain the corresponding solid samples
AESO-S and ASO-S, respectively. For solid samples, liquid formulations were added to
a silicone mold and cured via illumination with a Dymax ECE 5000-UV lamp for 60 s at
130 mW /cm? of irradiance under a nitrogen atmosphere.

In the case of 3D printing, samples were prepared using the 3D printer Asiga MAX
X27 DLP printer (Erfurt, Germany) presenting a diose source emitting at 405 nm, a building
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volume of 51.8 x 2.92 x 75 mm, and a XY pixel resolution of 27 um. During the printing
process, a sacrificial PEGA base (around 50 um thickness) was used to easily remove
the printed samples. The layer thickness and light intensity were fixed at 50 um and
40 mW /cm?, respectively. Exposure time was selected for each formulation attending to
the photorheology results, while the temperature was controlled to be constant at 35 °C.
After printing, samples were washed in an ethanol bath under ultrasonication conditions
for 5 min and post-cured 3 min under UV light in a robot factory medium-pressure mercury
lamp at 12 mW /cm? of irradiance.

2.8. Characterization of 3D Printable Formulations

The samples AESO-L and ASO-L were characterized in terms of viscosity and pho-
tocuring. Viscosity measurements were performed at 25 °C in a cone-plate geometry
CP50-1 (diameter of 25 mm and cone angle of 1°) with a fixed gap of 1 mm using an Anton
Paar MCR302 instrument (Ganz, Austria). The viscosity was recorded by varying the shear
rate (y) of the samples from 1000 to 0.01 s~ 1.

In the case of photocuring, both the total carbon—carbon double bond conversion and
the reactivity of the liquid formulations were evaluated. For the reactivity, photorheology
tests were carried out using an Anton PAAR Modular Compact Rheometer (Physica MCR
302, Graz, Austria) in a parallel plate configuration with a plate distance of 0.3 mm (upper
disk diameter of 25 mm and quartz as a bottom disk). The measurements were performed
at a constant frequency of 1 Hz and temperature of 25 °C. When the signal stabilized after
60 s, samples were irradiated from the bottom with a UV light of Hamamatsu LC8 lamp
at 30 mW /cm? of irradiance. The evolution of both the storage and loss moduli (G’ and
G”, respectively) in time was recorded, and the averaged results of each sample after three
measurements were presented. For the total C=C double bond conversion, ATR-FTIR
technique was used as explained in Section 2.5.

2.9. Characterization of Solid Samples

The characterization of AESO-S and ASO-S was performed on samples prepared
using a Dymax ECE 5000-UV lamp. Dynamic mechanical thermal analysis (DMTA) was
performed on rectangular samples of 20 mm X 7.5 mm X 1 mm using a Tritec 2000 DMA
equipment from Triton technology Ltd. (Leicester, UK). Samples were tested by setting a
temperature ramp of 2 °C/min at a fixed frequency of 1 Hz with a total displacement of 20
pum in the temperature range of —60 to 120 °C. The apparent crosslinking density (v.) of
both AESO-S and ASO-S was calculated applying the Equation (1):

Ve = E/R
¢ 3RT

M

where E'g is the storage modulus at the rubbery plateau (obtained from the graph at a
temperature of 50 °C above the glass transition temperature), R is the gas constant, and T
the absolute temperature.

To evaluate the mechanical properties of the prepared solid samples (AESO-S and
ASQO-S), stress—strain tests were performed in specimens that had dimensions of about
5mm x 50 mm x 1.10 mm with a Metrotec FTM-50 (20 N load cell) (Lezo, Spain) at room
temperature and at a deformation rate of 1 mm/min. The Young modulus (E) was obtained
by calculating the slope of the linear region and the strain (¢},) and stress (o},) at break were
provided in a way that takes five replicates into consideration.

Moreover, the 3D-printed samples were also characterized in terms of the quality of
the printed materials. Three-dimensional scanning of the printed objects was performed
with a E4 3D scanner from 3Shape and a heat map of the difference between the digital file
and the digitalization of the real object created by the 3D scanner was reported.
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3. Results
3.1. Synthesis and Characterization of Acrylated Epoxidized Soybean Oil (AESO), Effect of the
Catalyst Nature

Acrylated epoxidized soybean oils are commonly synthesized through two consecu-
tive steps. First, the vegetable oil is epoxidized to transform the double bonds of the fatty
chains into epoxide functionalities. In the second step, these epoxide groups react with the
carboxylic groups of acrylic acid to give the desired product.

Epoxide groups are tensioned and stressed structures which are very prone to reacting
with nucleophiles that interact with the electrophile carbon of the C-O bond, making the
ring opening easy [25]. This C-O bond is also polarized by electrophilic compounds, such as
protic acids, or Lewis acids that can interact with the electron pair of the oxygen. As a result,
carboxylic acid reacts with the epoxide group, giving an ester and hydroxyl functionality.
As the epoxidation of vegetable oils is a mature industrial process, commercial epoxidized
oil was directly reacted to acrylic acid in order to study the second step of the process.
Five different catalysts were considered to speed up the acrylation reaction: TEA and TPP
had been previously referenced in the bibliography [26]. On the other hand, a commercial
chromium (IIT) complex salt named AMC-2® accelerator had been demonstrated to be
effective in the acrylation of epoxides with organic acids [27]. Here, three alternatives to
AMC-2® were compared: chromium (III) 2,4-pentanedionate at 97%, chromium (III) 2-
ethylhexanoate at 50% in 2-ethyl hexanoic acid, and chromium (III) 2-ethyl hexanoate in 70%
in mineral oil. All catalysts were tested in equivalent conditions: 80 °C; a small molar excess
of acrylic acid to oxirane oxygen of 1.1:1; 1% hydroquinone to prevent homopolymerization;
a molar ratio (MR) of catalyst to epoxidized oil of 1% b (w/w); and a reaction time of 6 h.

Making a comparison between the different catalysts employed, it was found that
the chromium (IIT) 2-ethyl hexanoate in 70% of mineral oil presented the highest epoxide
conversion (98%), followed by the chromium (III) 2-ethylhexanoate 50% in 2-ethyl hexanoic
acid. Next, the chromium (III) 2,4-pentanedionate 97% offered a conversion of 69%, and
finally, the least active catalysts were triphenylphosphine (68%) and triethylamine (65%).

As depicted in Scheme 1, the role of the catalyst is related to its acidic/basic properties,
as well as its ways of activating the reactant molecules to produce the acrylated oil. In
this way, the best catalyst is the one that possesses dual behavior. Ethyl hexanoate and
petanedionate anions present basic properties. They abstract a proton from the acrylic
acid to form an acrylate anion. On the other hand, Cr (III) is a Lewis acid. It polarizes the
C-O bond in the epoxide ring (STEP 1), making the carbon atom more electrophilic, thus
providing the attack of the nucleophile. It results in easier epoxide ring opening (STEP 2).
Finally, the bases transfer the proton to the previously formed anion, giving acrylated oil
(STEP 3). TPP and TEA are exclusively basic catalysts, meaning that their efficiency in the
reaction is related to their basicity degree.

Although the conversions are quite similar using chromium (III) 2-ethyl hexanoate
diluted in either mineral oil or in 2-ethyl hexanoic acid, it is necessary to consider that in
the second case, the solvent can compete with acrylic acid in terms of opening the epoxide
rings, thus lowering the selectivity and yield of the acrylated oil.

The use of chromium (III) 2-ethyl hexanoate in 70% in mineral oil allowed the comple-
tion of the acrylation reaction in equivalent operational conditions to those of the AMC-2®
catalyst. The epoxide conversion of the reaction, which was quantified via the disappear-
ance of the oxirane groups of the vegetable oil at the beginning and the end of the reaction,
indicated it was concluded after 5 h. On the other hand, the acrylic acid content in the
reaction media was quantified via the acidity index in the product. It was stable at a value
corresponding to 32 mg KOH/g after 5 h of reaction, indicating that all the reactant needed
had already been consumed, as can be observed in Figure 1.
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Scheme 1. Reaction mechanism of the acrylated epoxidized oil.
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Figure 1. Evolution of the acrylation reaction using chromium (III) 2-ethyl hexanoate in 70% in
mineral oil. (e epoxide conversion %; A acidity index (mg KOH/g)). Operational conditions:
temperature = 80 °C; molar ratio AA /epox. = 1.1:1; 1% (w/w) hydroquinone.

According to the FTIR spectra (Figure 2), the product obtained was AESO. The com-
plete disappearance of the peak at 823-830 cm ! indicates that epoxide groups react to
form other functionalities. Instead, there is an absorption band of 3400-3500 cm~1, associ-
ated with the band of -OH. The vinyl group (=C-H) from the acrylate group appears at
3100 cm . The signal of double bonds (C=C) from the acrylate pendant groups is found at
1650, 1617, and 1406 cm L. It can be also observed a peak at 810 cm ™! a phenemenon which
is related to the acrylate out-of-plane deformation [28]. Finally, other peaks, such as the one
at750 cm™1, correspond to the band of several continuous methylenes (-CH,CH,CH,CH,-)
from fatty acid chains.
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Figure 2. FTIR spectra of ESO and AESO.

Figure 3 shows the !H-NMR spectra for ESO and AESO and gives their proton at-
tributions. The epoxidation of the vegetable oils was evidenced by the disappearance
of the peaks at 5.2-5.5 ppm, which indicated that the vinylic unsaturated hydrogens of
the SO were transformed into epoxy groups. These signals appeared again in the AESO
sample due to the presence of new acrylic unsaturations. The signals a (5 = 5.25 ppm),
b (6 =4.1and 4.2 ppm) and c (8 = 2.4 ppm) appeared in both spectra ESO and AESO since
they corresponded to the protons of the tri-ester group, which did not suffer modifications
during the acrylation reaction. On the other hand, a peak that corresponded to the epoxy
functionalities appeared at = 2.9 ppm (d) and disappeared in the AESO sample. In the
same way, the peak at 5 = 1.45 ppm that corresponded to -CH hydrogens adjacent to
epoxy groups disappeared in the acrylated sample. The signals at 6 = 6.5, 6.2 and 5.9 ppm
(e, f, g) corresponded to the cis, trans and gemminal hydrogens with respect to acrylate
ester groups. They confirmed the presence of acrylic functionalities in the AESO product.

ESO

i

Cc
e f g b
2 h

66 6.0 54 48 42 36 30 24 18 12 06
6 (ppm)

Figure 3. "H-NMR spectra of ESO and AESO.
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3.2. Synthesis and Characterization of Directly Acrylated Soybean Oil (ASO)

The double bonds present in the vegetable oils can directly react with acrylic acid
through a one-step process without their intermediate transformation into epoxide rings.
However, this reaction requires a strongly acidic catalyst [21] and different operational
conditions to activate double bonds of the fatty chains with low activity. Additionally,
the polymerization of acrylic acid should be avoided at the same time. Zhang et al. [20]
propose a plausible mechanism that explains the direct acrylation of SO with AA, as can be
seen in Scheme 2.
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Scheme 2. Reaction mechanism of the direct acrylation of double bonds.

First, the SO unsaturation degree was determined via the iodine index analysis (Wij's
method). Then, BF30OEt, was employed as an efficient Lewis acid capable of inserting
the acrylic acid molecules into the double bonds of the fatty chains. Overall, 0.1 equiv of
this catalyst were used since higher amounts promoted oligomerization reactions between
acrylic acid and SO. A molar ratio between the double bonds and acrylic acid of 1:6 was
employed to increase the contact between the reactive groups. It was observed that higher
AA amounts were not conducted in higher conversions. However, this was supposedly an
important cost of obtaining a valuable reactant and had more drawbacks in the purification
stage. The temperature was maintained at 80 °C for 10 h. Increasing the temperature
value permitted us to achieve higher conversions faster. However, secondary reactions also
appeared. Hydroquinone was used to prevent the polymerization of acrylic acid. However,
in this case, the concentration was lowered to 0.25% (w/w) because hydroquinone acrylate
can formed in the presence of this strongly acidic catalyst. The FTIR spectra of ASO
indicated some differences from the corresponding one of AESO, as can be seen in Figure 4.
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Figure 4. FTIR spectra of SO and ASO.
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The C=C vibration of the acrylate groups in ASO appeared at 1637 and 1619 cm ! and
was considerably more intense than that seen at the corresponding peak at 1652 cm~!. This
could be attributed to the C=C vibration in SO. Another two peaks appeared at 1400 and
960 cm ™!, respectively, corresponding to the scissoring vibration and the rocking vibration
of CH, in CH,=C of the acrylate group. Finally, the two peaks at 1296 and 1272 cm ™!
corresponded to the vibration of CH in acrylate CH= [28]. The most relevant difference
between AESO and ASO was evidenced by the absence of the peak 3400-3500 cm ! that
corresponded to the -OH groups of AESO since no hydroxyl functionalities were generated
by the direct insertion of acrylic acid into SO.

Regarding the TH-NMR results (Figure 5), whereas in the synthesis of AESO the
signals corresponding to the epoxide groups of ESO disappeared (5 = 2.9 ppm), the direct
acrylation of SO to give ASO showed a partial reaction conversion since the signals of
the double bonds of the triglyceride chains decreased (5 = 5.4 ppm) but remained in the
product. Referencing Zhang et al. [20], an average rate of 1.44 acrylate molecules per
triglyceride was inserted, which was inferior to the percentage achieved in the acrylation
of epoxidized oils.
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Figure 5. TH-NMR spectra of SO, ASO and AESO.

3.3. Characterization of 3D Printable Formulations

Once the starting polymeric precursors AESO and ASO have been prepared and char-
acterized, they are mixed with a 1 wt.% of photoinitiator in order to obtain the photocurable
formulations. Mainly, resins for use in DLP printing need to be characterized in a way that
attends to photoreactivity and viscosity [29]. The photopolymerization processability of
AESO-L and ASO-L formulations was evaluated via real-time photorheology, measuring
the evolution of both storage and loss moduli (G’ and G”, respectively), while samples were
irradiated with UV-light at 405 nm. Thus, G’ values as a function of time (t) are reported in
Figure 6a, while values of gel time (tg) calculated as the time at which the crossover of
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both moduli and the curing rate (AG’/At) occurs, measured as the slope of the G’ curves in
the initial irradiation times, are indicated in Table 1.
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Figure 6. Photorheology curves (a), FTIR spectra before (pre-) and after (post-) irradiation with
UV-light showing the double bond conversion (b) and viscosity as a function of shear rate at 25 °C
(c) of AESO and ASO formulations.

Table 1. Main properties for AESO and ASO liquid and solid materials.

Property AESO ASO
tgel (5) 1.3+02 70+ 14
AG' /At (kPa/s) 72£6 8.6 +0.2
Conversion (%) 79+3 93 +£2
Viscosity at y =1 s~1 (Pa-s) 11.8 £ 0.6 1.66 + 0.04
E'R (MPa) 40 2.6
Tg (°O) 48 —6
Ve (mmol-cm™3) 2.58 0.26
AV (%) 50+£0.2 434+04
E (MPa) 1.433 £ 0.370 0.085 + 0.007
op (MPa) 3.46 +0.25 0.43 +0.07
ep (%) 344 +0.46 11.04 +1.31
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The photorheology curves show that both acrylated oils present similar behavior and
offer a fast cure by UV light, as can be identified by the large slopes of both curves and the
short time that they take to arrive at the plateau. When formulations are irradiated, the
photolysis of the initiator generates radicals that rapidly react with the double bonds of the
acrylated oils, thus generating a crosslinked network rapidly [30]. The photocuring process
of AESO is faster than that of ASO, as revealed by an onset of polymerization of at less than
2 s compared to the 5 s required for the ASO polymeric precursor. The slower kinetic for
ASO-L than AESO-L is also revealed by the decrease in the slope at the initial part of the G’
curve, the curing rate being 72 £ 6 kPa/s for AESO-L and 8.6 & 0.2 kPa/s for ASO-L, and
by the higher tye of ASO-L (7.0 £ 1.4 s) than AESO-L (1.3 £ 0.2 s). A possible explanation
for this is related to the multifunctionality of the synthetized oils and the autoacceleration
phenomenon [31]. As 'H-NMR reveals, the functionality of the AESO polymeric precursor
is significantly higher than that that of the ASO polymeric precursor (2.46 acrylic groups
per molecule in the case of AESO versus 1.44 for the ASO) due to the higher effect of the
autoacceration for AESO than ASO and, therefore, the higher amount of kinetic energy for
the acrylated epoxidized oil than the directly acrylated one.

In addition, G” values after the photopolymerization plateau are directly related to the
mechanical stability of crosslinked materials [32]. Here, the results show that the G’ of the
AESO-cured polymer is larger than that of ASO, indicating higher mechanical properties
for AESO- than ASO-cured materials, as will be explained in the following section.

Photoreactivity was also characterized by measuring the acrylic double bond (C=C)
conversion via FTIR. The average percentages of conversion were calculated following the
decrease in the peak at 1630 cm !, corresponding to the mentioned C=C group at the pre-
and post-cured materials. The obtained values of conversion (in %), respectively, for the
initial C=C content are reported in Table 1, while the FTIR spectra can be seen in Figure 6b.

The FTIR spectra of AESO and ASO formulations display very similar peaks to those
characteristic of the main chemical groups presented in the soybean oil-based polymer [11].
Similar to the FTIR spectra of the synthetized polymeric precursors, the stretching vi-
brations of the -OH, C=0, and C-O-C groups are shown at 3450, 1725 and 1160 cm™ 1,
respectively. In addition, the characteristic bands of the asymmetric stretching vibrations
and deformations of the C-H bond in the -CHjy— and -CHj3- groups are identified at 2920,
2850 and 1450 cm~!. Further, the characteristic band of the stretching of C=C group is
presented in both formulations at the mentioned 1630 cm~!. When samples are irradiated,
the success of the C=C conversion can be confirmed by the decrease in the corresponding
peak and the difference between pre- and post-irradiated samples is easily observed when
spectra are zoomed in on. The conversion degrees are 79 & 3% for the AESO formulation,
while the ASO one presents a significantly higher conversion degree of 93 & 2%. This
can be ascribed to the difference in the functionalization of each oil due to the number
of double bonds being different per molecule of AESO or ASO, being 2.46 in the case of
AESO and 1.44 for ASO. As has been reported by several authors, the increased number
of functionalities presented in the photocurable formulations results in a decrease in C=C
conversion due to the vitrification of the highly crosslinked network and the concomitant
restricted mobility of the remaining acrylates [33]. Anyhow, high conversion degrees above
75% are confirmed for both formulations.

Once photoreactivity has been assessed, the viscosity of both formulations is measured.
In stereolithography or other layer-by-layer printing techniques (as DLP), the resin viscosity
is a crucial parameter, with low viscosities desired to enable an appropriate coating of the
last cured layer and the resin tank with the liquid resin before beginning the illumination
process of the subsequent layer [34]. Moreover, in the preparation of UV-curable formu-
lations, low viscosity oligomers are preferred due to their reduced demand for reactive
diluents [35]. However, there is not a fixed range of appropriated viscosities for DLP
printing, and some authors have highlighted different values depending on the material
used, such as 0.50-0.80 Pa-s for biorenewable formulations [29], a maximum of 10 Pa-s for
polymeric materials in general [36], or less than 20 Pa-s at a shear rate of 10 to 100 s~! for
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polymeric composites [37]. In this sense, viscosities of AESO-L and ASO-L formulations
were characterized at room temperature and in the range of 1000 to 0.01 s~! of shear rate.
Figure 6¢ depicts the viscosity curves thus obtained, and Table 1 includes the viscosity
values of both materials at a shear rate of 1571

The acrylated soybean oil-based formulations were found to be Newtonian. This can
be ascribed to the fact that near-constant viscosity values were showed in the shear rate
range tested, as occurs for other natural oils [38]. Particularly, the viscosity of AESO-L is
significantly higher (one order of magnitude) than the one of ASO-L, showing values of
11.8 + 0.6 Pa-s and 1.66 + 0.04 Pa-s, respectively, at shear rate of 1 s~!. In general, there
are two major factors that affect the viscosity of acrylated natural oils: molecular weight
and H-bonding through OH groups. The viscosity will be higher when the molecular
weight increases and when more -OH groups are presented in the formulation [35]. Thus,
the higher viscosity of AESO than ASO is justified due to the fact that AESO polymeric
precursor presented a higher acrylic functionalization than ASO, which indicates a high
molecular weight [35,39,40]. Further, as it is expected, the AESO presents -OH groups in the
structure due to the reaction mechanism that consists in the opening of the epoxy rings of
ESO and the formation of pendant -OH groups along the double-bond-reacted triglyceride,
while ASO is formed via the direct acrylation of SO and OH groups are not formed (also
revealed in the FTIR spectra of the polymeric precursors included in the previous section).

3.4. Characterization of Solid Samples

The characterization of solid samples (AESO-S and ASO-S) started with Dynamic
Mechanical Thermal Analysis (DMTA), which was employed to fully analyze their thermal
and viscoelastic properties. The storage (E’) and loss (E”) moduli were obtained, as well
as the ratio between of them named tan § (tan 6 = E” /E’). Thus, both E’ and tan § curves
in front of temperature are plotted in Figure 7a, and the storage modulus at the rubbery
plateau (E'R), the glass transition temperature of each material (Tg), calculated as the peak
on the tan 6 curve, and the apparent crosslinking density (v.), obtained as explained in
“Section 2”, are detailed in Table 1.
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Figure 7. E’ and tan 6 curves from dynamic mechanical thermal analysis, arrows indicate the axes of
each data (a), stress—strain curves, (b), Young modulus or E (c), strain at break or ¢}, (d) and stress at
break or o}, (e) of AESO-S and ASO-S samples.
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It is possible to observe that both curves present similar shapes. They are characterized
by a decrease in the storage modulus when temperature increases and the appearance
of a peak in the tan § plot that corresponds to the decay of the E’. This single E’ step
decrease changes from 680 MPa to 40 MPa in AESO-S sample and to 2.6 MPa in ASO-S,
corresponding to the transition between the glassy and rubbery states (glass transition) of
both materials [41]. Attending to the temperature at which this glass transition occurs, that
is, observing the temperature at which the tan 6 peak appears, a significantly difference
between the acrylated epoxidized and the directly acrylated materials is presented. The
Ty of AESO-S is located at a higher temperature (around 48 °C) than the one of ASO-S,
which appears at —6 °C. Further, the peak is particularly broader for AESO-S than ASO-S,
suggesting the existence of a more heterogeneous network for directly acrylated than
acrylated epoxidized material [42].

As it is described in the experimental part, the modulus at a rubbery sate (E'g) can be
related to the crosslinking density (v.) of the polymer networks. Thus, the calculated v, of
AESO-S is significantly higher (2.58 mmol-cm™2) than the one of ASO-S (0.26 mmol-cm™).
Attending to the results of photopolymerization process, a higher double bond conversion
for ASO-S than AESO-S was obtained. This, in theory, should indicate a higher crosslinking
degree of directly acrylated material than that for the epoxidized acrylated one [43]. How-
ever, the functionality of AESO was estimated as 2.46 acrylic groups per molecule, while for
ASO polymeric precursor it was 1.44. In this sense, a conversion of around 80% for AESO
supposes a higher number of double bonds converted than a conversion of around 90% of
ASO. Therefore, the number of crosslinking points, and hence, the crosslinking density, is
higher for AESO than ASO. This effect of crosslinking density also explains the difference
observed in the Ty of both materials, as occurs in other soybean oil-based materials [44].

The mechanical characterization of AESO-S and ASO-S samples was carried out via
stress—strain measurements. Figure 7b reports the obtained curves and the main parameters,
that is, Young’s modulus (E) and, the strain (¢p,), and the stress (o},) at break are plotted in
Figure 7c—e. These values are summarized in Table 1.

As can be clearly seen, AESO-S presents a typical stress—strain curves of thermoset
brittle materials, characterized by a continued linear increase in the stress with the increase
in the strain and the sample break before reaching the yield point at a low value of strain [45].
This indicates the rigid characteristics of the AESO-S material. In the case of ASO-S, a
similar behaviour is obtained, even if it shows a larger strain at break and a lower Young
modulus. The AESO-S sample presents an E value of around 1.433 £ 0.370 MPa. This is
significantly higher (around 20 times more) than the E value obtained for ASO-S, which is
0.085 &£ 0.007 MPa. In the case of parameters at break, o}, varies from 3.46 £ 0.25 MPa to
0.43 £ 0.07 MPa and ¢, changes from 3.44 4= 0.46% to 11.04 = 1.31% when soybean oil is
directly acrylated.

Typically, the mechanical properties of natural-based oil-cured films are dependent
on the inherent chemical composition and the crosslinking density of the oil presented.
When photocured polymers are considered, the increase in grafting number is an essential
parameter to be considered as the functionality of the oil directly depends on it [46]. Thus,
when functionality increases, the number of crosslinking points increases helping this to
the increase in the rigidity of the cured films and enhancing the mechanical properties of
photocrosslinked materials [47]. In this case, as NMR results reveal, the functionality of
AESO is higher than that of ASO, which the subsequent increase in the crosslinking degree
as DMA results indicate. Therefore, AESO-S presents a more rigid structure than ASO-S.
This is characterized by higher E and oy, values, as well as by a lower ¢y,

Having confirmed the good reactivity and the appropriate viscosities of both soybean
oil-based materials for DLP printing, the formulations are successfully 3D-printed. To
evaluate the resolution and the capabilities of both AESO-L and ASO-L materials in DLP,
a hexagonal honeycomb 3D form is printed. The 3D-printed structures are characterized
via a 3D scanner; Figure 8 shows the real photos of structures printed using both soybean
oil-based materials, as well as an analysis of them obtained using the scanner.
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Figure 8. Photographs of honeycomb printed structures for AESO and ASO materials (a) and 3D
image obtained with 3D scanner with the evaluation of the displacement between the CAD project

and the real device for same printed structures (b).

In previous probes, the different printing parameters were properly adjusted depend-
ing on the material employed. As the AESO-based formulation presents a higher viscosity
compared to ASO-based one, the working temperature for 3D printer slightly increases
from room temperature to 40 °C in order to facilitate the movement of the formulation
during the layer-by-layer process. Further, different parameters such as exposure time,
platform approximation velocity, or light intensity, were adjusted to obtain 3D structures
with a consistent form (self-supporting structures) in short periods of time. The methods
did not prioritize prevention over curing and had the highest possible quality. Thus, in
a honeycomb structure, great results are obtained for both AESO and ASO materials, as
Figure 8a depicts. In the case of an AESO-printed structure, an exposure time of 2 s per
layer is enough to properly obtain the whole structure. Meantime, for ASO material, an
exposure time of 4 s is needed (light intensity of 35 mW /cm? for both materials). This is in
concordance with the photorheology results that demonstrate a lowest reactivity for the
ASO formulation than the AESO one. In terms of the platform approximation velocity, the
lowest viscosity of ASO material than AESO allows for the use of a higher velocity, reducing
the total time needed for printing. In this sense, the exposure time of both parameters,
and the platform approximation velocity present the opposite effect, and the total times
required to print the honeycomb structures are similar for both materials. Similarly, other
photocurable resins, printed using the same printer as this study, also use the same printing
parameters as the ones employed here [48], indicating the good ability of these materials to
be used as DLP resins.
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Attending to the resolution and the quality of the printed structures, both materials
present a good similar appearance. Both AESO-S and ASO-S 3D-printed structures are
investigated via a 3D scanner in order to evaluate their CAD fidelity. Figure 8b presents
the comparison between the 3D image and the CAD virtual project. As can be seen, both
printed structures are colored in green, indicating the great resolution and the fidelity of
the project for both of them. The green color represents a displacement at about £ 0.1 mm
and yellow and light blue colors are about £0.2 mm. These results are to those obtained on
other soybean oil-based materials printed via DLP [49].

4. Conclusions

In summary, acrylated epoxidized soybean oil (AESO) and acrylated soybean oil
(ASO) have been successfully obtained from epoxidized soybean oil (ESO) and soybean
oil (SO), respectively. In the case of AESO, five catalysts have been studied. In particular,
we examined chromium (III) 2-ethyl hexanoate (Cr(EH)3-MO) in 70% in mineral oil, the
one with higher reaction yield according to the epoxide conversion and acidity index.
For ASO, the reaction has been performed by employing the boron trifluoride at 48% in
diethyl ether (BF3OEt2) as an efficient Lewis acid, obtaining the product with a lower
rate of acrylate molecules per triglyceride than AESO. Both AESO and ASO structures
have been confirmed via the 1H-NMR technique. Additionally, oils have been mixed
with an appropriate quantity of BAPO photoinitiator and the resulting formulations have
been analyzed in terms of 3D printability via photorheology and viscosity measurements.
Both AESO and ASO have been demonstrated to be suitable materials for DLP printing
and their printability has been studied by analyzing the quality of 3D-printed part by
means of a 3D scanner that indicates an accuracy of +0.1 mm for both oils. The AESO
photocured materials showed higher glass transition temperature, crosslinking density
and Young’s modulus than ASO, which can be ascribed to the lower acrylate group rate
presented. In conclusion, this work demonstrates the possibility of using biobased materials
as photocurable inks for 3D printing and the possibility of obtaining them via one-step
reactions from the original vegetable resource.
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Abstract: The influence of 3, 10 and 50 washing cycles on the properties of cotton fabric and cotton-
polyester blend in plain weave, was investigated in this study. In addition to the analysis of tensile
properties in weft and warp directions and thickness, the number of particles produced in the dry
state was also measured after 3, 10 and 50 washes. After washing, the entire effluent was analysed by
determining the total suspended solids (TSS), the total solids (TS), the pH value and the conductivity.
To determine the similarity of the observed wash cycles and properties of all processed samples,
hierarchical cluster analysis (HCA) was performed. The fabric changes indicated by total wear in
the warp direction after 50 washing cycles compared to unwashed ones amounting to 41.2% for
cotton and 30.9% for cotton-polyester blend, may be attributed to the synergy of washing factors and
raw material composition. Cotton fabric produced significantly more particles than cotton-polyester
fabric in the dry state after the examined washing cycles in all size categories. A smaller number
of released particles are in the larger size category >25 um. The obtained TSS values confirm the
degree of loading of the effluent with particulate matter from the analysed fabrics, since the detergent
consists of water-soluble components. The HCA dendrograms confirmed that the release of particles
during the first washing cycles is mainly determined by the structural properties of fabrics, while
in the subsequent cycles the synergistic effect of chemical, mechanical and thermal effects in the
interaction with the material prevailed.

Keywords: cotton; cotton-polyester; washing process; particles; release; dry and wet state

1. Introduction

Environmental protection and methods to analyse the impact of textiles on quality
and human health have been mandatory for many years and are now legal norms that need
to be clarified through extensive product monitoring, such as circular economy principles.
The choice of fibre is significant for the appearance of garments [1] and the environmental
impact in the dry state and after washes. Previous research described textile dust released
into the atmosphere as a result of the production and use of various types of textiles.
Exposure to textile dust occurs during the production process, finishing, use, textile care
and textile recycling. A major problem with the presence of textile dust is the possibility of
various diseases arising from daily exposure. Despite the focus on cotton dust, the same
challenges exist in the processing, finishing, and application of a variety of natural and
synthetic materials. Particles shed from synthetic textiles represent a bigger problem, as
they are deposited and cannot be broken down for the most part, which further pollutes
the environment and people [2].

During the washing process, textiles are exposed to chemicals and mechanical agita-
tion, which can create changes after repeated cycles. The extent of changes depends on
textile characteristics (construction parameters, polymerisation degree, swelling capacity)
as well as Sinner factors (chemicals, temperature, time, mechanical agitation) [3].
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Detergent formulations are often alkaline and contain bleach as oxidising agents,
which can trigger the chemical damage of cellulose when combined with other elements.
The loss of tensile properties in cotton textiles is strongly linked to the depolymerisation of
cellulose [4,5]. Lower washing temperatures, high efficiency detergents, and low bath ratios
are required for the washing process to be sustainable, resulting in external fibrillation
and pigment particle migration [6]. Cotton textile fibrillation may be associated with
hydrophilicity, swelling, and construction features, namely the presence of shorter fibres in
the yarn. This can be due to abrasion of the textile material in a wet (washing baths) or dry
environment (tumble drying) [7,8]. Friction and deformation are two of the most common
causes of clothing damage caused by washing machines [9,10]. The drying process at high
temperature may affect the formation of cracks, and increased fibrillation.

Polyester fibres are characterised by high strength, crease resistance and fast drying,
while cotton fibres are characterised by high strength, hydrophilicity and comfort [11].
These two fibre groups account for more than 75% of global production, and thus the largest
share of textile waste [12]. Polyester fibres are semi-crystalline [13], hydrophobic, do not
swell in water and are not prone to certain degradation and fibrillation. The influence of
abrasion under wet and dry conditions is related to the generation of pilling [14,15]. Cotton
and polyester textiles have different dimensional stability in wet and dry environments, in
addition to significant variances in characteristics.

Cotton fibres in the alkaline medium can swell radially and longitudinally during
finishing, causing shrinkage and increasing the take-up and yarn cross-section. In fibres
where the orientation of the cellulose chains is in the direction of the fibres, swelling is
greater in the transverse direction than in the longitudinal direction [16]. Increasing the
crimp of washed cotton fabrics increases the elongation [17].

Polyester materials may shrink or become damaged if exposed to a temperature
higher than the temperature of thermal transition. It was found that recycled polyester
sheds almost 2.3 times more microplastics in washing compared to virgin polyester, as the
strength of the fibre is reduced due to thermal exposure and shear degradation during the
recycling process [18].

Cotton and polyester blends can meet special requirements for functional products,
such as feel, appearance, dimensional stability, easy care and sufficient comfort [14]. The
blends offer a number of advantages over pure cotton materials, including the ability to
wash at lower temperatures, to reduce deposit content and are less damaged after multiple
wash cycles.

On the other hand, the presence of microplastic particles (MP) in natural and wastew-
ater, sediment, soil, aquatic organisms, and air has been linked to textile sources [19-24].

According to [25], “microplastic means particles containing solid polymer, to which
additives or other substances may have been added, and where 1% w/w of particles have
all dimensions 0.1 nm-5 mm, or a length of 0.3 mm-15 mm and length to diameter ratio
of >3”.

The fragmentation [26], degradation [27], ageing [28], washing [29], and drying [30] of
synthetic textile products are all possible sources of MP particles in environment [24]. Such
products used for wet and dry cleaning of surfaces (mops), isolated synthetic fibres from
vacuuming and drying, and fibres that come loose from clothing during home washing
are the most common sources of MP in the environment [31,32]. Washing is thought to be
responsible for around 35% of synthetic fibres in the environment [15,33].

The qualitative and quantitative determination of MP emissions and other released
substances is difficult due to the variability and complexity of sources, as well as the fact
that particulate matter is a vector for the dispersion of other emissions with varying degrees
of risk in a real system. Numerous methods for determining particles were applied, either
directly for the characterisation of dispersed systems [20] or after separation methods [34].
The choice of one or more methods of particle identification and/or separation in wet
and dry environments is determined by knowledge of the system in which the particles
originate. Total suspended solids (TSS) were found to be one of the best parameters for
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assessing the degree of particle loading in effluents and their separation [31]. Various filters
with different pore sizes can be used to determine this parameter, such as glass fibre fil-
ters [35], polyethersulphonic filters [36], cellulosic filters [37,38], polyamide, polycarbonate,
metallic and aluminosilicate filters [39,40].

The purpose of this research was to examine cotton fabrics and cotton-polyester blends
after three, ten, and fifty cycles by measuring the released particles in the dry state and
in washes. Particles in the dry state were released by cyclic bending, so the particle sizes
of the washed fabrics were measured separately. The distribution of particles released
from cotton fabrics and fabrics made of a blend of cotton and polyester was observed
both individually and as a combined system. The effluents of the washing process of the
aforementioned fabrics were analysed by determining the physico-chemical parameters,
TSS, TS (total solids), pH and conductivity to determine the degree of particle load.

At the same time, the effect of 3, 10 and 50 washing cycles on the thickness and
strength, which are the structural properties of the investigated fabrics, were monitored. It
is well known that Fourier transform infrared spectroscopy (FTIR) provides information
about changes in the chemical structure and environment of polymeric materials, such as:
the presence or absence of certain functional groups: shifts in the frequency of absorption
bands and changes in the relative intensity of the bands; the appearance of new peaks due
to modifications; and the monitoring of changes during the life cycle of the material [41]. In
addition, attenuated total reflectance Fourier” transform infrared spectroscopy (FTIR-ATR)
is a non-destructive analytical method that does not require lengthy sample preparation and
has an exceptional wave number accuracy of 0.01 cm ™!, which allows for the determination
of low concentrations of individual groups of compounds [42]. For this reason, FTIR-ATR
was applied in this study to evaluate the influence of 3, 10, and 50 washing cycles on the
physicochemical changes of the cellulose polymer and polyethylene terephthalate that
make up the cotton and cotton-polyester fabrics.

The originality of the research carried out can be seen in the connection between
the amount of particles released from the fabrics in the dry state and and after the
washing process.

2. Materials and Methods
2.1. Materials

Fabrics of 100% cotton and cotton-polyester (50:50) fabric in plain weave were pro-
duced on a Picanol OMNIplus 800 loom (air-jet loom, width 190 cm) at the Cateks d.o.o.
textile mill, Cakovec, Croatia. The fabrics prepared in this way were scoured and, bleached
according to the factory’s recipes and purchased for research purposes.The mass per unit
area of cotton-polyester fabric is 158.6 gm 2, while the cotton fabric has a mass per unit
area of 160.8 gm 2. Cotton and cotton-polyester fabrics have a warp and weft density of
20 picks per cm, and the fineness of two-ply yarn 14.2 tex.

The washing of the 3.6 kg fabrics, which contain 2.7 kg of cotton and 0.9 kg of polyester
(3:1), was carried out in accordance with HRN EN ISO 15797:2002 using a standard deter-
gent with fluorescent whitening agent, the composition of which is shown in Table 1, to
which 2 g/L peracetic acid (PAA) was added as a bleach in the washing process.

2.2. Washing Process

The cotton and cotton-polyester blend fabrics were washed in the laboratory washing
machine Wascator FOM71 CLS by Electrolux at 75 °C using programme 2 with 3, 10,
and 50 washing cycles. All process parameters comply with the standard, but due to the
importance of the influence of the process conditions, a detailed description of programme
2 is included in Table 2.
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Table 1. Composition of reference detergent according to HRN EN ISO 15797.

Composition Percentage
ABS-Na (C-12 chain) 0.425
Nonionic surfactant (C13/15 7EO or C12/14 7EO) 6.0
Sodium citrate dihydrate 5.0
Hydroxyethanediphosporic acid Na salt (HEDP) 1.0
Metasilicate anhydrous 42.3
Polymer (polymaleic acid) 2.0
Foam inhibitor (phosphoric acid ester) 3.0
Sodium carbonate 39.5
Fluorescent whitening agent 0.3
Water 0.475

Table 2. Washing procedure.

load ratio 1:17
agitation during heating, washing and rinsing normal
washing
liquor ratio 1:4
detergent 4 g/L detergent
additive 2 g/LPAA
temperature 75+£2°C
time 20 min
cool down yes
drain 1 min
interspin No
rinse 1
liquor ratio 1:5
time 3 min
drain 1 min
interspin 1 min
rinse 2
liquor ratio 1:5
time 3 min
drain 1 min
interspin 1 min
rinse 3
liquor ratio 1:5
time 3 min
drain 1 min
final extraction 6 min
residual moisture 35-40%

After washing, the samples were air-dried. Table 3 shows the designations applied to
samples before and after washing.
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Table 3. Designations of samples.

Designation Sample
CO-0w Cotton fabric before washing
CO-3w Cotton fabric after 3 washing cycles
CO-10w Cotton fabric after 10 washing cycles
CO-50w Cotton fabric after 50 washing cycles
CO/PES-Ow Cotton-polyester fabric after 3 washing cycles
CO/PES-3w Cotton-polyester fabric after 10 washing cycles
CO/PES-10w Cotton-polyester fabric after 50 washing cycles
CO/PES-50w Cotton-polyester fabric after 3 washing cycles

2.3. Methods

In order to monitor the influence of washing on the structural properties of fabrics
before and after the washing cycle, the thickness was tested according to HRN EN ISO
5084:2003 Textiles -- Determination of thickness of textiles and textile products at ten
different places using a thickness gauge DM 2000—Wolf, Germany with a precision of
0.001 mm. The thickness gauge is made up of two parts: a support to hold the material
in place and a device called a pressure plate, which is a 25 cm? circular plate that presses
down on the material at a specific pressure (preload of 0.5 kPa). Tensile properties were
measured on the samples in the weft direction before and after the washing cycles according
to EN ISO 13934-1:1999 Textiles—Tensile properties of fabrics—Part 1: Determination of
maximum force and elongation at maximum force using the strip method on a TensoLab
Strength Tester (Mesdan S.p.A., Puegnago del Garda, Italy), distance between clamps
100 mm, bursting speed 100 mm/min and pretension 2 N.

Determination of overall decrease in breaking strength (total wear) was calculated according
to ISO 4312:1989: Surface active agents—Evaluation of certain effects of laundering—Methods of
analysis and test for unsoiled cotton control cloth.

The total wear, U; of the fabrics was calculated according to Equation (1):

Fy—F

Uy = =210 1)

where U, is total wear (%), Fy is breaking force of unwashed fabric (N), and F is breaking
force of washed fabric (N).

Cotton and cotton-polyester fabric before and after 3, 10 and 50 washing cycles were
analysed using Fourier transform infrared spectroscopy (FTIR, PerkinElmer, Spectrum
100, Shelton, CT, USA) with the attenuated total reflection (ATR) measurement technique
obtained spectral curves were processed in Spectrum 100. Four scans were performed for
each sample with a resolution of 4 cm ! between 4000 cm ! and 380 cm !

The generation lint and other particles was measured on LasAir III (Particle Measuring
Systems) laser particle counter connected to a particle generator in a laminar airflow booth.
Samples were prepared according to EN ISO 9073-10 and mounted on the particle generator
and subjected to controlled bending. The number of particles released during the test was
measured in the following size categories: 0.3 um for particle sizes of 0.3-0.5 um; 0.5 pm
for particle sizes of 0.5-1 um; 1 um for particle sizes of 1-5 um; 5 um for particle sizes of
5-10 pm; 10 um for particle sizes of 10-25 um; 25 pm for particle sizes larger than 25 pm.
For each sample, the measurements were performed on 5 test tubes. This method was
adopted from EN ISO 9073-10 Textiles—Test methods for nonwovens—Part 10: Lint and
other particles generation in the dry state, with the test time adjusted to 30 min [2].

The entire effluent (hence referred to as effluent) collected from the washing procedure
and three rinse cycles was analysed as part of the research. Methods for characterising
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effluent after 3, 10 and 50 washing cycles include selected physicochemical parameters
such as TSS, TS, pH, and conductivity.

The total suspended solids (TSS) of effluents were determined by the standard gravi-
metric method. After membrane filtration of effluent using 0.7 um fibre glass filter (GF),
mass of GF with filter cake as residue after drying at 100 °C was determined.

The total solids (TS) of effluents were determined by the standard gravimetric method
in evaporating dish at 105 °C until constant mass was achieved.

pH and conductivity of effluents were determined using pH meter, Schott, ProLab
3000 and conductometer, CG 853, Schott, respectively.

To determine the similarity of the observed wash cycles and similar properties of all
processed samples, hierarchical cluster analysis (HCA) was performed using a Minitab
software, and graphs in the form of Ward’s dendrograms showed the homogeneous groups
or clusters whose variables are connected by a certain similarity [43].

3. Results

The effect of the cyclic washing procedure on the qualities of cotton fabrics and cotton-
polyester blends was studied by monitoring structural features, thickness, and tensile
properties. These fabrics were washed under the same conditions, and it is predicted that
the percentage of cotton component will have an effect on thickness variations during
washing cycles.

3.1. Structural Parameters

The average values and coefficients of variation of the measured fabric thicknesses
before and after 3, 10, and 50 washing cycles are presented in Table 4.

Table 4. Average value and standard deviation of the fabrics before and after the washing cycles.

Sample Thickness (mm) CV (%)
CO-0w 0.440 2.83
CO-3w 0.489 6.35
CO-10w 0.516 6.66
CO-50w 0.553 8.61
CO/PES-0w 0.384 2.20
CO/PES-3w 0.443 1.52
CO/PES-10w 0.443 1.52
CO/PES-50w 0.461 2.97

The data in Table 4 show that the cotton fabric has a larger thickness before washing
than the unwashed fabric consisting of a cotton-polyester blend. Due to the influence of the
parameters of the washing process, the thickness of the cotton fabric increases. Statistical
results indicate that cotton textiles shrink unevenly when washed. The cotton-polyester
blend showed the highest difference in fabric thickness after three cycles as compared to
unwashed material. Further washing cycles had a significantly lower influence on the
thickness change, indicating no further scatter in relation to the structural features of the
sample in terms of the coefficient of variation. The swelling of cotton fibres in the alkaline
medium of the washing bath causes shrinkage, which modifies the cross-section of the yarn
and results in differences in fabric thickness. The hydrophobic polyester component of the
blend is more resistant to all washing parameters and guarantees dimensional stability of
the fabric.

Table 5 groups the average values of breaking strength and elongation of cotton and
cotton-polyester samples before and after the third, tenth, and fifth washing cycles.
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Table 5. Breaking strength (F) and elongation (€) of cotton and cotton-polyester fabrics in warp and
weft directions.

Samples F(N) € (%)

CO-0w weft 483.8 6.46
warp 1028.8 8.94

CO-3w weft 501.8 6.82
warp 706.0 15.16

CO-10w weft 582.2 7.84
warp 729.8 18.00

CO-50w weft 518.8 8.42
warp 605.0 20.14

CO/PES-Ow weft 480.2 14.64
warp 1074.6 16.85

CO/PES-3w weft 541.6 14.25
warp 1002.8 21.01

CO/PES-10w weft 511.8 14.05
warp 983.8 22.20

CO/PES-50w weft 442.6 13.10
warp 741.6 22.60

The breaking forces of unwashed cotton fabrics and cotton-polyester blend fabrics
differed in the warp and weft directions, and the value in the warp direction was twice
that of the weft direction. The breaking force of the examined fabrics (Table 5) in the warp
direction exceeds 1000 N, indicating a high degree of structural integration. In contrast to
the consolidation of the fabric in the warp direction, the breaking force in the weft direction
is modest and is roughly 480 N for both fabrics.

Total wear (Ut) was calculated in the direction of the warp and weft throughout the
washing process, which included tensile changes caused by mechanical and chemical
degradation of the washed sample in relation to the unwashed sample, Table 6.

Table 6. Total wear (Ut) of fabrics in warp and weft directions.

Ut (%)
co CO/PES
3w 10w 50w 3w 10w 50w
weft —-3.721 —20.339 —7.234 —12.786 —6.581 7.830
warp 31.376 29.063 41.194 6.6816 8.450 30.988

The results for the breaking forces and calculated Ut (Tables 5 and 6) show that there
is a decrease in breaking strength, i.e., an increase in damage (total wear) after 3, 10, and
50 washing cycles in the direction of the warp threads for both fabrics tested (cotton and
cotton-polyester blend). The increase in strength of the cotton-polyester fabric after 3 and
10 washing cycles was recorded in the weft direction. Structural properties, fibrillation
and shrinking of materials during the washing process are the contributing factors to this
relationship. The total wear of the cotton fabric (Table 6) after 50 washing cycles in the
warp direction was 41.19%, which was higher than the 30.98% of the cotton-polyester
blend fabric. The resulting damage can be attributed to a synergistic effect, including the
raw material composition, the degree of soiling of the fabrics, and all components of the
Sinner’s circle. It is in line with the study of oxidation and alkali promoted reactions on
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cotton cellulose [4]. Standard alkaline detergent with peracetic acid (PAA) as an oxidising
agent at 75 °C acts on the fibrillation and depolymerisation of cotton cellulose, as well as
the high alkalinity of the polyester component of the blend. However, total wear in the weft
direction of almost all washed fabrics has a negative sign, indicating that no damage has
been caused by the wash. Given the predicted equivalent influence of significant washing
process parameters on the fabrics in the direction of the weft threads, these values may be
explained by fabric shrinkage during the washing process. Based on the results presented,
the impact of the washing cycle on the cotton component is more pronounced under the
applied conditions.

Standard detergent does not include the enzyme cellulase, which eliminates cellulose
fibrils during the washing process [44]. When textiles are dried in a stationary ambient
atmosphere, the migrating fibrils remain on the surface [45] and tend to loosen in both dry
and wet conditions.

3.2. Physicochemical Analysis of Samples with FTIR-ATR

The spectral curves of the cotton and cotton-polyester fabrics before and after 3, 10,
and 50 wash cycles are showen in Figure 1.

T, %
CO-10w

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 380

(@)

CO/PES-0w

s COIPES -10w

CO/PES 50w

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600
o, cm’!

(b)

Figure 1. FTIR spectra of the cotton (a) and cotton-polyester (b) samples before and after 3, 10, and
50 wash cycles.
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From Figure 1a,b, no significant changes were observed in the spectral bands ob-
tained for the cotton and cotton-polyester fabric samples (CO-Ow and CO /PES-Ow) before
and after 3 and 10 washing cyclesn (CO-3w, CO-10w and CO/PES-3w, CO/PES-10w),
respectively. The spectral band of the sample CO-50w shows changes in the shape and
intensity of the peaks in the range of 1027 cm~!, where the peak is due to the vibration
of the C-OH bond of primary alcohols, and in the ranges of wavenumbers 996 cm~! and
983 cm ™!, where the peaks indicate vibrations within the—CH-—bond, indicating that
minor changes occurred within the polymer as a result of the washing process under the
influence of chemistry as described. Minor changes can also be seen in the CO/PES-50w
sample, specifically by the increase in the intensity of the peak at wavenumber 1014 cm ™!,
indicating an enhancement of the vibrations in the ester group (O=C-O-C) of the polyester
component, which also indicates a higher surface wear of the cotton component within
the CO/PES blend, which was also confirmed by the analytical methods in the previous
research [46,47].

3.3. Particle Shedding from Fabrics in Dry State

The number of particles thus produced in the dry state was determined by applying
cyclic bending. In view of the material differences mentioned above, the test was carried out
for cotton and cotton-polyester fabrics. The obtained results refer to the release of lint and
other particles from the material due to the deposits formed during the washing process.

Based on the number of particles released in Table 7, a minor proportion of the
particles released are in the larger size category >25 pm. During the washing cycles
analysed, significantly more particles in all size categories were released from the cotton
fabric compared to the cotton-polyester fabric.

Table 7. Average number of particles released in each category.

Number of Released Particles

Fabric Cycles 0.3-0.5 um 0.5-1 um 1-5 um 5-10 um 10-25 pm >25 um
3w 1,972,940.2 1,642,870.4  808,332.4 16,146.0 3305.8 745.8
CO 10w 2,782,562.8  2,133,212.3  1,030,349.3 28,086.5 4983.0 628.8
50w 43479454  3,452,533.2  1,655430.8 65,939.8 12,165.2 744.8
3w 51,192.0 28,188.6 12,296.4 347.0 120.6 80.4
CO/PES 10w 45,924.0 20,549.2 7887.8 233.0 82.0 474
50w 63,962.8 33,833.4 13,122.0 428.8 116.2 60.4

The relative values of the number of particles for each material were determined
in proportion to the largest number of released particles in order to compare the results
based on the washing cycles. The results are shown in Figures 2 and 3 with the following
size categories: 0.3 um for particle sizes of 0.3-0.5 pm (1); 0.5 um for particle sizes of
0.5-1 pm (2); 1 pm for particle sizes of 1-5 um (3); 5 pm for particle sizes of 5-10 um (4);
10 pm for particle sizes of 10-25 um (5); 25 pm for particle sizes larger than 25 pm (6).

According to the graph shown in Figures 2 and 3, the smaller particle size category
in both materials fluctuates more depending on the wash cycle. The number of wash
cycles has a different effect on the number of particles released from different materials.
For cotton fabrics, the correlation between the number of washing cycles and particle size
in the first four categories is higher as the number of washing cycles increases, but the
number of washing cycles has a different effect on cotton-polyester fabrics. There are more
particles between 0.3 and 5 pm in size than particles larger than 5 pum. These results also
reflect the thermal, chemical, and mechanical effects of the washing cycles on the fibre.
Standard program 2 was used to wash cotton fabrics and cotton-polyester blended fabrics.
This program required the addition of a chemical bleach, PAA, in addition to a standard
detergent. Cotton textiles become more fibrillated as the number of washing cycles rises [7],
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but in this system, due to the lack of soiling, peracetic acid in alkaline at 75 °C may affect
cotton cellulose depolymerisation and cellulose fibril formation.
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Figure 2. Relative number of particles released from cotton fabric according to size category (1-6).
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Figure 3. Relative number of particles released from cotton-polyester fabric according to size
category (1-6).

3.4. Particle Shedding from Fabrics in Wash Cycles

The effluent after washing can be contaminated by soil from textiles, lint, dyes, finish-
ing agents, and detergents [48]. Some detergents contain insoluble components that pollute
the effluent and at the same time obscure the filter along with the MP particles, making
microscopic analysis of the released MP particles difficult. Therefore, washing synthetic
textiles in water is carried out in some studies [49].

Since cotton and cotton-polyester fabrics in the study have not been finished, dyed
and soiled, the effluent can be contaminated with particles of textile origin and detergent.
The components of the used standard detergent are soluble, so contamination by particles
originating from the detergent is not expected. It can therefore be assumed that the
contamination of the wash effluent contains particles from cotton and cotton-polyester
fabrics. Effluent characteristics after 3, 10 and 50 washes of cotton and cotton-polyester
fabrics are presented in Table 8.
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Table 8. Physicochemical properties of effluent from washing cotton and cotton-polyester fabrics.

Washing Effluent
Parameter 3w 10w 50w
pH 9.94 9.99 9.89
Conductivity 1859 1927 1782
(uS/cm)
TSS (mg/L) 117 77 81
TS (mg/L) 3394 3452 3298

The high pH value of the studied effluents is nearly consistent during all washing
cycles and is caused by the alkaline components in the detergent. This characteristic is not
expected to change despite the dilution that occurs during the three-step washing process.
In this procedure for washing textiles without soiling [50], the alkalis could not be used
to saponify grease and neutralise acidic soiling, but they functioned synergistically with
anionic surfactants and bleach (PAA). A high alkali concentration can also be hazardous to
particular textiles, such as damaged cotton and PES textiles, which get hydrolysed [51] as a
result, causing wear and tear and shortening the product’s life.

The conductivity of the effluents under consideration given in Table 8 reflects the
quantity of detergent components that are water soluble. Again, the washing process was
performed on fabrics with no soiling, implying that the detergent ingredients were not
focused on their removal but on potential interactions with the fabrics, causing structural
changes and a loss of fabric integrity in the direction of the warp threads.

Based on this, it is clear that the composition of the reference detergent with the
addition of PAA and other parameters of the Sinner cycle (temperature, mechanics, time)
influence the polymeric structures of cotton cellulose and cotton-polyester during the
washing cycles. The TSS values obtained, as reported in Table 8, confirm the degree of
particulate load in the effluent. Given the composition of the detergent in Table 1, which
consists exclusively of water-soluble components, it is probable that the TSS consists of
particles released by the studied textile materials. Although the relationship and type of
the particles were not determined in this study, earlier studies on the effect of washing on
the release of particulate matter from cotton-polyester blend fabrics have shown that the
filter cake contains fibrillary particulate matter of both polymer substances [52].

3.5. MVA-Similarities and Disimilarities of Observed Systems in Dry State and Washes

The different systems (wash-wet and dry) to which the cotton and cotton-polyester
fabrics studied were exposed and the different physicochemical properties in each system
required the use of advanced statistical methods. Multivariant analysis was used to deter-
mine system similarities in terms of the number of particles released from the examined
fabrics in procedures with varying numbers of washing cycles. The results using the Ward
dendrogram are shown in Figures 4-6.

The different distribution of clustering with regard to the number of washing cycles
indicates that cotton contributes to the increasing release of particles with a higher number
of washing cycles, while the contribution of polyester is greater in a lower number of
washing cycles.

The results include the formation of clusters, where a data set was selected for particle
release from cotton and cotton-polyester fabrics in washes, Figure 4 and dry state, Figure 5
for different washing cycles. The clusters formed are very similar, but a separate cluster
can be identified that includes effluents from 10 and 50 wash cycles, while the effluent from
3 washing cycles was separated.
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Figure 4. Dendrogram of the HCA according to Ward for similarities/dissimilarities of washing
cycles for cotton and cotton-polyester in washes.
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Figure 5. Dendrogram of the HCA according to Ward for similarities/dissimilarities of washed
cotton and cotton-polyester fabrics in dry state.

The dendrograms of clustering also show a high degree of similarity, but the cluster
distribution is different with respect to the number of washing cycles. The washing
conditions, especially the high alkali content, affect the damage of the textiles, which
contributes to the release of particles.

Tensile properties, thickness, and total wear in the weft and warp directions were
examined to establish the importance of textile composition and washing cycles to particle
release, Figure 6.
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Figure 6. Dendrogram of the HCA according to Ward for similarities/dissimilarities of samples
based on data set of tensile properties, total wear and thickness.

In the initial washing cycles, the structural properties of the material play a signifi-
cant role in the release of particulate matter; however, in subsequent cycles, the interac-
tion between the chemical, mechanical and thermal factors and of the fabrics becomes
increasingly prominent.

4. Conclusions

This research examines the chemical, mechanical, and thermal impacts of 3 washing cy-
cles, 10 washing cycles, and 50 washing cycles on 100% cotton and a 50/50 cotton-polyester
blend in plain weave with no soiling in the dry state and after washes utilising fabric and
effluent characteristics. Tensile properties, thickness and generated particles in the dry
state depend on the number of washing cycles. Increased strength of cotton-polyesteru
fabric after 3 and 10 washing cycles in the weft direction is the result of fibrillation and
shrinkage. Changes in fabric properties, expressed as total wear in the warp direction
after 50 washing cycles compared to unwashed amounting to 41.2% for cotton and 30.9%
for cotton-polyester blend, can be attributed to the synergy of process parameters, fabric
structure and raw material composition.

The number of particles released in the dry state > 25 um is significantly lower than
the number of particles released in the size of 0.3 to 5 pm. In all size categories, the quantity
of particles released in the dry state is much larger from washed cotton fabric than from
washed cotton-polyester fabric. Because the detergent contains water-soluble components,
the TSS values obtained confirm the degree of contamination of the effluent with particles
from the tested textile materials.

From the spectral bands of CO and CO /PES samples before and after 3, 10 and
50 washing cycles, no significant changes at the physicochemical level within the polymers
of the tested samples were identified.

According to HCA dendrograms, particle release in early wash cycles is mostly regu-
lated by material structure. Future wash cycles are influenced by chemical, mechanical,
and thermal interactions. The findings of the research highlight the need for the use of an
analytical approach to categorise and quantify particles released from textiles in both the
dry state and washes in order to decrease the potential for detrimental impacts on humans
and the environment.
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Abstract: The torrefaction process is widely used in the energy field, but the characteristics of the
torrefied wood also have positive effects on the production of wood plastic composites. In this study,
short-rotation shrub willow was torrefied at 225 and 300 °C and incorporated into polypropylene
composites filled with changing levels of weight percent (wt%) of non-torrefied and torrefied (5, 15,
25, and 40 wt%) wood. Nine different formulations were extruded for mechanical, thermal, and
water absorption properties. The tensile properties of composites were not affected by any level
of torrefaction, while higher flexure properties were in favor of lower wt% of torrefied wood. The
slowest rate of thermal degradation was confirmed for the highest wt% of torrefied wood with a
torrefaction temperature of 300 °C. In contrast, the presence of torrefied wood in composites did
not show a difference in crystallization or melting temperatures. The most noticeable contribution
of torrefaction temperature and wt% was found for water-absorbing properties, where the higher
torrefaction temperature and largest wt% of torrefied wood in the composite resulted in decreased
water uptake.

Keywords: torrefaction; wood—plastic composite; short rotation willow

1. Introduction

Woody crop biomass represents a significant source of renewable feedstock for bioen-
ergy generation, bioproducts with a positive impact on soil and water conservation, re-
cycled nutrients, and sequestered carbon [1]. Short-rotation wood species grown in plan-
tations have higher potential than traditionally grown wood plantations due to shorter
cultivation time intervals and high yields [2]. Agricultural perennial crops such as poplar
and willow are considered energy crops grown for bioenergy production [3]. Short-rotation
willows, such as Millbrook (Salix purpurea x S. miyabeana), with high growing yields, are
often planted on marginal land from reclaimed mines or agricultural land to produce
woody biomass. Willow stems grow rapidly and can be harvested every 3—4 years, up to
15 years. Biomass yield by dry stem mass in two growing seasons after coppice is estimated
at around 9.3 T/year/hectare [4].

Willow biomass used in producing wood—plastic composites (WPC) was found to
be an economically available source of natural fillers with improved and comparable me-
chanical performance of composites against classically used soft and hardwood fillers [5].
However, alternative pretreatments are key to adding value to fast-growing species grown
primarily as energy crops to enhance the WPC material properties, specifically the hy-
drophobicity. WPCs are used in processed advanced materials in products for construction
in the automotive industry, furniture applications, and consumer goods [6-9]. Wood is an
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environmentally friendly alternative to mineral fillers in the production of plastic compos-
ites [10]. Wood-based fillers have beneficial properties such as a good strength-to-weight
ratio, low density, and easy integration into existing product lines [11]. Different types
of wood fillers have been investigated to tailor the properties of WPC. Pudlik et al. [5]
compared willow (Salix viminalis) filler to pine and beech fillers for WPC production and
found comparable mechanical properties. Ayrilmis et al. [12] used fast-growing Pawlonia
wood (Paulownia elongata) to produce WPC. They reported lower water absorption and
thickness swelling properties against other fast-growing species such as Poplar spp. or
Eucalyptus spp. The results were attributed to the lower capacity of bonding water, which
depends on wood species. More recently, torrefied biomass has been gaining attention for
non-energy applications. Tripathi et al. [13] indicated many applications where torrefied
biomass is likely to outperform raw biomass and biochar. For example, the higher yield,
as compared to biochar, and hydrophobic properties, as compared to raw biomass, make
torrefied biomass a more attractive filler and additive in composites.

Kim et al. [14] observed small differences in tensile strength using several different
wood species and pointed out that many wood species are appropriate for producing WPC.
Another study [15] showed that selecting wood species for WPC material may improve
its durability due to factors of water absorption and consequently create better conditions
for decay growth [15]. Fabiyi et al. [16] found that water absorption in the case of wood
species with lower diffusion coefficients also resulted in lower WPC water absorption due
to differences in the chemical composition of the wood species. Bouafif et al. [17] reported
that water absorption is also related to the particles size and contents in the composite
material. Thermally modified wood is typically associated with being a more durable,
dimensionally stable, and ecological alternative for construction products with a longer
service life [18].

Moreover, studies related to WPC focused on using thermal modification wood to
reduce water absorption, improve durability, and enhance the thermal resistance of WPC.
For instance, Ayrilmis et al. [19] used cellulose fibers from fast-growing Eucalyptus camal-
dulensis treated at variable temperatures. They found that better water resistance for WPC
panels was obtained when using thermally modified fibers. A review by Samaniego [20]
also discussed applications of thermal treatments to improve wood-based composites, with
the potential to apply the torrefaction process to enhance biomass properties.

Torrefaction involves heating biomass between 200 °C and 300 °C in an inert atmo-
sphere. The hemicelluloses are removed through this process, while the remaining material
retains the original molecular structure of cellulose and lignin. Maintaining this structure
provides the opportunity to utilize torrefied biomass in composite applications where
cellulose and lignin have been shown to improve properties. During the grinding, the
degraded hemicellulose matrix results in a more brittle material, which can impact the
sphericity of particles and particle size [21]. By removing hemicellulose, torrefied wood can
potentially improve WPC’s water-resistance properties. Recent torrefaction development
has primarily focused on using biomass to improve caloric energy efficiency [22]. Besides
the higher caloric value of torrefied biomass, the process enhances grindability, fungi decay,
and water absorption. A few studies investigated using torrefied biomass as filler and
reinforcement materials for polymers.

Chiou et al. [23] found that adding torrefied biomass to polypropylene improved the
distortion under heat and increased the glass transition temperature and tensile modulus
of polypropylene. However, they found that the tensile strength decreased with increasing
percentages of biomass. McCaffrey et al. [24] utilized torrefied almond shells when study-
ing recycled polypropylene—polyethylene bio-composites. They reported that tensile and
bending moduli could be increased by adding torrefied almond shells at high loading levels
(up to 40%). They also reported that the particle size did not impact the mechanical proper-
ties. However, using smaller particles resulted in higher heat deflection temperature (HDT)
values. Volfson et al. [25] found that torrefied pine filler in a 50% wood-to-polypropylene
ratio improved the tensile strength by 38% and reduced the elongation at the break by 12%.
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They found a slight reduction in tensile strength when using torrefied birch filler. Vold
et al. [26] investigated torrefied flax shives and sunflower hulls as fillers for polyamides.
Their results suggested that the tensile elastic modulus of the polyamide was improved
by adding torrefied flax filler up to 30%. Furthermore, the flexural and tensile modulus of
the neat polyamide 6 (PA6) were found to increase, and the flexural and tensile strength
decreased with increasing percentages (up to 30%) of torrefied sunflower hulls. They also re-
ported a decrease in moisture uptake when torrefied fillers were added. This improvement
in water absorption was also reported by Lu et al. [27], who found that the use of torrefied
sweet sorghum slag fibers improved water absorption when used as fillers for high-density
polyethylene (HDPE), as compared to non-torrefied sweet sorghum slag fibers. Berthet
et al. [28] reported a 30% decrease in the water vapor permeability (WVP) of torrefied
wheat straw fiber/poly(3-hydroxybutyrate-co-3-hydroxyvalerate) PHBV composites when
using 20% of torrefied fibers. However, when loading levels were increased to 30%, fiber
agglomeration occurred, and WVP increased. However, issues related to water absorption
still exist when using willow as an additive for WPCs. On the other hand, torrefaction
could be a useful pretreatment for short-rotation willow being used for composite-related
applications. Research is necessary to determine how effective the torrefaction process, and
therefore torrefied willow, is in improving the mechanical and physical properties of WPCs.
Furthermore, while short-rotation willow is generally grown for energy-related applica-
tions, finding an alternative non-energy crop could provide growers with an additional
value-added stream for their biomass feedstock. Given these opportunities, this study
investigated non-torrefied and torrefied short-rotation shrub willow as a filler originating
from low-value biomass and used to produce WPC. Combinations of polypropylene (PP),
non-torrefied willow (NTW), and torrefied willow (TW) at varying weight percentages
(wt%) were used to produce the WPCs. The TW was made using both 225 °C and 300 °C
modification temperatures. The composites were evaluated under mechanical, thermal,
and physical properties to assess the influence of filler particles as an alternative low-value
filler to produce WPC.

2. Materials and Methods
2.1. Materials

Millbrook (Salix purpurea x S. miyabeana) short-rotation willow was used as a natural-
based filler. The three-year-old willow was harvested at The Pennsylvania State University’s
Rockview demonstration field site near State College, Pennsylvania, USA. The willow was
ground without debarking into 4 mm particle size and air-dried to room equilibrium
conditions (approximately 8% moisture content). Polypropylene (PP) pellets were supplied
by PolyOne Corporation (Avon Lake, OH, USA), and a lubricant agent, Struktol TPW 113, a
blend of complex modified fatty acid ester (Stow, OH, USA), was added to all formulations
with a fixed percentage.

2.2. Preparation and Characterization of the Filler

The woodchips were oven-dried to reach <5% moisture content for the torrefaction
process. Two temperature levels of 225 °C and 300 °C were selected for the process. The
torrefaction process occurred in the tube furnace under an inert atmosphere using N, gas
over a 30-min heating regime at a target temperature. The torrefied chips were ground in a
Fritsch Pulverisette 25 grinder with a 1 mm mesh sieve size and stored in vacuum bags.
The particle size distribution of dry torrefied wood (TW) and non-torrefied wood (NTW)
flour was determined by laser scattering technology using a Horiba LA-960A2 analyzer
(Horiba, Kyoto, Japan), and results for Dy, D5y, Dgp, and mean size are reported.

Fourier transform infrared spectra were obtained using an FTIR spectrometer (Bruker
Optik, GmbH, Germany) connected to an ATR (attenuated total reflection) module. The
spectra were collected over a wavelength range of 400 to 4000 cm ! and a resolution of
4 cm~!. For each material (non-torrefied and torrefied at 225 °C and 300 °C), 64 scans
were performed, and three repetitions were conducted to increase the accuracy of the
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results and reduce the effect of the atmospheric noise. Average spectra were collected
using Opus software (https:/ /www.bruker.com/en/products-and-solutions/infrared-and-
raman/opus-spectroscopy-software/downloads.html, accessed on 28 September 2023).

2.3. Blending and Production of WPC

In total, nine different samples of pellets were compounded using various mixing
ratios of TW and NTW. At the same time, the amount of added polypropylene (PP) and
lubricant remained constant at 56% and 4%, respectively. A sample of 0% TW was com-
pounded without TW and served as a reference sample. For each torrefaction temperature
level, four samples were compounded with variations in TW and NTW amounts (5, 15, 25,
and 40% wt). Details about sample nomenclature and mixing composition are summarized
in Table 1.

Table 1. Formulation of blending mixtures with sample name, the ratio of non-torrefied and torrefied
wood, and torrefaction temperature.

Sample Sample Description NTW ™ Torrefaction Temperature

MA 0%TW 40% 0% No torrefaction

MB 5%TW-225 °C 35% 5%

MC 15%TW-225 °C 25% 15% 995 9C

MD 25%TW-225 °C 15% 25%

ME 40%TW-225 °C 0% 40%

MF 5%TW-300 °C 35% 5%

MG 15%TW-300 °C 25% 15% 300 °C

MH 25%TW-300 °C 15% 25%

MI 40%TW-300 °C 0% 40%

The compounding of wood-PP pellets was conducted using the lab twin screw ex-
truder (TSE 16TC) with four temperature zones heated at 185 °C, 190 °C, 200 °C, and 210
°C from the material feedthrough to the outlet die to ensure proper melting of the polymers.
A constant feeding rate of 40 RPM was provided by an automatic single-screw feeder. For
each formulation, the desired amount of different components (PP, filler, and lubricant)
was mixed manually and then placed into the hopper.

During the extrusion process, the blend was cooled in a water bath located between
the extruder nozzle and the pelletizer. The continuous line of extruded material was
connected to the pelletizer with synchronized cutting and feeding speeds. Special care
was taken to ensure that only well-blended and extruded material was pelletized and
stored, disregarding the initial and end portions of the batch extrusion. This process limited
the variability of extruded material in each blend and ensured the mixing process was as
consistent as possible in the samples used for testing. Pellets were dried to remove excess
water from the surface.

Steel molds were used to manufacture standardized testing specimens for tensile
and three-point flexural tests according to ASTM D638 and ASTM D790, respectively. A
50 kN hydraulic hot press (LZT-UK-30-L, Langzauner, Lambrechten, Austria) equipped
with water cooling was used to melt and compress compounded pellets into the molds
for the final specimen shape. The steel plates were preheated to 200 °C in the hot press.
Manufactured pellets were placed on the preheated molds and left for 10 min to soften.
Waxed paper was inserted between steel plates to prevent samples from sticking. After
softening the pellets, the heated plates were closed for 5 min at 200 °C. The cooling process
followed the melting step by cooling the press plates to 80 °C. The mass of pellets per
specimen volume was 11 g and 3 g for tensile and flexural mold, respectively, to reach a
target density of approximately 1 g/cm?. Each pressing cycle generated five specimens of
each shape. Figure 1 shows the process of manufacturing dog-bone specimens.
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Figure 1. Manufacture of tensile specimens before (a) and after (b) the pressing process in a steel
mold plate.

2.4. Scanning Electron Microscopy

The morphology of the reference sample and the two samples with the largest TW
levels at each temperature (40%TW-225 °C and 40%TW-300 °C) was evaluated by scanning
electron microscopy (SEM). Samples were cut with the sharp blade, and images were
collected using a scanning electron microscope (JEOL JSM-IT500, Oxford Instruments,
Tokyo, Japan) operating at a low vacuum (70-80 Pa), a working distance of 10 mm, and an
accelerated voltage of 15 kV.

2.5. Mechanical Properties

Tensile mechanical testing was performed on a universal testing machine (Zwick Roell,
Ulm, Germany) with a 50 kN load cell equipped with hydraulic grips and extensometer
arms. The testing speed was adjusted to 3 mm/min due to the brittle behavior of composites
with a gauge length of 50 mm to determine the elongation of the specimen. The three-point
bending flexural test was performed on a universal testing machine with a 1 kN load cell
to ensure accurate measurements. The span was set to 53 mm, and the loading rate was
1.34 mm/min. Experiments were performed at room temperature (23 £ 2 °C) and 50 £ 10%
relative humidity. For the rectangular flexural specimens, density was calculated before the
test. Five and ten replicates were tested for tensile and flexural tests, respectively, and the
average results were reported.

2.6. Water Absorption

After completing the flexural tests, ten rectangular specimens with approximate
24 mm X 13 mm dimensions were cut from the tested specimens and designated for water
absorption tests. The specimens were oven-dried at 100 °C for 24 h, then weighed, and the
initial mass (11y) was recorded. Specimens were then immersed in distilled water, and the
mass after 24 h and 48 h (my4 and myg, respectively) was determined. Ten replicates were
tested for each sample, and mean values were reported.

2.7. Thermal Properties

Thermogravimetric analyses (TGA) were conducted using a Discovery TGA (TGA
5500, TA Waters Instruments, New Castle, DE, USA). On average, 51 mg of specimen mass
were placed on the aluminum pans and heated from room temperature up to 700 °C at
a heating rate of 10 °C/min under nitrogen gas using a sample and balance purge flow
of 25 mL/min and 10 mL/min, respectively. Data for T59,, T199, and Ty correspond to
temperatures at which 5% and 10% weight loss were achieved, and temperatures at the
maximum rate of specimen degradation (i.e., the highest points in the peaks appearing in
the derivative curves) were extracted.

116



Polymers 2023, 15, 3997

Differential scanning calorimetry (DSC) analysis was performed using a Discovery
DSC 25 (TA Waters Instruments, New Castle, DE, USA). On average, 3.2 mg of sample in
fine powder format were analyzed under a nitrogen gas atmosphere using the heat—cool-
heat method as follows:

First heating cycle from 25 to 190 °C at 20 °C/min.
Cooling cycle from 190 to —30 °C at 20 °C/min.
Second heating cycle from —30 to 190 °C at 20 °C/min.

The first heating cycle was conducted to eliminate the thermal history of the compos-
ites. Data for crystallization temperature (T.), melting temperature (T},), and crystallization
and melting enthalpies were determined from the cooling and second heating curves.

The degrees of crystallinity (X.) of the wood-PP-based composites were calculated
using the following Equation (1):

AHy,

__A8m g 1
= wx Aty <10 )

where AH,, represents the samples” melting enthalpies, w is the weight fraction of PP, and
AH,;, is the melting enthalpy of 100% crystalline PP, which is equal to 207 J g_1 [29].

2.8. Statistical Evaluation

Data analysis was conducted in R (version 4.3.1) using RStudio (version 2023.06.0+421).
The results of the measurements were reported as mean values with standard deviations
(SD), including the number of analyzed specimens (No). An analysis of variance (ANOVA)
was assessed to check for significant differences between samples that differ by TW loading
levels and temperature levels. An ANOVA was conducted for each of the following out-
comes: tensile modulus of elasticity, tensile strength, and flexural modulus of elasticity and
flexural strength. When ANOVA showed a statistically significant result, post hoc pairwise
comparisons were performed with Tukey’s HSD test for each of the above-mentioned
outcomes (adjusted p values for multiple comparisons). The significance level was set at
o= 0.05.

3. Results and Discussion

This section may be divided by subheadings. It should provide a concise and pre-
cise description of the experimental results, their interpretation, and the experimental
conclusions that can be drawn.

3.1. Particle Size of the Raw and Torrefied Wood Fillers

Size distributions of the non-torrefied wood (NTW) and torrefied wood (TW) reinforce-
ment are presented in Table 2. Values for D1y, D5y, and Dy correspond to the cumulative
particle size percentiles and indicate the size below which 10%, 50%, and 90% of all particles
are obtained, respectively.

Table 2. Representative particle size diameters of the woodly fillers.

Particle Size (um)

Cumulative Particle Size Distribution

NTW TW 225 °C TW 300 °C
Dyp 163 102 43
Dso 639 530 290
Doo 1148 1140 840
Mean 661 589 379

The TW samples had a smaller particle size that ranged between <102 pm and
1140 um and between <43 um and 840 um for fillers torrefied at 225 °C and 300 °C,
respectively, compared to the NTW sample with a particle size between <163 pm and

117



Polymers 2023, 15, 3997

1148 pm. The mean size decreased by 11% and 43% after torrefaction at 225 °C and 300 °C,
respectively, indicating that the torrefaction process and temperature influenced the par-
ticles” diameter. The decrease in particle size can be attributed to the shrinkage of the
wood particles upon water evaporation during torrefaction. Moreover, the exposure to heat
during torrefaction likely increased the grindability of the wood particles by provoking
the decomposition of natural polymers, mainly hemicelluloses, that tend to degrade at
temperatures ranging from 220 °C to 315 °C [21,30]. Therefore, pre-degraded particles
were less resistant to the mechanical force during grinding after torrefaction. In this context,
Moustafa et al. [31] reported that the average particle size of coffee grounds diminished
gradually by 24% and 29% after torrefaction for 2 h at 250 °C and 270 °C, respectively. This
was attributed to the shrinkage of particles under the heat effect. A similar trend with a
decrease in particle size by increasing the modification temperature was also reported for
temperatures at 160 and 170 °C for hydrothermally modified birch wood [32].

3.2. FTIR

The FTIR spectra of non-torrefied and torrefied wood particles are represented in
Figure 2. The obtained spectra revealed some changes in the composition of the surface
functional groups of the wood after the torrefaction treatment.

Absorbance

4000 3500 3000 2500 2000 1500 1000
Wavelength (cm™)

— NTW — TW225 — TW300

Figure 2. FTIR spectra of non-torrefied and torrefied wood biomasses.

The broad peak at 3336 cm~! was observed in all samples and was attributed to the
occurrence of polar O-H stretching that corresponds to hydroxyl groups. These groups
can correspond to water, alcohol, and carboxylic groups originating from natural polysac-
charides and lignin [33]. The peak at 2916 cm ! assigned to asymmetrical and symmetric
-CH vibrations was detected in all samples. However, this peak was more visible in the
non-torrefied wood material, while it tended to fade progressively in the materials torrefied
at 225 °C and 300 °C. The reduction in -CH vibrations was likely associated with the decom-
position of hemicellulose, given that they start the thermal degradation at a temperature
ranging between 220 °C and 315 °C [30]. Similarly, a peak at 1730 cm ™! attributed to C=O
functional groups from hemicelluloses was present in all samples. However, the peak
intensity decreased after torrefaction at 300 °C [34].

Peaks at 1602 cm~! and 1511 cm™~! were ascribed to C=C stretch vibrations and
aromatic ring stretching from lignin. Similar peaks were observed previously in the FTIR
spectra of Chinese fir and Eucalyptus globulus wood [33,34]. Peaks corresponding to lignin
material remained almost constant after the torrefaction treatment, given that lignin has
high thermal stability and its degradation occurs at a broad temperature range of 160 °C to
900 °C [30].
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Peaks from 1000 to 1100 cm ™! attributed to C-O groups from cellulose were soundly
prominent in all samples, suggesting that part of the cellulose in the wood materials
remained intact after the torrefaction treatment, given that cellulose can degrade in a
temperature range from 315 °C to 400 °C [30]. Prior research [35] reported that a similar
peak vanished after treatment of the Arundo donax and olive stone biomass at high
temperatures up to 600 °C.

3.3. SEM

The distribution of wood particles and their interaction with the polymeric matrix
were investigated by SEM at different magnifications. Images are presented in Figure 3,
where the scale bar represents 100 pm.

Figure 3. SEM images of the (a) reference sample (0%TW), (b) 40%TW-225 °C, and (c) 40%TW-300
°C at 100 um magnification.

Wooden particles are randomly embedded in the polymer matrix, showing different
slenderness. The wood particles were mostly long in shape, suggesting that they were
horizontally oriented. However, often, the porous wooden structure can be observed. The
difference between the samples (Figure 3) and the difference in the mean particle size
(Table 2) is not clear in the images. The incorporation of wooden particles is also often loose
from the matrix, indicating poor adhesion between the particles. It can also be observed
that the wooden particles often collapse, and cell lumens are compressed together due
to the high density of the material. The formation of aggregates was also observed in all
samples, likely due to the poor distribution of the filler during the preparation process.
Moreover, a void in the polymeric matrix was detected in Figure 3c, which can be attributed
to the formation of air bubbles within the polymer during the blending process.

3.4. Mechanical Properties
Results from the tensile test are presented in Table 3.

Table 3. Mean tensile strength and modulus of elasticity with standard deviation (SD) and number
of recorded specimens (No.).

Sample Modulus of Elasticity Tensile Strength
(MPa) SD (MPa) SD No.
MA 1336 84 10.8 0.7 4
MB 1417 86 11.6 1.1 5
MC 1426 47 11.3 0.6 5
MD 1293 80 9.9 1.0 5
ME 1476 48 11.0 0.2 5
MF 1431 118 11.6 0.8 5
MG 1361 93 10.5 1.8 5
MH 1396 26 10.5 0.5 5
MI 1398 119 11.0 0.7 5
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The values for modulus of elasticity ranged from 1293 MPa to 1476 MPa. Sample ME
resulted in the highest modulus of elasticity with 1476 MPa, while the lowest MD showed
12% lower values. The post hoc pairwise comparisons between samples showed that only
one pair had a statistically significant difference in average modulus of elasticity (ME-MD:
183 MPa, 95% CI: 8 to 358, p = 0.034). The results of the analyses are reported in Table S1 in
the supplementary material. There is no clear explanation of these differences, but rather
the variability in the material matrix composition.

The results of tensile strength ranged between 9.9 MPa and 11.6 MPa (Table 3). Statisti-
cal analyses conducted with ANOVA on the tensile strength results revealed no statistically
significant differences between samples. The results of post-hoc pairwise comparisons are
presented in Table S2 in the supplementary material. These results indicate that tw% of TW
loading and the temperature of torrefaction had no noticeable impact on the changes in

tensile properties. Experimental results from three-point flexural tests are summarized in
Table 4.

Table 4. Mean values for flexural modulus of elasticity, strength, density with standard deviation
(SD), and number of specimens (No).

Sample Modulus of Elasticity Flexural Strength Density

(MPa) SD (MPa) SD No. (kg/m®) SD No.
MA 1777 123 26.6 2.2 10 973.8 325 10
MB 1682 75 23.0 1.6 10 975.3 9.3 10
MC 1604 82 23.5 1.8 10 992.1 8.9 10
MD 1663 122 24.0 3.2 10 981.7 7.5 10
ME 1726 97 24.5 1.6 10 997.6 9.0 10
MF 1603 81 25.0 14 10 984.6 8.3 10
MG 1546 36 23.3 1.6 10 980.5 12,5 10
MH 1577 175 22.0 2.8 9 984.6 7.4 10
MI 1622 82 22.7 1.4 10 979.3 7.6 10

Regarding flexural performance, the reference sample with 0%TW performed with the
highest modulus of elasticity. Values for flexural strength showed that the strength values
decreased with the increasing level of TW for the higher torrefaction temperature. Around
8% and 15% lower strengths were observed for the samples with the highest level of TW
(ME, MI) at 225 °C and 300 °C against the reference, respectively.

Results from the ANOVA suggested at least one group had a statistically significant
difference for both flexural properties. In the case of the statistical analyses conducted for
mean flexural modulus of elasticity, statistically significant differences were found for pairs
MC-MA (—173 MPa, 95% CI: =319 to —27, p = 0.009), MF-MA (—174 MPa, 95% CI: —320 to
—28, p =0.008), MG-MA (—231 MPa, 95% CI: —377 to —85, p = 0.000), MH-MA (—200 MPa,
95% CI: =351 to —50, p = 0.002), MI-MA (—155 MPa, 95% CI: =301 to —9, p = 0.029), and
MG-ME (—180 MPa, 95% CI: —362 to —34, p = 0.005). Apart from the MC-MA pair, the
remaining statistically significant differences were found in samples with TW torrefied at
300 °C. In contrast, the MC sample had the lowest measured modulus of elasticity from
TW at 225 °C. The complete results from post hoc analyses are presented in Table S3 in
supplementary material.

Post-hoc comparisons of flexural strength resulted in the following pairs being signifi-
cantly different: MB-MA (—3.6 MPa, 95% CI: —6.5 to —0.7, p = 0.005), MC-MA (—3.1 MPa,
95% CI: —6.0 to —0.2, p = 0.026), MG-MA (—3.3 MPa, 95% CI: —6.2 to —0.4, p = 0.013), MH-
MA (—4.6 MPa, 95% CI: —7.6 to —1.6, p = 0.000), MI-MA (—3.9 MPa, 95% CI: —6.8 to —1.0,
p =0.002), and pair MH-MF (—3.0 MPa, 95% CI: —6.0 to —0.0, p = 0.047). The remaining
results from post hoc analyses are presented in Table S4 in supplementary material.
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The flexural modulus of elasticity and strength performances of the reference sample
containing NTW can be related to the higher average particle size (661 um) compared to
TW-225 °C and TW-300 °C (589 um and 379 um, respectively). With the higher torrefication
temperature, a higher decrease in flexural properties was observed for 25 and 40% TW
loadings. Torrefaction improves grindability and changes the chemical composition of
the particles. This change can be attributed to different particle aspect ratios, such as the
ratio between cellulose, lignin, and hemicellulose. In addition, smaller wood particles had
a higher tendency to agglomerate, preventing uniform dispersion of the filler within the
polymeric matrix, which can lead to lower flexibility of the material and poor adhesion
of the matrix. Some of these phenomena were observed and described by other studies.
Chiou et al. [23] injection molded extruded torrefied almond shells with wood chips and PP.
They pointed out that the addition of particles to the matrix did not substantially impact
the tensile modulus of elasticity but more on its strength, while with the increasing filler
size, the modulus was reduced. However, mid and high particle size levels were subjected
to 854 and 1545 um large particles in that prior study. Another study utilized torrefied
almond shells (TAS) [24] with three different particle sizes and seven different loading
levels in WPC. Increasing wt% of TAS increased the flexural modulus of elasticity, but
samples with 50% TAS were already too brittle to evaluate flexural properties. The study
found no effect of particle size on flexural properties. Regarding flexural strength, higher
loadings of particles led to decreasing strength, while no effect on particle size was found.
Chaudemanche et al. [36] evaluated the effect of particle size on extruded HDPE-WPC
using three different size ranges and pointed out the importance of particle direction and
aspect ratio. Flexural properties were better with larger particles. Also, in the tensile test,
larger particles improved properties in the direction of sample extrusion. On the other hand,
the finest particles resulted in better performance in the transverse direction. This result
was attributed to smaller particles better aligning and compacting during processing into a
composite. In our study, this might be true for flexural properties, while no changes due to
particle size can be attributed to tensile properties. Pudlik et al. [5] also discussed the impact
of chemical composition by comparing soft and hardwood species used in the HDPE-WPC.
They emphasized that softwood species are more favorable for producing WPC due to their
higher lignin and lower hemicellulose content. However, these properties result in higher
strengths, lower flexibility, and poor internal bonding. In the study, the authors confirmed
that a higher proportion of cellulose in the willow contributed to the greater strength of
WPC. Due to the torrefaction process conducted in this study, these observations likely
explain the reduction in flexural properties due to the lower mechanical properties of TW
filler particles. Moreover, Patula pine biomass torrefied at 200 °C, 250 °C, and 300 °C
showed that both lower torrefaction temperatures did not contribute to significant changes
in chemical composition [37], which may also explain why more visible changes were also
attributed to TW at 300 °C.

3.5. Water Absorption

Results of water absorption (WA) after 24 h and 48 h of immersion in water are
presented in Figure 4.

The water uptake of the reference sample (MA) reinforced with NTW (40 wt%) was
about 3% and 3.9% after 24 and 48 h immersion, respectively (Figure 4). These findings
agree with data reported by Ayrilmis et al. [19] for wood (50 wt%)-PP composites, where
water uptake after one day was equal to 6.45%. Prior research [38] reported higher values
for water absorption by wood (40 wt%)-PP material, which were about 4.5% and 6.3% after
24 h and 48 h, respectively. These differences in water absorption findings can be related to
the different grades of the utilized PP matrix (ratio of crystalline and amorphous regions)
or the dimensions of the tested material.
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The WA remained steady after incorporating 5, 15, 25, and 40 wt% of wood treated
at 225 °C and 5 wt% treated at 300 °C. However, it started to decrease proportionally
when the TW-300 °C load was further increased to 15, 25, and 40 wt%, and the decrease
in water uptake after 24 h was 2.3, 2.2, and 1.4%, respectively, compared to the reference
sample (MA). These findings show that a higher torrefaction temperature (i.e., 300 °C) had
a greater effect on the hygroscopic behaviour of the composites. The increase in torrefaction
temperature likely contributed to the degradation of most of the present hemicelluloses,
which are characterized by their hydrophilic character.
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Figure 4. Change in water absorption variation in the wood-PP composites after 24 and 48 h.

Prior research [39] investigated the relationship between torrefaction treatment and
the moisture uptake of woody biomass. They utilized softwood (Fir, Abies pectinates)
samples torrefied at variable temperatures (from 200 °C to 230 °C for 1000 min). They
reported that the equilibrium moisture content of torrefied wood decreased by 34 and
58% with the increase in torrefaction temperature from 200 to 230 °C, respectively. The
authors explained that the hydroxyl groups present in the biomass, mainly hemicelluloses
and amorphous regions of celluloses, are responsible for attracting and retaining water
molecules via hydrogen bonding. These groups were hydrolyzed during exposure to heat,
which increased the hydrophobicity of the material. Similarly, pressed wood plastic panels
made of an equal ratio (50:50) of thermally treated wood fibers (Eucalyptus camaldulensis)
and PP matrix were manufactured by Ayrilmis et al. [19], and the hygroscopic features
were explored. They found that the composites water absorption (in 24 h) significantly
decreased with increasing the treatment temperature from 120 °C to 180 °C (40 min) by
33.7%, which was linked to the degradation of hydrophilic hemicelluloses.

3.6. Thermal Properties
3.6.1. Thermogravimetric Analysis

The TGA mass loss plots obtained for NTW and TW-reinforced PP composites were
very similar, and the curves overlapped. Therefore, only curves from the reference sample
(0%TW), 40%TW-225 °C, and 40%TW-300 °C were selected and represented in Figure 5.
The degradation temperature points Tso,, T199, and Ty corresponding to 5%, 10%, and
maximum weight loss, respectively, are summarized in Table 5.
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Figure 5. TGA thermograms of 0%TW, 40%TW-225 °C, and 40%TW-300 °C.

Table 5. Thermal degradation points and final residue of TW and NTW-reinforced PP.

Sample Degradation Temperature (°C) Final Residue

P Tsy T10% Tinax at 700 °C (%)
MA 265.8 303.4 468.2 8.1
MB 263.2 302.2 468.3 8.9
MC 271.6 307.8 466.8 8.6
MD 272.3 308.7 468.6 8.5
ME 268.5 303.9 471.0 9.4
MF 271.9 309.4 471.0 9.2
MG 281.9 323.5 470.9 9.7
MH 280.0 322.6 469.4 10.9
MI 303.4 342.0 472.6 12.3

The thermal decomposition started earlier for the 0%TW (reference sample MA) com-
pared to the reinforced samples. The incorporation of TW reinforcement had a favorable
effect on the material’s thermal resistance. Thermal degradation was delayed, especially
when TW-300 °C was utilized. When 5% of TW-225 °C was incorporated, T5¢, and Ti¢s,
decreased slightly, whereas T,y remained steady. Thus, no remarkable changes were
observed in the thermal degradation compared to the reference sample. However, when
the loading of TW-225 °C was further increased, T59,, T19%, and Ty;ay increased. The highest
increment in T59, and T7p9, was 6.4 °C and 5.3 °C, respectively, for the sample containing
25% of TW (MD), while T);x remained almost the same compared to the reference sample.
Up to 25% of TW, the increase in TW loading had a negative impact on the thermal stability,
and a decrease in the degradation points was noted (Table 5). When TW-300 °C was used
as reinforcement, T59,, T19%, and Ty,y increased gradually with the filler loading up to
40%, with a slight difference observed between samples loaded with 15% and 25%. The
highest thermal stability was exhibited by sample 40% TW-300 °C (MI) with an elevation in
T5%, T10%, and Ty of 37.6 °C, 38.5 °C, and 4.4 °C, respectively, compared to the reference
sample. The final residue percentage increased with the increase in TW percentage from
5% to 40%, and the increment was more significant in the case of filler treated at 300 °C.
The final residue at 700 °C increased by 16% and 52% for samples with 40%TW treated at
225 °C (ME) and 300 °C (MI) compared to the reference sample. These findings suggested
that utilizing TW as a reinforcement for PP, particularly TW-300 °C, could improve the
thermal stability of wood—polymer composites at high temperatures. The enhancement in
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thermal resistance can be attributed to torrefied wood’s higher stability than raw wood,
owing to the pre-degradation of hemicelluloses during the treatment. Hemicellulose is
known as the most thermolabile natural polymer, given that it starts to degrade at earlier
stages (from 220 °C to 315 °C [30]) compared to other wood components (i.e., cellulose
and lignin). TW filler likely contained reduced hemicellulose content, which improved
the thermal heat resistance and led to the generation of more residue at the end of the
heating cycle. Barajas et al. [40] observed similar trends when they studied the thermal
properties of PLA composites reinforced with raw and torrefied (250 °C) coffee husk flour
(CHF). They reported that T5¢, and Ty of PLA-20% torrefied CHF increased by 23 °C and
4 °C, respectively, compared to PLA-20% raw CHEF. The authors explained that the tor-
refaction led to removing the less thermally stable components, specifically hemicellulose
and cellulose. However, they found that a further increase in the torrefied CHF loading
(up to 50%) negatively affected the composites thermal stability, attributed to the potential
occurrence of metals and water in the filler powder that catalyzed and favored the thermal
degradation. Moreover, they found that [40] observed similar trends when they studied
the thermal properties of PLA composites reinforced with raw and torrefied (250 °C) coffee
husk flour. They reported that Ts¢, and T decreased gradually from 322.4 £ 1.7 °C
to 301.1 £ 1.3 °C and from 354.7 + 2.2 °C to 341.4 & 1.6 °C, respectively, when torrefied
coffee husk loadings were increased from 20% to 50% wt%. However, they recorded a
continuous increase in residual mass from 5.6 + 0.5 to 10.9 + 0.8% (from 20 to 50 wt%
loading). They also reported that within the same filler loading (20 wt%), T5¢, and Ty
of composites with torrefied filler increased by 23.5 °C and 3.6 °C, respectively, and final
residue at 700 °C increased continuously with the increase in torrefied CHF content, which
was justified by the ability of torrefied material to generate carbon-rich residue. Similarly,
prior research [31] stated that the thermal resistance of polybutylene adipate terephthalate
(PBAT) composites was enhanced when the coffee ground was torrefied at 270 °C when
incorporated, compared to composites containing raw or coffee ground torrefied at a lower
temperature (250 °C). The findings were attributed to the hydrolysis of less heat-stable
compounds during the torrefaction, which increased with the severity of the torrefaction
temperature (i.e., from 250 to 270 °C).

3.6.2. Differential Scanning Calorimetry

DSC-derived heating and cooling isotherms for the reinforced PP composites were
considered to understand the effect of the torrefied filler’s incorporation on the PP poly-
meric matrix’s crystallization and melting behaviors. The crystallization temperature (T¢),
crystallization enthalpy (AH,), melting temperature (T},), melting enthalpy (AH,,), and
crystallinity degree (X.) of all samples are listed in Table 6.

Table 6. Thermal transitions of the wood-PP-based composites.

T, AH, T, AH,, Xc
Sample °C) Jg Q) gg (%)
MA 112.7 48.0 160.5 40.3 32
MB 112.6 64.7 160.9 51.6 42
MC 113.2 52.5 160.4 40.5 33
MD 116.7 56.8 160.6 35.7 29
ME 113.2 448 160.1 31.2 25
MEFE 112.9 62.0 160.6 41.2 33
MG 112.4 443 160.8 30.7 25
MH 113.1 34.2 159.2 255 21
MI 1114 48.3 159.6 34.2 28

The crystallization temperature remained steady at 5% and 15% TW loadings, regard-
less of the torrefaction temperatures. As the amount of TW-225 °C increased to 25%, T
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increased by 4 °C compared to the reference sample. However, the increment in T, was
negligible in the case of 25% TW-300 °C (MH).

When TW levels were further increased to 40%, T, decreased by 3.5 °C and 1.6 °C in
the case of 250 °C and 300 °C torrefied fillers, respectively, compared to the corresponding
25% samples. The T, values of composites reinforced with TW-250 °C wood filler were
higher than those reinforced with TW-300 °C within the same loading levels (Table 6).
This result was attributed to the differences in particle size that affected the dispersion
of the wood particles within the matrix. TW-225 °C had a larger average particle size
(589 pm) compared to TW-300 °C (379 um). Bigger particles likely prevented the formation
of crystals by creating inter-spaces between the PP chains, delaying the T, from reaching
higher values. The degree of crystallization decreased as the amount of TW increased, from
5% to 40%, regardless of the torrefaction temperature. Therefore, with the addition of higher
TW loadings, the formation of crystals within the polymeric matrix was harder, which
means that the wood particles likely limited the nucleation of the materials by lowering the
mobility of PP molecular chains.

T, values remained almost constant for all samples except for composites containing
25% and 40% of TW-300 °C (MH and MI), where a slight decrease was observed (Table 6).
Chiou et al. [41] obtained similar results, incorporating variable loadings (5, 12.5, and
20 wt%) of almond shell torrefied at 280 °C and 300 °C and wood chips torrefied at 280 °C
in a PP matrix. They reported that melting temperature values for all the specimens ranged
between 166 °C and 167 °C, comparable to the neat PP (167 °C). They concluded that
the filler did not significantly influence the melting behaviors of the PP chains. Moustafa
et al. [31] reported different findings when they studied the different properties of PBAT
composites reinforced with raw and torrefied coffee ground at variable loadings (10, 20,
and 30%). They found that torrefied filler had a favorable effect on the thermal resistance
of PBAT composites. The T, of PBAT filled with untreated coffee ground ranged between
96.7 °C and 97.4 °C, whereas samples filled with coffee ground torrefied at 250 °C had
higher T}, values that ranged between 109.8 °C and 115.1 °C. However, using coffee ground
torrefied at higher temperatures (270 °C) reduced the T}, and values ranged between 95.8
and 105.6 °C.

4. Conclusions

Wood plastic composites were prepared from polypropylene reinforced with tor-
refied and non-torrefied short rotation willows via extrusion and molding processes. The
morphology, mechanical, thermal, and water absorption properties of the materials were
examined. The mean particle size of wood fillers decreased by 11% and 43% after torrefac-
tion at 225 °C and 300 °C, respectively, suggesting that the torrefied particles had better
grindability. Observation of SEM images revealed the random distribution of filler particles
and the occurrence of voids within the polymeric matrix. The flexural strength decreased
with the increase in torrefied wood particles, and all samples’ flexural modulus of elasticity
was lower than the reference sample. Changes in flexural behaviors may be attributed to
differences in wood particle size and distribution within the polymeric matrix. However,
the tensile strength did not change significantly. Samples containing particles torrefied at
300 °C exhibited higher water resistance than other samples. The TGA results showed that
the addition of torrefied wood particles delayed the thermal degradation of the composites.
The thermolabile components in the wood were partially removed by torrefaction, which
enhanced the thermal stability of the composites. The crystallization degree decreased with
increased torrefied wood loadings while the melting temperatures remained almost steady.

Torrefied short-rotation willow is a good candidate as a low-value-added filler in
polypropylene and wood—polypropylene composites. The optimization of the filler’s
loadings is crucial to achieving optimal performance for the final composites.
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Abstract: Food waste is a pressing global challenge leading to over $1 trillion lost annually and
contributing up to 10% of global greenhouse gas emissions. Extensive study has been directed toward
the use of active biodegradable packaging materials to improve food quality, minimize plastic use,
and encourage sustainable packaging technology development. However, this has been achieved
with limited success, which can mainly be attributed to poor material properties and high production
costs. In the recent literature, the integration of silver nanoparticles (AgNPs) has shown to improve
the properties of biopolymer, prompting the development of bionanocomposites. Furthermore,
the antibacterial properties of AgNPs against foodborne pathogens leads towards food shelf-life
improvement and provides a route towards reducing food waste. However, few reviews have
analyzed AgNPs holistically throughout a portfolio of biopolymers from an industrial perspective.
Hence, this review critically analyses the antibacterial, barrier, mechanical, thermal, and water
resistance properties of AgNP-based bionanocomposites. These advanced materials are also discussed
in terms of food packaging applications and assessed in terms of their performance in enhancing food
shelf-life. Finally, the current barriers towards the commercialization of AgNP bionanocomposites
are critically discussed to provide an industrial action plan towards the development of sustainable
packaging materials to reduce food waste.

Keywords: bionanocomposites; food packaging; silver nanoparticles; bioplastics; colloidal silver;
green chemistry; biopolymers; food waste; AgNPs

1. Introduction

Food packaging is a critical component of food technology that deals with the protec-
tion and preservation of diverse food products [1]. It has been reported that food packaging
represented a global market size of £303 Billion in 2021 with a compound annual growth
rate (CAGR) of 5.5% until 2030, and formed about 69% of the overall consumer packag-
ing market [2]. Petrochemical plastics have achieved widespread success as packaging
materials in the sector, owning 99% of the market share due to optimal properties such as
oxygen barrier capabilities, high tensile, and tear strength. Other characteristics, such as a
high Water Vapor Transmission Rate and biodegradability, is less prevalent in packaging,
with biodegradability found in only 0.64% of all plastic materials. All these properties
guard against external degradation agents and prevent the internal loss of nutrition in food
products, assuring food quality at every level of the supply chain, from producers to end
users (Figure 1).
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Figure 1. Visual abstract outlining the enhanced properties of bionanocomposites. Green text summarizes
the key benefits of the bionanocomposites for food packaging applications.

As shown in Figure 2, synthetic plastic polymers such as polypropylene (21%), polyethy-
lene (18%), polyvinyl chloride (17%), high-density polyethylene (15%), and polyethylene
terephthalate dominate the food packaging market globally [1]. Between 1950 and 2015, an
estimated 7.8 billion tons of plastics were created worldwide, with approximately 4.6 billion
tons ending up in landfill or being wasted [3]. Polyethylene, the most manufactured and
discarded synthetic polymer globally, is the major generator of two greenhouse gases—
methane and ethylene [4]. Methane emissions contribute to climate change and can harm
aquatic life by changing the oxygen levels and pH of water, whereas ethylene emissions
can be hazardous to plants and animals and have an impact on crops and biodiversity, and
there is some evidence that it may play a role in cancer development [4].

Plastics account for 10% of the global oil output, with single-use plastics accounting for
more than one third of all plastics produced in 2017 [5]. Several environmentally hazardous
disposal methods, such as incineration and landfill, are currently being employed to
deal with the overflow of plastics [4]. As a result, sustainable, safe, and non-toxic food
packaging options are highly desirable to ensure a transition to more environmentally
friendly packaging materials in the food industry.

Bioplastics represent an innovative category of plastics derived from natural sources,
such as chitosan, agar, alginate, and polylactic acid (PLA), among others. They are posi-
tioned as an environmentally friendly alternative to non-biodegradable synthetic plastics
due to their reduced reliance on fossil fuels, faster biodegradability, and lower carbon
footprint [6]. Bioplastics are made of biopolymers and biodegradable reinforcing agents [7].
The ability of bioplastics to return to the ecosystem, either through the natural breakdown
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of organic waste by microorganisms or composting, rather than accumulating in landfills,
is an important differentiating factor compared to non-biodegradable synthetic plastics.

Polypropylene
21%

Others
22%

Polyethylene
terephthalate
7%
Polyethylene
18%
High-density
Polyethylene
15%

Polyvinyl chloride
17%

Figure 2. Global market distribution of synthetic plastics [1].

Even though bioplastics provide an alternative to synthetic packaging, they are regu-
larly combined with petrochemical plastics. This is due to their weak mechanical qualities
and moisture sensitivity, which are listed as contributing causes to their restricted uti-
lization in food packaging [6]. To overcome the challenges around bioplastics, extensive
research has been conducted to embed nanomaterials in food packaging materials, leading
to the development of active packaging materials. Several metallic nanoparticles, most
notably silver, aluminum, and zinc, have been shown to improve qualities such as tensile
strength, Water Vapor Permeability, and biocidal activity [8]. Moreover, silver nanoparticles
(AgNPs) have been found to have a strong antibacterial effect against foodborne pathogens
such as bacteria, parasites, and viruses [9].

The antimicrobial activity of AgNPs in food packaging can help tackle two major
global challenges:

e Food and beverage waste: Excess food production used to compensate for waste
could be used to help feed the 811 million people worldwide experiencing chronic
undernourishment [10];

e  Foodborne infections: 550 million cases and 230,000 deaths worldwide each year could
be avoided by providing sustainable and effective food packaging technology [9].

These challenges are aligned with the United Nations Sustainable Development Goal
12 to reduce food waste along production and supply chains in order to promote a more
sustainable economic model [11]. Food waste is typically generated by food products
which have a short shelf-life; studies have shown a wide spectrum of microorganisms
being responsible for food deterioration [9], increasing the challenge to finding a one-stop
solution to prevent highly nutritious foods from degrading as quickly, especially in warmer
climates. As a result, $1.2 trillion is wasted globally each year from food and beverage
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detorioration [10]. It is believed that over 1.3 billion tons, or one third of all food produced
for human use, is wasted annually [10]. This accounts for up to 10% of global greenhouse
gas emissions [10].

While the main focus of current research has been to investigate the incorporation of
AgNPs in bioplastics to improve their physical properties, only a limited amount of studies
have looked into how these improvements affect food packaging in a holistic manner.

Due to the excellent performance of silver bionanocomposites in antibacterial activity
and their ability to improve the physico-chemical properties of bioplastics, the purpose of
this literature review is to critically examine key technological advances that are relevant
to food packaging. These properties include the antimicrobial activity, barrier properties
(Water Vapor Transmission Rate (WVTR, WVP), and Oxygen Transmission Rate (OTR)),
mechanical properties (Ultimate Tensile Strength (UTS) and Elongation at Break (EaB)),
thermal properties, and water resistance (WS, CA) of bionanocomposites containing AgNPs.
Specifically, we will focus on the combination of AgNPs with agar and/or PLA and their
applications as active materials in food packaging, since they represent the most exploited
and promising materials for the development of advanced bioplastics. We also explore
the latest developments in the antibacterial activities of silver bionanocomposites. In the
last sections of this critical review, we discuss the challenges and environmental impact of
silver bionanocomposites, aligning our discussion with current and evolving regulatory
frameworks. The nature of this fast-paced and advanced field often leads to fragmented and
conflicting literature; thus, this literature review serves to consolidate and clarify the current
state of knowledge, contributing to the further understanding of silver bionanocomposites.
Additionally, we critically analyze three barriers to the commercialization of these materials
including a scalability, regulatory, and environmental analysis outlining the key obstacles
that need to be overcome for these advanced materials to become widely available in
the industry.

2. Silver Nanoparticles as an Active Additive

A common approach to enhancing food safety is to embed an active ingredient within
a packaging material which not only inhibits microbial growth, but also enhances Water
Vapor Permeability to extend the shelf-life [9]. This is achievable through nanomaterials
such as AgNPs, which have a higher surface area-to-volume ratio with respect to their bulk
counterpart, allowing them to easily interact with and bond to other materials.

Hence, when embedding silver nanoparticles in biopolymers, they interact with:

Gases, such as oxygen and carbon dioxide, which increase barrier capabilities [12];
The polymer matrix of the film, forming a network of strong bonds that improve
mechanical and barrier properties through weak and covalent interaction, assuring
their adhesion within the biopolymers [13];

e  Bacteria and other microorganisms, which inhibit their growth [9]. The mechanism of
action of AgNPs against bacteria is illustrated in Figure 3;

e UV radiation, reducing the UV penetration through the biopolymer by means of their
strong scattering behaviour [14].

It is important to note that the intake of AgNPs into mammalian cells is size depen-
dent, with the aggregation of smaller-sized nanoparticles (<10 nm) causing cytotoxicity
to cells [15]. Therefore, packaging manufacturers can counteract the effects of AgNPs
in human cells by tuning the size of AgNPs as well as embedding them into bioplastic
polymer matrices to form bionanocomposite materials.

The antimicrobial activity of AgNPs, as presented in Figure 3, is influenced by key
parameters, including the shape, size, and surface charge of the nanoparticle. Enhanced
antimicrobial activity has been demonstrated in spherical and triangular-shaped AgNPs
in comparison to cubic, platelet, decahedron, and other shapes, as increasing the surface
area increases NPs’ reactivity with the microorganism’s cell membrane [16,17]. Moreover,
previous research has demonstrated high antimicrobial properties for AgNPs sized be-
tween 1 and 30 nm. Additionally, the AgNPs’ surface charge, conferred by their coating
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agent, influences their interaction with biological molecules. This includes their uptake by
microorganism cells, a crucial aspect governing their antimicrobial mechanism [16].
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Figure 3. Various antimicrobial activity mechanisms of AgNPs. (1) Entry of the AgNPs into the cell
membrane of the bacterial cells; (2) ribosome denaturation; (3) ATP termination; (4,5) membrane
disruption; DNA damage; (5) rupture of the cell membrane [9].

The synthesis method of AgNPs will influence their final physical properties, therefore
impacting their antimicrobial efficacy. AgNP production methods can be divided into three
synthesis routes: physical, chemical, and biological, as summarized in Figure 4 [18]. To
achieve control over AgNPs’ size and morphology, a number of chemical and biological
approaches constitute viable options. However, compared to chemical methodologies,
biological methods are rapidly becoming the preferred synthesis route due to the absence
of hazardous chemicals in their production [18]. Furthermore, biological methods do
not require the addition of stabilizing agents during AgNPs’ synthesis, since many of
the commonly investigated natural compounds can act both as reducing and capping
agents. This enables the development of simpler and more cost-effective reaction strategies
compared to chemical methods.

Hence, the selection of the AgNPs’ synthesis method, their characteristics, and their
concentration within the bionanocomposite are critical for understanding how to extend
food shelf-life, as AgNPs exert different antimicrobial activities and physical properties
depending on the bionanocomposite formulation.
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Figure 4. Methods for AgNPs synthesis. (1) Physical: In this method, the bulk material, such as
silver foil, is broken down utilizing high energy and material resources; however, the produced
AgNPs lack uniform size and shape, the most used methods comprise evaporation-condensation
and laser ablation; (2) Chemical: This process commonly involves the metal ionic sources being
reduced by a reducing agent and stabilized by a capping agent to produce AgNPs of defined size
and shape. However, these use toxic chemicals such as sodium borohydride; (3) Biological: These
methods either use microbes or plant extracts to carry out bio-reduction of ionic solutions as well as
use biological molecules to stabilize the final AgNPs to produce defined shape/size NPs, without the
use of hazardous chemicals [18].

3. Formulation and Bionanocomposites Manufacturing

Bionanocomposites are composite materials comprising two fundamental components:
biopolymers that constitute the bioplastic matrix and embedded nanostructures capable of
imparting unique properties which re-enforce the polymeric material. These nanostructures
can be organic, encompassing polysaccharides, proteins, or synthetic colloids, or inorganic,
including substances such as silica, noble metal oxides, or ceramics. Various bioplastic
formulations have been produced in the literature. In particular, polysaccharide-based
bionanocomposites are the most investigated due to their unique chemical-physical prop-
erties, and relative low cost provided by the abundance of their main sources. Indeed,
polysaccharides are naturally abundant, are generally non-toxic and circular, and meet
the criteria for packaging production [19]. These biopolymers, unlike lipids which are
commonly subjected to peroxidation reactions leading to the loss of their main structure,
exhibit a higher thermal stability. However, they are highly susceptible to moisture and
have limited mechanical resilience [19]. These include agar [20], chitosan [13], and hydrox-
ypropyl methylcellulose (HPMC) [21] in combination with multiple components such as
gum tragacanth/HMPC/beeswaxes (GT/HMPC/BW) [22] and agar/banana powder [23].
Understanding their formulation is critical in order to develop optimal bionanocomposite
materials, as their formulation will impact the final material properties as well as our
understanding of how AgNPs interact with the polymers themselves.
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Physical properties that affect food safety and shelf life must be considered when
designing food packaging.
To address these issues, three solutions have been suggested:
1. The addition of different reinforcing chemicals into polysaccharide matrices such as
cellulose, lignocellulose, or micro/nanocrystals [24];
2. The combination of different polymers which produce blends or multilayer films, as
presented in Table 1 [25];
3. The inclusion of inorganic additives, such as AgNPs [19,25].

Furthermore, plasticizers are commonly used in bioplastics to overcome brittleness and
prevent cracking and chipping of the biopolymer during handling and storage. Plasticizers
are substances with a low molecular weight and high volatility, such as glycerol or sorbitol.
These can reduce intermolecular interactions and boost polymeric chain mobility, resulting
in a drop in the material glass transition temperature via protein structural change [26].
It has been demonstrated that adding oleic acid to glycerol improves the mechanical and
barrier properties of edible films and coatings [27]. This mixture creates polyglycerol-esters
through the esterification of pendant hydroxyl groups with fatty acids. Polyglycerol-esters
are commonly employed as additives, modifiers, and emulsifiers in products that contain
immiscible food ingredients [28]. The main bioplastic formulations are presented in the
table presented in Table 1.

The selection of components is critical to the food packaging quality of the bionanocom-
posite, where the base formulation of the bioplastic will not only define the starting point
of the physical, chemical, and biological properties of the film, but is also critical in under-
standing the interaction of the AgNPs with the bioplastic formulation itself, which also
depend on how the AgNPs are integrated into the biopolymer matrix.

AgNPs can be embedded into bionanocomposites using a variety of techniques, in-
cluding in situ synthesis [29], solution blending (melt blending and solution casting) [30],
and electrospinning [31]. The first method involves the synthesis of AgNPs within the
biopolymer itself by adding a silver salt to a solution containing a reducing agent before
its addition into a bioplastic material. Melt blending mixes AgNPs with a bioplastic in its
molten state. On the other hand, in the solution casting method, a bioplastic is dissolved
in a solvent, allowing the nanoparticles to be dispersed in the solution and mixed with
the polymer before being cast into sheet materials. Finally, AgNPs can be electrospun
to produce nanofibers and then integrated into a biopolymer solution. The benefits and
drawbacks of each method are summarized in Table 1.

Table 1.
and drawbacks.

Summary of bionanocomposites manufacturing processes, outlining main benefits

Bionanocomposite
Manufacturing Method

Benefits

Drawbacks

In situ intercalative
polymerization [32]

Improved mechanical, thermal and
barrier properties

Only works for low-viscosity polymers.

Easy to automate

Expensive equipment required.

Cost-effective materials required

Difficulties in controlling the polymerization,
leading to variations in the properties of
the bionanocomposite.

Solution intercalation [32]

Homogeneous dispersion.

Environmental concerns around solvent use.

Increased interlayer spacing of the nanofiller,
allowing for greater polymer penetration and
adhesion to the filler surface.

Time-consuming processing time.

Efficient processing.

Nanofiller compatibility issues, could lead to
poor dispersion and suboptimal properties of
the bionanocomposite.
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Table 1. Cont.

Bionanocomposite .
Manufacturing Method Benefits Drawbacks
Template removal is challenging and can
Precise control over size and shape. damage or alter the properties of the
final product.
Template synthesis [32] Sensitivity to reaction conditions lead to low

Tailored properties.

optimised reactions and limited the range
of materials.

High yield.

High cost starting materials.

Improved thermal stability
of bionanocomposite.

Limited control over intercalation, can result
in variations of final product properties.

Melt intercalation [32] Improved barrier properties.

Reduced mechanical strength of end-product.

Reduced cost compared to other methods.

Overall, the choice of embedding technique will depend on the specific packaging
material applications and the desired properties of the final product as well as the economic
viability of such a process. For example, thermal extrusion methods will be the preferred
choice for thermoplastic polymers such as Poly (Lactic Acid) (PLA) bionanocomposite
production but not for agar-cellulose materials for which in-situ synthesis and mixing
are preferred due to the high water affinity of AgNPs once stabilised by hydrophilic
capping agents.

A fundamental aspect to assure an increase in bionanocomposites activities is repre-
sented by the AgNPs” uniform distribution within the biocomposites, in order to maintain
an homogeneous action over the bionanocomposites’ surface and avoid AgNP aggrega-
tions, which can cause a lack of activities. To achieve homogeneity and uniform dispersion,
manufacturers employ different techniques during the processing of the material:

The use of dispersant or surfactant [33];

Mechanical mixing during the extrusion process for thermoplastic polymers [34];
Sonication to break down agglomerates and ensure proper dispersion [35];

The fine tuning of processing conditions, such as temperature, pressure, and mixing
time to optimize AgNP dispersion.

Finally, the AgNPs’” high stability at different conditions, in particular with regard to
pH and temperature, is a required feature when they are embedded within bionanocom-
posites used in food packaging materials to ensure food safety, regulatory compliance,
consumer acceptance, and the long-term performance of the packaging. AgNP aggregates
can lead to changes in material performance, compromising the integrity and functionality
of the packaging [36].

4. Characterization of Bionanocomposites
4.1. Antimicrobial Activity of Ag Bionanocomposite Materials

AgNPs have been proven to be broadly efficient against common food bacteria such
as Escherichia coli, Staphylococcus aureus, and Pseusomonas aeruginosa. The average minimum
inhibitory concentration (MIC) of AgNPs for E. coli was found to be 10.85 ng/mL [30].
Similarly, AgNPs” MIC of S. aureus was found to be 14.39 pug/mL [30]. Finally, the average
AgNP MIC of P. aerugionsa was reported to be 6.41 pg/mL [37]. This body of evidence
implies that S. aureus is the most vulnerable of these widespread bacterial species to AgNPs,
and have the potential to cause serious food poisoning, especially in milk and cheeses [9].
AgNPs have also shown antimicrobial efficacy against a variety of fungi and viruses often
found in food [38], including Cladosporium, Aspergillus, and Norovirus, which are prevalent
in carbohydrate-based foods, chilled meat, leafy greens, and shellfish, respectively.
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A thorough review of bionanocomposite using AgNPs and their antimicrobial activity
is presented in Table 2. AgNPs have a strong bactericidal rate on common food pathogens
such as S. aureus, E. coli, Listeria monocytogenes, and Salmonella typhimurium. To further
optimize the use of AgNPs, the stronger the antibacterial effect of the AgNPs, the lower the
concentration of AgNPs that is required to achieve the same result [30].

Table 2. Use of silver nanoparticles in food packaging biomaterials. It has been demonstrated that
bionanocomposite materials can help prevent the development of common foodborne pathogens
such as S. aureus, E. coli, S. typhimurium, and L. monocytogenes at low concentrations.

Size of . . Bactericidal
Polymer Used AgNPs (nm) Concentration Food Tested Strain Tested Rate (%) Ref.
) o Data not reported S. aureus 20.5%
Chitosan 8.05 1% w/v or not investigated E coli 23.7% [5]
S. aureus 97.04%
45 1% wt/wt Strawberries ; [32]
E. coli 95.85%
Polylactic acid 0
05 1% wt/wt Fresh apple and L. monocytogenes 100% [33]
’ AgNPs apple juice S. typhymurium 100%
i S. aureus 91.26%
Alginate 20 0.8% Strawberries , [34]
E. coli 92.01%

The literature has generally outlined that smaller particle sizes increase the surface
area-to-volume ratio, therefore having a higher antimicrobial activity [16]. This is shown
by comparing the results of Argudin et al. [39] and Elgorban et al. [40], for which the same
AgNP concentration of 1% (wt/wt) was integrated into PLA [41,42]. The results revealed
that a smaller particle size of 2.7 nm had a 100% bactericidal rate on L. monocytogenes and
S. typhymurium [39]. For particle sizes of 4.5 nm, the bactericidal rates were reported to
be 97.04% and 95.85% for S. aureus and E. coli [39]. However, it must be noted that the
difference reported is still small and the tested bacterial strains were different.

Moreover, a study by Scialabba [10] applied a concentration of 1% w /v of AgNPs to
chitosan, employing a particle size of 8.05 nm. The bactericidal rate on S.aureus and E.coli
was 20.5% and 23.7%, respectively [10]. Argudin et al. [39] used a particle size of 4.5 nm
in PLA which demonstrated a 76.54% increase in antibacterial effectiveness compared to
a particle size of 8.05 nm in chitosan [10] for S. aureus, as shown in Table 2. However, the
difference in bionanocomposites and processing methods differed and these may play a
significant role in AgNPs’ antibacterial activity.

The antimicrobial efficiency of AgNP bionanocomposites and in general of bio-
nanocomposites is commonly investigated through different methodologies such as:

e  Zone of Inhibition (Agar Diffusion Method): A bioplastic film or disc is placed on an
agar seeded with microorganisms and the antimicrobial activity is indicated by the
zone of inhibition [37];

e  Direct contact test (ASTM E2149 [43]): This test aims to evaluate the antimicrobial
activity of the bionanocomposites in direct contact with a suspension of microorgan-
isms. After a selected contact time, the microorganisms are recovered and counted to
determine the reduction in viability [44];

e  Suspension test (ASTM E2180): Specifically used for hydrophobic bionanocomposites,
this method is designed to evaluate the antimicrobial activity of incorporating an
active agent in the bionanocomposite, such as ASTM E2149. The bionanocomposite is
soaked in a microorganism suspension and the activity is calculated as the percentage
of reduced vitality [45].

Microorganisms are the primary culprits behind food spoilage, as they accelerate
degradation reactions, alter pH levels, and produce toxins that lead to changes in taste,
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texture, and appearance, rendering the food unpalatable. Hence, reducing their presence
in food products brings several benefits to producers, such as a higher flexibility and time
management of food products, as well as to consumers, with better food quality overall
and less food spoilage, leading to reduced waste and improving the products” shelf-life
and possible storage periods [46,47].

4.2. Enhanced Physical Properties of Bionanocomposite Materials

AgNPs can also improve the physical and functional properties of bioplastic materials,
resulting in improved food protection and preservation [41]. The addition of AgNPs
into the bioplastic matrix showed improved barrier permeability, mechanical properties,
thermophysical stability, and water resistance [41,42]. This is critical since the primary
function of food packaging is to extend the food product’s shelf-life by avoiding unfavorable
changes caused by microbial breakdown, chemical pollutants, temperature change, air,
moisture, light, and external factors [21]. The impact of AgNPs on the physical properties
of bioplastic material is critically examined in the following sections.

4.2.1. Membrane Barrier Properties

The barrier properties of packaging contribute to food shelf-life. For example, oxygen
scavenging and CO; emission from the pack are moisture-dependent, which is governed
in part by the packaging barrier capability. As previously established in the literature,
the efficiency of these barrier properties is predominantly contingent upon the primary
polymer constituents of the bioplastic materials. The choice of polymers dictates the
permeability of the packaging to gases and moisture, directly impacting food’s quality and
safety during storage. However, recent advancements in food packaging technology have
introduced a transformative factor: the incorporation of AgNPs. AgNPs have garnered
significant attention due to their unique properties, which include antimicrobial and
barrier-enhancing effects. When AgNPs are integrated into the bioplastic matrix, they
interact with the polymer chains, reinforcing the barrier capabilities of the packaging
material [47]. AgNPs have shown promising activity in reducing the impact of external
factors, particularly the adverse effects of moisture and oxygen on packed food items. This
enhancement translates to a tangible reduction in food waste, as the shelf life of products is
extended. Additionally, it mitigates potential health risks for consumers, as it minimises
the chances of microbial growth and oxidation within the packaging.

There are several methods to characterise the barrier properties of packaging films, and
the most common are: Water Vapour Transmission Rate (WVTR), Water Vapor Permeability
(WVP), and Oxygen Transmission Rate (OTR).

The Water Vapor Transmission Rate (WVTR) is a measurement that quantifies the
rate at which water vapour or moisture permeate through a material or barrier over a
specific period of time. The WVTR depends highly on the packaging film, thickness, resin
composition, and the polymers mixed as well as their physio-chemical properties such as
the hydrophilic/hydrophobic degree. This parameter can be improved with the integration
of AgNPs by reducing the porosity and increasing the hydrophobicity of the film [48]. Food
texture, nutritional, and flavour profiles are all affected by water vapour levels, which have
an impact on food quality and safety. When the moisture content of food changes, the rates
of lipid oxidation, microbial development, and browning fluctuate [47].

Bahrami noticed a slight but considerable reduction in moisture content with an
8% AgNP concentration, decreasing from 0.2859% to 0.2757% during the study of TG-
HPMC-BW films [29]. The increased crosslinking in the biopolymer network caused by
the electrostatic contact between the nanoparticles and the OH-groups of glucosyl was
responsible for the diffusion of water molecules in the film samples [29]. The moisture
content presence was similarly reduced in the agar /banana powder film when AgNPs were
integrated, with both blending compositions experiencing a 2% moisture reduction [23].

However, in particular situations, AgNPs may inhibit the intermolecular hydrogen link
between polymers. This was observed in the chitosan-starch blend, where the nanoparticles
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promoted water vapour adsorption at the hydrophilic regions of polysaccharide molecules,
and eventually moisture penetration, increasing the WVTR by 24.4% at a 3.79% AgNP
concentration [47].

AgNPs can influence the WVTR by means of different physical, mechanical, and
chemical interactions with both water molecules and the biocomposites. Indeed, besides
the described phenomenon, AgNPs can form tortuous paths for water vapour molecules,
making it more difficult for them to pass through the biocomposite and thus reducing the
WVTR. Moreover, the inherent hydrophobicity of silver core reduces the biocomposite
polar behaviour, thus reducing its interaction with water molecules.

The WVRT of bionanocomposites is commonly quantified through the gravimetric
method (ASTM F1249) [49]).

Water Vapor Permeability (WVP) determines how effectively a packaging material
can control the moisture transfer between packaged food and its surrounding environment,
and its regulation is fundamental to preserve food quality. Its value is measured by means
of standard procedures [50].

The incorporation of AgNPs positively affects the WVP, resulting in a decrease in
the WVP in different compositions. For example, the WVP of the TG-HPMC-BW film fell
significantly to approximately half of its original value [51]. This was explained by the
presence of AgNPs in the matrix, which prevents the biopolymer chains from moving,
resulting in a reduced WVP [12]. Similar behaviour was observed in J. Rhim et al. [20],
in which agar, starch, and pectin-based films obtained a 25% reduction with 2% AgNPs.
Moreover, Ortega et al. [44] reported a 45% WVP reduction at 28 ppm, and Shankar et al.
obtained a 9% reduction at 100 ppm [42]. Although similar results were expected in the
agar/banana film, the WVP was increased by 43% through the addition of AgNPs to the
sample containing the highest banana powder ratio. This could be due to the reduced
compatibility of banana powder and AgNPs, as well as the larger size of the AgNPs
detected during SEM imaging [23]. Moura et al. [21] investigated and confirmed this trend
while testing different AgNP particle sizes, with 100 nm AgNPs having a 15.8% higher
WVP than 41 nm AgNPs in the same cellulose-based composite. Therefore, this shows
how smaller-sized AgNPs with larger surface areas enhance the WVP, independently of
the concentration of AgNPs employed.

As aresult, the addition of AgNPs can improve the composite material’'s WVP, with the
highest improvement of 53% being observed in the TG-HPMC-BW film, delivering superior
results for food preservation through moisture retention [51]. However, the best performing
WVP composition of 1.6 x 10~'% m~! s~! Pa~! was a starch-based bionanocomposite at
28.6 ppm AgNPs [52].

The Oxygen Transmission Rate (OTR) refers to the measurement of the amount of
oxygen that passes through a specific material over a given period. It is a crucial parameter
in packaging industries, especially for products that are sensitive to oxygen exposure,
such as food. The OTR is typically expressed in cc/m?/day and indicates the material’s
barrier properties against oxygen. Measuring the OTR of a film involves oxygen permeation
analyzers, which can create a controlled environment. One side of the material is exposed to
a high concentration of oxygen, while the other side is exposed to a vacuum or a controlled
low oxygen concentration. By monitoring the oxygen permeating through the material,
the analyzer calculates the OTR. This measurement is crucial in selecting appropriate
packaging materials to ensure the freshness and quality of food products.

Some food shelf-life metrics, such as off-odour, aerobic plate count, and colour param-
eters, can be affected by the OTR in packaging [53]. It was determined that moderate OTR
values (2000-7000 mL O, m~2 per 24 h) resulted in the greatest packaging performance.
This range of values is commonly seen in synthetic plastics, but bioplastics exhibit a range
in the hundreds [54]. The OTR is commonly measured at room temperature at a controlled
relative humidity by means of standard procedure [55].

Similarly, to the WVP, the OTR of AgNPs containing bionanocomposite demonstrated
decreased transmission rates when compared to the original film. As the concentration of
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AgNPs increased from 0% to 20% in a chitosan—starch-based film, the OTR decreased from
2.39 mL O, m~2 per 24 h to 1.48 mL O, m 2 per 24 h [19]. Dairi et al. [56] identified this
behaviour on a cellulose acetate bionanocomposite, for which the inclusion of 5% AgNP
organoclay resulted in a 13.6% drop in the OTR [56]. This behaviour is based on an increase
in the diffusion route length, which causes gas molecules to flow more slowly through the
matrix [55,56].

It can be concluded that the integration of AgNPs into packaging materials offers a
versatile means to enhance barrier properties by reducing moisture and oxygen perme-
ation [56]. However, the effects of AgNPs can vary depending on the polymer matrix,
characterizing the importance of careful consideration when implementing AgNP-based
strategies for food packaging.

4.2.2. Mechanical Properties

The mechanical properties of bionanocomposites, such as tensile strength (TS) and
elongation at break (EaB), are generally improved, and are substantially dependent on the
AgNP concentration [19,53-55]. The improved mechanical capabilities of bionanocompos-
ites can be attributed to their high stiffness and aspect ratio, as well as their strong affinity
via contact between the polymer matrix and disseminated nanoparticles. The mechanical
properties of nanoparticles in biopolymer food packaging are critical to control, as they
allow the food packaging material to resist breakdown and mechanical disruption during
manufacturing, transit, and storage [57]. Mechanical characterizations of bionanocom-
posites offer essential information regarding the composite’s suitability for its intended
applications. The characterization procedures adhere to standardized protocols as outlined
by ASTM guidelines [58].

Ultimate Tensile Strength (UTS) measures the maximum stress a material can with-
stand without breaking. In the food packaging industry, UTS is a crucial technique, as it
determines the strength and durability of packaging materials, ensuring they can with-
stand various handling and transportation conditions, thus maintaining the integrity of
packaged products.

Figure 5 summarises two opposite UTS behaviours of the bionanocomposites of
PLA and agar polymer matrices, which are dependent on the AgNP concentration. It is
important to understand that these two bionanocomposites are used for different packaging
applications, as PLA is a hard plastic and the agar-based matrix is flexible plastic. As a hard
plastic, PLA will present, by default, a very high UTS, to which the AgNPs’ integration
presents a decreasing effect of its structural strength, getting almost 15% lower strength at
a 1% AgNP concentration [29]. This is not an isolated case, as it has also been reported that
the addition of AgNPs to TG-HPMC-BW reduced the original material’s UTS to nearly half
its value [51].

The UTS of the bionanocomposite can be improved through empirical experimentation
to determine the optimal AgNP concentration, as observed in agar-based bionanocomposite
materials. Although agar-based biocomposites” initial strength is lower compared to hard
plastic materials, the addition of AgNPs (1% concentration) increases the UTS by 8% [20].
This improvement is also seen for chitosan—starch-based films, where the UTS was increased
to 69.6 Mpa at a 5.2% AgNP concentration [19]. The UTS of the bionanocomposite material
is not only dependent on the base biopolymer and the concentration of AgNPs, but also
on the size of the nanoparticles. This was demonstrated by Moura et al., [21] who found
that 41 nm-sized nanoparticles increased the UTS of HPMC by 13% while 100 nm particles
improved the UTS by only 9.8%.

Therefore, when developing a bionanocomposite, careful consideration of the ma-
terial design is required when selecting the base material, concentration, and size of the
nanoparticles, as this will significantly impact their strength.
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Figure 5. Ultimate Tensile Strength (UTS) of PLA and agar bionanocomposites containing Ag-
NPs [29,52].

Another key packaging property is the elongation at break (EaB), the material’s ability
to stretch before breaking. In food packaging, a high elongation at break is vital as it
indicates the flexibility of the packaging material. This property allows packaging to
withstand deformations and movements during storage and transportation, preventing
tears or ruptures and ensuring the safety and quality of packaged food products.

The EaB property of the bionanocomposite, similar to UTS, is dependent on the
base material, concentration, and size of the nanoparticles. For instance, for materials
such as PLA and chitosan/gelatin/polyethylene glycol (CH/GE/PEG), when AgNPs are
embedded, the EaB can be reduced by 53%, a significant decrease [30,59]. This enhances
the formulation of PLA as a hard plastic by increasing its resistance to external forces, as
shown in Figure 6. However, flexible plastic films have the opposite outcome, and the EaB
can be increased up to 79% with AgNPs in the case of starch biopolymer films [60,61].

In many cases, the addition of AgNPs results in a trade-off between the UTS and
EaB [59]. This is visible in HPMC films with different nanoparticle sizes, as both 100 nm
and 41 nm nanoparticles decrease the EaB but increase the UTS of the film [51].

Therefore, the specific mechanical requirements will have to be considered when
developing the bionanocomposite, and priorities will have to be defined to account for UTS
and EaB trade-offs, as illustrated in Table 2.
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Figure 6. Elongation at Break (EaB) variation in bionanocomposites with AgNP concentration. EaB is
a measure of a material’s ability to stretch or deform before breaking, for which hard plastics, such
as PLA, typically have a low elongation at break, indicating that they are relatively inflexible and
brittle. Flexible plastics such as agar-based composites typically have a higher elongation at break,
indicating higher elasticity before breaking [60,61].

4.2.3. Thermal Properties

The thermal properties of bionanocomposites are critical, for example in the industrial
thermoforming process for the production of packaging materials. Mixing biopolymers
with AgNPs can enhance the thermal and dimensional stability of biopolymers. The
enhanced stiffness and reduced thermal expansion that are characteristic of AgNPs have
been identified as factors that enhance the dimensional stability of bionanocomposites
containing both polymers and nanofillers. Because they have a greater modulus and a
lower thermal expansion coefficient than the polymer matrix, bionanocomposites have
been reported to have increased dimensional stability [62].

Youssef et al. [13] investigated chitosan embedded with silver and zinc oxide nanopar-
ticles, with silver nanocomposite demonstrating greater thermal stability and reaching
a 10% weight loss difference compared to the control composite. Corn starch-based and
agar/banana powder bionanocomposites have also shown improved thermal stability, with
a 5% and 7% decrease in weight loss, respectively [23,63]. Previous research has shown
improvements in PLA thermal stability, respectively, by 8% at 1% wt/wt AgNPs and 6%
at 0.3 wt% AgNPs. This improvement was due to the formation of a strong interfacial
interaction between the AgNPs and the PLA matrix [64].

As a result, incorporating AgNPs into bioplastic composites has the potential to
improve the material’s thermal stability. This is critical for food packaging materials if
recycling is a viable option after disposal; high-temperature-resistant materials are more
likely to be recycled and reused for packaging, a preferred route to incineration and
landfill [65].
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4.2.4. Water Resistance Properties

Water resistance is an important characteristic of biodegradable films used in food
packaging because, in some situations, the packaging may be exposed to humidity and
water during food storage, and the key functions of the packaging may be compromised
as a result of the high water activity. Understanding and optimising properties, such as
solubility and hydrophobicity, are paramount for ensuring the effectiveness and reliability
of biodegradable films in real-world food packaging scenarios.

Food packaging can interact with water in a variety of ways during transit to storage
systems such as freezers and fridges. As a result, packaging must be water resistant to
a certain extent. Films formed entirely of bioplastics (e.g., chitosan, starch, and sodium
alginate) have high solubility rates in water at room temperature, with chitosan and starch
having solubility rates of 76% and 21%, respectively [25].

However, in the case of chitosan/gelatin (CH/GE) Ag bionocomposites, the solubility
increased by 10% at 0.025% AgNPs concentration, which was explained by the presence
of water-soluble phytochemicals such as carbohydrates, alkaloids, and tannins capping
AgNPs prepared with Mussaenda Frondosa leaf extract [66]. Alginate films with melanin
from watermelon seeds were integrated with zinc oxide and AgNPs to reduce the solubility
of the original film. Alginate films had over an 80% solubility, which was decreased to 74%
by adding 0.25% melanin. Although zinc oxide nanoparticle integration improved it by 2%,
AgNPs had a significant influence, resulting in a nearly 10% drop in water solubility [67].
However, Ortega et al. [44] found that AgNPs significantly augmented the solubility of
starch-based films at both 25 °C and 100 °C. Although the bionanocomposite exhibited
an 8% lower water solubility at 25 °C, the control film, originally 100% soluble, saw an
increase to an average of 45% solubility with just 23 ppm AgNPs at 100 °C [52].

Clear conclusions cannot be drawn due to a lack of consistency in the research and
the small volume of research in this area. However, since the increase in solubility with
the AgNP concentration was explained by the presence of phytochemicals, the WS might
be influenced by the synthesis method and other compounds present in the formulation.
Furthermore, the incorporation of AgNPs may result in a more ordered structure in the
polymer matrix, preserving the integrity and enhancing the solubility resistance [52].

The Contact Angle (CA) is directly related to the hydrophobicity of the film. A higher
CA indicates greater hydrophobicity. When a packaging material is hydrophobic, it repels
water-based liquids, preventing moisture from penetrating the package. This is crucial in
food packaging, as moisture intrusion can lead to spoilage, mould growth, and reduced
food product quality [68]. As a result, a CA target of >90° is set in order to achieve
hydrophobic packaging.

Silver nanoparticles have been shown to improve the hydrophobicity of bioplastics in
some cases. For example, the CA of agar films was increased by 100% at only a 2% AgNP
concentration [23]. This increase in hydrophobicity was also observed in pure chitosan
films, which improved the films” CA by 12% [27]. As a result, the film’s water resistance
was improved.

However, in contrast, blended films of chitosan-starch and agar/banana powder have
also shown a lower CA with the addition of AgNPs. This suggests that the biopolymer
components within the matrix interacted to a lesser extent, indicating altered surface
properties in these composite films. The nanoparticles lowered the CA in the chitosan starch
blend film by 15 o at a 20% AgNP concentration [25], and only by 30 in the agar/banana
powder mix film [23]. The increased surface roughness due to the presence of AgNPs at
the surface could also explain a higher water CA in Ag bionanocomposites. The increased
surface roughness creates more microscopic pockets and uneven terrain on the film’s
surface, which disrupts water expansion through the film’s surface.

Considering the above, AgNPs in blended films are likely to increase the hydropho-
bicity by minimizing the interactions between the biopolymers and by increasing the
surface roughness. Plus, the inclusion of an emulsifier component can further enhance the
hydrophobicity of individual films. In summary, the water solubility of AgNP bionanocom-
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posites is influenced by various factors, leading to complex outcomes. AgNPs have shown
potential in enhancing hydrophobicity, but the effects are influenced by nanoparticle con-
centration, film composition, and surface roughness changes. These findings emphasise the
need for standardised approaches in studying AgNPs” impact on film properties. Further
research is essential to unlock the full potential of AgNPs in efficient and sustainable food
packaging materials.

5. Bionanocomposites Application as Food Packaging Materials

A variety of foods, including fruits, vegetables, meats, and cheeses, have been tested
with bionanocomposites incorporating AgNPs [69]. Silver-based bionanocomposites have
been shown to be effective in improving the shelf life of various types of food products, as
shown in Table 3.

Table 3. Shelf-life extension of food products packaged in bionanocomposites.

Polymer Size of AgNPs (nm) Concentration Food Tested Shelf-Life Ref.
Increase vs. Control
Meat 1 Week [69]
Chitosan 80+/— 11nm 5% w/wcs Pork 6 days [70]
Litchis fruit 2 days [71]
Polylactic acid 2.5-6.5 nm 1% wt/wt Strawberries 4 days [72]
0.25, 0.50, and . .

1.00 pg/mL Fior di Latte cheese 5 days [52]

Alginate 540 nm 50, 60, 70, and

7 4 7 an

80 ug/mL Carrot and pear Up to 10 days [73]

Highly wasted fruits and vegetables, such as strawberries and carrots, have shown
that their shelf life was extended by up to 4 days and 10 days, respectively, compared to
untreated samples [72,73]. Another study on the effects of AgNP bionanocomposites on
meat, a high-cost and environmentally impactful food product, showed that the storage
time could be extended by up to 7 days compared to control [74]. These examples demon-
strate the potential of AgNP bionanocomposites to improve the shelf-life of perishable food
products and reduce food waste, as premature expiry throughout the food supply chain is
a leading cause of waste. Moreover, this application could reduce or eliminate the number
of preservatives commonly added directly into the bulk of food, reducing the cost of food
and increasing its nutritional quality [75].

6. Barriers to Commercial Rollout
6.1. Limited Scalability of Bionanocomposites

The scalability of bionanocomposites depends on various factors such as the man-
ufacturing method, the properties of the virgin material, and the intended application.
However, scalability is often a significant challenge for most bionanocomposite production
techniques, as summarized in Table 1.

One scalability barrier is based on the complexity of some of these processes. For exam-
ple, solution intercalation and in situ polymerization methods often require precise control
over the reaction conditions and may involve multiple steps. Changes to the conditions dur-
ing polymerization can lead to variations in the properties of the bionanocomposite [31,76].

Scalability also depends on the availability and cost of the raw materials, such as
the AgNPs and the biopolymer feedstock. For example, producing large quantities of
high-quality AgNPs is expensive and time-consuming. Plus, biopolymers are often more
expensive than synthetic polymers, since they are typically derived from natural sources
and require specific processing and purification steps, which can add to the production
costs [77].
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Additionally, these processes have challenging optimisation processes. For instance,
template synthesis can be sensitive to reaction conditions such as temperature, pH, and sol-
vent choice. The reaction temperature significantly affects the rate of the chemical reactions
involved. Higher or lower temperatures can speed up or slow down the process, impacting
the final structure’s size, shape, and uniformity. Different reactions have optimal pH ranges
where they occur most efficiently. Deviating from this range can lead to incomplete or
unwanted reactions, affecting the template synthesis process. Some reactions occur only
in specific solvents. The solvent also influences the solubility of reactants and products,
affecting the reaction equilibrium and, consequently, the final structure.

In summary, the success of template synthesis relies on maintaining several precise
conditions. Any deviation from the optimal conditions might result in undesired structures
or incomplete reactions. This can make it difficult to optimise reactions and may limit the
range of materials that can be synthesised.

In summary, while some bionanocomposite production methods may be more scalable
than others, scalability remains a challenge for most techniques and requires the careful
consideration of various factors such as the synthesis method, starting materials, and
intended end-use.

6.2. Safety & Regulation of Bionanocomposites

As research into the application of nanotechnology in the food sector advances, so
does the potential of nanotechnology in the food industry, and hence human exposure to
these materials [62]. While multiple studies have indicated that consumers are more ready
to accept the use of nanotechnology in food packaging than in food products [62], there
is still concern about AgNP migration into food, which poses a risk to consumers’ health
above threshold levels [78].

Silver is present in traces of everyday foods, and adults are estimated to eat between
20-80 ug per day [79]. Hence, the migration of silver from the packaging to the food could
be of concern as it could further increase this dietary exposure, meaning that the exact
silver migration must be quantified [79]. Hence, regulations are in place by governing
bodies such as the European Food Safety Authority (EFSA) and the United States food and
drug association (USFDA) to regulate the use of AgNPs in active packaging materials [6].

AgNPs should not exceed 0.05 mg/L in water and 0.05 mg/kg in food, according
to the EFSA [6]. This means that analysing the migration profile of silver is crucial. It
helps ensure the effectiveness of its antibacterial properties and ensures compliance with
current regulations [6]. In 2011, the EFSA published a report requiring producers to un-
dergo in vitro genotoxicity, absorption, distribution, metabolism, and excretion testing [6].
Similarly, the USFDA issued a paper with advice for manufacturers of food additives and
food contact chemicals [6]. According to the USFDA, companies should conduct research
and give a hazard profile for each packaging material containing nanomaterials. Moreover,
Canada has no limitations on nanoparticles as additives, with many other countries having
little to no food-contact material regulations [7].

The absence of strict regulations on nanoparticles in food-contact materials fosters
an environment that is conducive to innovation. This freedom from stringent limitations
allows researchers and industries to explore novel applications of nanotechnology in food
packaging and other sectors. Innovations in materials science, such as advanced coatings
and barrier technologies enabled by nanoparticles, hold the potential to revolutionise food
packaging, enhancing the shelf-life, freshness, and overall product quality.

However, this innovation comes with the responsibility of ensuring consumer safety.
While the flexibility in regulations promotes creativity and experimentation, it also empha-
sises the need for robust research on the safety and environmental impact of these emerging
technologies. Collaborative efforts between industries, regulatory bodies, and scientific
communities can strike a balance between encouraging innovation and safeguarding public
health, paving the way for groundbreaking advancements in the field of nanotechnology
while ensuring consumer well-being.
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Concerning the use of silver nanoparticles in food-contact materials, the EFSA com-
pleted a risk assessment in 2021 confirming that the use of AgNPs in polymeric matrices
is safe at concentrations of up to 0.025% w/w, corresponding to a total migration of Ag
ions that is less than 50 pg/silver per kg of food [61]. As demonstrated by the EFSA study,
when 0.025% AgNPs were integrated into polymers employed as food-contact materials,
the Ag migration was recorded as 6 ng/kg of food, which is far below the threshold of the
50 ug/kg food-specific migration limit [61].

A study conducted by Echegoyen and Nerin concluded that the migration of Ag from
food packaging (testing low-density PE and polypropylene with AgNPs) was increased by
1.43-fold and 50-fold when protecting acidic foods and if the packaging was microwaved,
respectively [80]. This indicates that the migration rate is influenced by the type of food
packaged and the heating conditions of the packaging. However, this particular study’s
results revealed that the migration levels detected were below the threshold set by the
EFSA [81]. Moreover, Cushen et al. [82] concluded that the percentage of nanofiller incorpo-
rated in the polymer film (testing polyethylene with AgNPs on chicken breast) accelerated
Ag migration in comparison to other parameters such as the nanoparticle size, storage time,
or temperature conditions.

Most studies to date have been carried out on synthetic nanocomposites which are
by definition highly hydrophobic, enabling low migration levels of AgNPs. However,
bioplastics tend to have a higher water absorption capacity, which can make them more
prone to AgNP migration [83,84]. Hence, further research on the leaching of AgNPs from
bionanocomposites is therefore required.

It is evident that many factors are in play in the migration of AgNP towards food
products. Hence, each material containing AgNPs must be evaluated independently with
a specific food product stimulant to fully understand the migration risks associated with
these materials in order to meet regulatory requirements.

6.3. Environmental Considerations of Bionanocomposites

Around 40% of food packaging materials are made from plastic, with nearly 99% of
these plastics being synthetic. Of the remaining 1%, 64% are non-biodegradable while the
rest are biodegradable. The use of biodegradable plastics is often seen as a viable alternative
to synthetic plastics, but many of these options only break down at high temperatures or
when treated in specific industrial composting conditions. While their decomposition is
faster than synthetic plastics, their end-of-life environmental impact is still significant due
to the production of methane gas from composting, which is 25 times more potent than
COy, according to the US Environmental Protection Agency [84].

To evaluate the environmental impact of bioplastics and synthetic plastics, life-cycle
assessment (LCA) is a tool used to determine the overall material impact at each stage
of their life cycle [85]. This process considers factors such as global warming, human
toxicity, abiotic depletion, eutrophication, and acidification, as well as Land-Use Change
(LUC)-related emissions, which are important factors to consider when land is converted
for composting or biofuel feedstock production [85].

Studies have shown that the use of bioplastics can significantly reduce carbon dioxide
emissions compared to petroleum-derived plastics, in the case of PLA by 50-70% [86].
However, the disposal methods currently available, such as incineration or landfilling, are
not ideal and the bioplastic’s emissions are significantly dependent on the manufacturing
process, for which some are resource-intensive [87]. For example, a study completed by
Qingin Xia indicated that polyhydroxyalkanoates (PHAs) bioplastics could have a reducing
effect on global warming potential (—8 x 10> kg CO,e per cm®/MPa) by almost 2x that
of PET LCA, depending on the study’s current manufacturing process [88]. Moreover,
in some studies, other categories of the LCA are significantly higher when comparing
bioplastics with petroleum plastics. For example, the ozone depletion potential of PLA can
be as high as 30 x 10712 kg CFCe~!! per cm®/MPa, while polypropilene (PP) is almost half
this value [89]. This difference depends mainly on the selected biopolymer. For example,
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polybutylene adipate terephthalate (PBAT)’s ozone depletion value is similar to PP, but
polybutylene succinate (PBS) has a three-times higher impact.

Moreover, the integration of nanoparticles in bioplastics adds to their environmental
impact, with the upstream production of bulk silver being the dominant factor in nearly
every environmental impact category. When AgNPs are applied to bioplastics, the overall
environmental burdens are highly sensitive to the synthesis route of the AgNPs. For
instance, when applied in wound dressing, the AgNPs could contribute to 66-88% of the
global warming impact category depending on the synthesis process [90]. Although the
bio-based chemical reduction route was found to have improvements in ozone depletion
potential and ecotoxicity, chemical reduction methods are still mainstream and further
work into developing green synthesis routes of AgNDPs are still required at the commercial
scale. A schematic visualization of the life cycle of Ag bionanocomposites is depicted in
Figure 7.
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Figure 7. Life cycle of Ag Bionanocomposites. (1-2) Bionanocomposites are materials made by
combining natural biopolymers and AgNPs. (3) Bionanocomposites are used as food packaging to
extend food shelf-life and improve food safety. (4) Bionanocomposites are then broken down through
microbial action in soil, reducing packaging waste compared to synthetic alternatives as well as
serving as feedstock for further biomass growth leading towards biomaterial circularity.

Therefore, the replacement of synthetic plastics with bioplastics is challenging, and
trade-offs must be considered. The combination of AgNPs and bioplastics with current
commercial and large-scale manufacturing presents a significant environmental barrier
to a successful and meaningful replacement of synthetic options [91], prompting further
research to better understand the full life-cycle impact of these materials.

6.3.1. Bioplastic Fate in the Environment

The accumulation of petrochemical plastic waste in landfills and marine environ-
ments poses significant challenges for both living organisms and ecosystems. Additionally,
microplastics resulting from the degradation of plastic products have been discovered
in unexpected locations, including soil, oceans, seas, drinking water, and even in arctic
and mountain regions [92]. This alarming trend, coupled with the escalating levels of
CO; emissions in the atmosphere, has compelled the scientific community to explore
novel alternatives to traditional plastics, such as biodegradable bioplastics and advanced
bionanocomposites.

Bioplastics’ biodegradation can occur under specific conditions depending on their
environment and the physical-chemical nature of the bioplastic. In this section, it is impor-
tant to highlight the difference between the degradation and biodegradation of (bio)plastic
materials [93]. Degradation refers to the fragmentation of the polymer chain due to factors
like heat, moisture, or enzymes, leading to a loss of polymer structure and the formation of
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subspecies that may differ from the original monomers [94]. On the other hand, biodegrada-
tion involves the complete breakdown of bioplastics into compounds, primarily CO,, water,
nitrogen (N3), or hydrogen (H,), carried out by living species such as microorganisms,
algae, or more complex organisms [95]. Unlike the residues of conventional plastics, the
products of bioplastic degradation should not be toxic and should serve as a source of
nutrients for other living organisms [95]. Besides the specific environments where the
biodegradation takes place, the bioplastic polymer structure plays a key role during this
process. Factors such as surface charge, hydrophilicity, molecular weight, crystallinity, and
mechanical and thermal properties significantly influence degradation, particularly when
microorganisms are involved [96].

For instance, polylactic acid (PLA), one of the most extensively studied bioplastics,
biodegrades under specific conditions of humidity (>60% moisture) and temperature
(>50 °C), and in the presence of specific bacteria [97]. The degradation process involves
the ester bonds of lactic acid units being hydrolysed. The presence of a semi-crystalline
structure in PLA increases its melting temperature, affecting its biodegradability, which
predominantly occurs in its amorphous regions [98]. Researchers have explored ways to
manage these parameters by combining the PLA with other polymers, such as polysac-
charides (e.g., starch, agar, cellulose, and chitosan) or other biopolymers like PHA and
collagen [64].

Polymer biodegradation can be tuned and improved by the incorporation of active
molecules. In a study conducted by Ramos and colleagues, PLA active bionanocomposite
films incorporating a flavor (vanillin) and citrate-stabilised AgNPs (at a concentration of
0.01 mg kg~ ! of total dry weight) obtained through chemical methods as additives were
investigated [99]. A thermal analysis using differential scanning calorimetry (DSC) and
thermogravimetric (TG) tests revealed that the introduction of flavour and AgNPs resulted
in a decrease in both the glass transition temperature (Tg) and the melting temperature (Tm)
of PLA. This decrease in thermal stability demonstrates the potential for improving the
degradation process of PLA composite films by altering the polymer’s physical-chemical
properties [99]. The inclusion of AgNPs into biocomposites besides the antimicrobial and
thermal improvement of polymer matrix has shown promise in successfully accelerating
the degradation rate of PLA-based active nanocomposite films, demonstrating promising
future uses for the improvement of biocomposites” biodegradation rate.

6.3.2. AgNPs Fate in the Environment

The degradation of silver bionanocomposites involves the individual degradation
processes of each component. After discussing polymer matrix degradation, it is important
to focus on AgNPs embedded in the composites. AgNPs do not undergo biodegradation
processes, and their fate and environmental transport are influenced by several factors.
Their mobility in different environments is linked to water chemistry, including the pH of
the suspension and the AgNPs’ physical-chemical features such as size, shape, and the
presence of capping agents [100,101]. They may exist as isolated particles in suspension, or
they may aggregate, especially in environments with a high ionic strength [102], undergoing
partial oxidation, leading to the release of Ag+ ions [103]. Furthermore, AgNPs may react
with natural substances present in soils and waters such as sulphide, chloride, and others,
altering their original properties [104]. AgNPs can also adsorb charged species in the
environment through electrostatic interactions which could lead to their aggregation and
the loss of colloidal status [105]. The behaviour of AgNPs is thus significantly influenced
by their surface properties and the surrounding environment, including capping agents,
methods of synthesis, electrolyte composition, solution ionic strength, pH, and the presence
of natural organic matter (NOM) [106].

The importance of synthesis methods in AgNPs’ environmental impact is well-supported
by life cycle assessment (LCA) investigations, which have demonstrated that physical
methods tend to impose higher environmental impacts when compared to chemical and
biological synthesis routes, while also reducing costs and energy requirements [107,108].
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However, the complexity of this system makes it challenging to definitively anticipate
the fate of AgNPs, given the multitude of influencing factors, and in particular, considering
the wide number of methods of synthesis and capping agents. Furthermore, the existing
literature on this topic does not always provide a consistent picture regarding their environ-
mental impact, fate, and potential toxicity. Researchers continue to seek a definitive answer
regarding whether AgNP toxicity arises from the nanoparticles themselves, Ag+ ions, or
chemicals involved during their synthesis. In comparison to the well-established field of
bioplastic degradation, the study of AgNPs’ fate in the environment is relatively new and
still requires further data to better understand the key factors influencing their behaviour.

6.3.3. AgNPs Environmental Considerations

Notwithstanding the complexity of predicting their fate in the environment, the
presence of AgNPs, in particular in soil, appears to offer advantages for seed growth
and germination in both laboratory- and field-condition experiments, as they function
as growth enhancers, exerting positive effects on various plants [102]. For instance, the
use of 20 nm citrate-capped silver nanoparticles obtained through biological methods
has been reported to significantly improve bean growth and yield, especially in adverse
climatic conditions. Prazak et al. demonstrated a strong beneficial germination effect at
various tested concentrations (0.25 and 1.25 mg/mL), coupled with efficient antimicrobial
activity [109]. Additional studies have demonstrated the beneficial effects of biosynthesized
AgNPs on Triticum aestivum, commonly known as wheat. These studies have shown
improvements in shoot length, fresh and dry shoot weight, chlorophyll levels, carbohydrate
content, and protein content [110]. Similar outcomes have been obtained on different plants
such as Pisum sativum (common pea) and Phaseolus vulgaris (common bean) with AgNPs
synthetised through biological methods and stabilised by natural capping agents [111,112].

Conversely, other studies have demonstrated the toxicity of AgNPs on various plant
species and organisms [102]. In a work by Yin, it has been demonstrated that AgNPs
stabilised by Arabic gum synthetized by means of NaBH4 reduction displayed a negative
effect when tested at 40 mg/L against Lolium multiflorum. The available data on the
toxicity of AgNPs in soil are relatively few and mainly obtained for the AgNP contents of
102 -105 ug/kg soil, which are particularly higher if compared to silver bionanocomposite
formulations [113,114]. Numerous studies in the literature consistently highlight a common
observation: AgNPs’ synthesis using NaBH4 and/or stabilised by non-natural capping
agents consistently exhibits inhibitory effects on various plant species due to the toxicity of
the synthetic chemical method [115]. This phenomenon persists across diverse colloidal
characteristics, including shape, size, and concentration, resulting in a notable reduction in
plant growth [105,116-118].

The method of synthesis does not only influence the AgNPs’ fate during their degra-
dation but also their possible toxicity against organisms. While chemical and physical
methods required toxic reducing and stabilising agents, biological “green” procedures only
involve the use of natural and eco-friendly stabilising and reducing agents [77], which con-
fer higher stability and unique biocompatibility key aspects during the bionanocomposites’
biodegradation process [108]. Their enhanced stability avoids particle aggregation and
the loss of colloidal behaviour responsible for their possible toxicity in the environment,
contributing to AgNPs’ positive effects on plants and lower toxicity [119,120]. Moreover,
non-biodegradable stabilizing agents commonly exploited through chemical and physical
methods may enhance the AgNPs’ environmental toxicity, supporting the necessity of the
development of green methods for metallic nanoparticles [121].

6.3.4. Silver Bionanocomposites Degradation

To comprehend the biodegradability of silver bionanocomposites, it is imperative
to investigate the individual behaviours of both components, as well as their combined
behaviour within the composite material. The biodegradation of silver bionanocomposites
is commonly assessed using soil burial tests, similar to those employed for plastic and
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bioplastic materials, as defined by ISO 20200:2015 [122]. Briefly, the bioplastic is buried in
the soil to simulate its deterioration, with the soil’s moisture level maintained by periodic
watering. To assess (bio)degradation, samples are periodically taken out (every 15 days)
over a 90-day period, and the final dry weight is recorded to determine the weight loss.

The presence of AgNPs, as discussed in this review, can potentially modify the
physical-chemical properties of the polymer and influence its degradability due to interac-
tions within the polymeric matrix. When incorporated into alginate films, the introduction
of AgNPs leads to a slight decrease in bioplastic biodegradation behaviour, resulting in a
10% reduction in weight loss after 90 days compared to native alginate films [123]. Similar
outcomes have been observed with other bioplastics, where the interaction of AgNPs with
polysaccharides enhances material properties while slightly reducing the biodegradation
rate. In a study conducted by Ediyilyam and co-workers, the reduced biodegradation rate
was attributed to the release of AgNPs following biopolymer degradation, which led to the
natural reduction in growth of bacterial strains present in the soil [124]. Specifically, their
research on chitosan-based bioplastics reinforced with environmentally synthesised 20 nm
AgNPs observed a 5% reduction in the biodegradation rate compared to pure chitosan films
after a 7-day period. This phenomenon has been observed not only with polysaccharides
but also with other biocompatible polymers such as PVA [125], PVA combined with banana
peel [126], and various polyesters [127].

Despite the inherent challenges associated with this emerging field, the initial findings
concerning their biodegradation show significant promise and opportunity. The integration
of AgNPs results in only a slight reduction in biodegradability while conferring unique
properties that can only be achieved through the use of the noble metal colloids.

7. Silver Bionanocomposites Discussion of Open Challenges & Opportunities

When silver nanoparticles are integrated into bioplastics for food packaging appli-
cations, these properties, together with a substantial antibacterial action against common
foodborne pathogens such as E. coli, S. Aureus, and P. aeruginosa, result in an enhanced food
shelf-life. Furthermore, the tunability of bioplastic films by changing the composition by
inserting different additives is an appealing concept for food-packaging producers, who
may tune the material to guarantee multiple end-uses. Additionally, there is an opportunity
to explore novel additives and compositions that can further enhance the performance of
these bioplastic films, potentially extending their applications to novel areas beyond food
preservations such as cosmetics, medical devices, and pharmaceuticals.

It should be noted that the physicochemical properties and dosage of nanomaterials in
foods and food packaging dictate their ultimate fate and safety. The safe use of nanotech-
nology in food packaging involves rigorous characterization through standard testing, as
previously discussed, to quantify the nanoparticle migration and guarantee that it does not
exceed the regulatory limits. Moreover, several challenges and considerations accompany
the utilisation of silver nanoparticles in food packaging. These challenges encompass
scalability issues, environmental impact concerns, cost-effectiveness, and low yields in
the production process. Addressing these challenges is essential to ensure the scalability,
affordability, and sustainability of incorporating silver bionanocomposites into the food
packaging industry. There is an opportunity for research and development efforts to focus
on overcoming these challenges and enhancing the viability of silver nanoparticles in food
packaging. This could involve innovations in production methods, energy efficiency, and
novel cost-effective manufacturing techniques. These multifaceted challenges require dedi-
cated funding for research and development to facilitate the broader and faster adoption of
these advanced materials to tackle global challenges such as food waste. Environmental
issues are also an important consideration. This includes potential impacts on ecosystems
and concerns about the long-term environmental fate of these materials, as reported in
Section 6 of this review. Safeguarding the environment in the use of nanotechnology
in food packaging involves rigorous characterization through standard testing to assess
nanoparticle migration and guarantee that it does not exceed regulatory limits. As the
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industry advances, there is a growing focus on mitigating the environmental footprint and
embracing sustainable processes and practices. One promising avenue is the commercial-
isation of biological synthesis methods for silver nanoparticles. These approaches offer
the potential to reduce the environmental impact associated with traditional production
methods. Biological synthesis not only provides a greener and more eco-friendly alterna-
tive but also aligns with the broader trend of sustainable and responsible nanotechnology.
Further silver technologies which demonstrated good antimicrobial activities and low
toxicities are Silver-Based Coordination Polymers (Ag-MOF) (136). In Ag-MOFs, organic
ligands encapsulate the metal centre, enabling a controlled, gradual release of metallic
species as natural cations, allowing a controlled release of Ag+ ions. However, despite their
promising results in terms of stability and antibacterial actions, their integration within
bioplastics for food packaging has still not been investigated and could represent a novel
alternative to obtaining advanced materials (136).

By actively researching and implementing environmentally friendly approaches
through green synthesis and novel technologies, the industry can work towards min-
imising its ecological footprint and fostering sustainable practices in the development
and widespread commercialisation of nanotechnology in food packaging. This not only
addresses existing environmental concerns but also positions the industry as a leader in
eco-friendly and novel food preservation technologies, which can lead to significant market
advantages and consumer trust in products that prioritise environmental responsibility
as well as a positive economic impact. Collaborations with environmental organizations
can help to verify and communicate the industry’s commitment to eco-friendly practices,
fostering a positive public image and promoting industry-wide sustainability initiatives.

8. Conclusions and Future Prospects

In this review, it has been reported that the use of silver nanoparticles can improve the
antibacterial, mechanical, physical, water-barrier, and thermal properties of bioplastics. As
a result, they are becoming increasingly attractive additives to bioplastic formulations in
order to generate an ideal food packaging material which has similar properties to synthetic
plastics with the added benefits of being biodegradable and non-toxic.

The incorporation of silver nanoparticles increased the ultimate tensile strength by
10-15% across a variety of bioplastics [29-32], improved the thermal stability through
higher melting temperatures [62-64], and reduced the Water Vapor Permeability [41,42].
These qualities combine to give the material greater strength and resistance to breaking,
and less moisture build-up. The practical application of silver bionanocomposites as food
packaging materials has revealed that the shelf-life of meat can be increased by up to
7 days [74]. The shelf-life of food has been demonstrated to increase with the concentration
of silver nanoparticles and to differ amongst bioplastic kinds and food products tested.
As a result, the ideal concentration of silver nanoparticles can be tuned, providing the
necessary increase in food shelf-life while also adhering to safety and regulatory legislation.
Moreover, the development of active bioplastics, made from natural resources and grafted
with silver nanoparticles, will contribute to reducing the problem of plastic pollution. On
the other hand, the addition of silver nanoparticles to the matrix of the film improves
multiple bioplastics properties, and, in particular, their antibacterial activity, which makes
these active bioplastics a suitable candidate for active food packaging that contributes
to less food waste. These bioplastics are a sustainable replacement for highly polluting
petroleum-based plastics.

In the future, research should place a strong emphasis on further characterising silver
bionanocomposites and gaining a deeper understanding of how these nanoparticles affect
key material properties. This research should aim to establish standardised reporting
procedures, creating a robust foundation for the development of an entirely new industry
centred around these advanced materials.

This forward-looking approach offers food and packaging manufacturers, and, more
broadly, fast-moving consumer goods companies (FMCG), a unique opportunity to refine
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their material properties, with the ultimate objective of achieving optimal product shelf-
lives, ultimately fighting the food waste pandemic.
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Nomenclature

AgNP(s) Silver nanoparticle(s)

CA Contact angle

CH/GE Chitosan/Gelatin

CH/GE/PEG Chitosan/Gelatin/Polyethylene glycol
DsC Differential scanning calorimetry
EaB Elongation at break

EFSA European Food Safety Authority
GT/HMPC/BW  Gum tragacanth/HMPC/Beeswaxes
HPMC Hydroxypropyl Methylcellulose
LCA Life cycle assessment

LDPE Low-density polyethylene

LUC Land Use Change

MIC Minimum Inhibitory Concentration
NOM Natural organic matter

OTR Oxygen transmission rate

PBAT Polybutylene adipate terephthalate
PBS Polybutylene succinate

PHAs Polyhydroxyalkanoates

PLA Poly-lactic acid

PP Polypropilene

TG-HPMC-BW  Tragacanth/Hydroxypropyl methylcellulose /Beeswax
TG Thermogravimetric

Tg Glass transition temperature

Tm melting temperature

TS Tensile Strength

USFDA United states food and drug association
UTs Ultimate tensile strength

WS Water solubility

Wwvp Water vapour permeability

WVTR Water transmission rate
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Table 2. Mechanical properties of bionanocomposites.

Bioplastic Concentration of Ultimate Tensile Elongation at Ref
P AgNPs (wt%) Strength (MPa) Break (%) ’
0% 75.5 42.2
TG/HPMC/BW 0.5% 72.2 19.7 [30]
1% 64.7 23.2
0% 24.47 4.48
0.0075% 25.80 4.34
CH/GE/PE 82
/GE/PEG 0.0125% 26.30 4.29 [82]
0.0250% 26.40 4.12
0% 46.38 33.64
0.2% 34.17 39.66
Agar 0.5% 36.17 37.13 [52]
1% 51.49 33.02
2% 53.44 36.46
0% 0.010 86
1% 0.015 165
Sugar palm 2% 0.020 197 [85]
starch
3% 0.410 415
4% 0.300 376
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Abstract: Biocomposites from poly-(lactic acid) (PLA) and jute strands were prepared, and their
flexural strength was analyzed. Jute strands were submitted to a progressive delignification process
and the resulting morphology, composition, and crystallinity index were evaluated. Then, PLA
biocomposites comprising 30 wt% of jute strands were produced and characterized under flexural
conditions. The delignification processes decreased the lignin content and progressively increased
the cellulose content. All this resulted in an enhancement of the composite flexural strength. A
modified rule of mixtures, and the relation between tensile and flexural properties were used to
determine the intrinsic flexural strength (of the jute strands) and their correlation with their physic-
chemical characteristics. Equations correlating the intrinsic flexural strength with the crystallinity
index, the cellulose content, and the microfibril angle were proposed. These equations show the
impact of these properties over the intrinsic properties of the fibers and can help researchers to select
appropriate fibers to obtain accurate properties for the composites. Jute strands show their value as
reinforcement by increasing the flexural strength of the matrix by 70% and being less expensive and
more environmentally friendly than mineral reinforcements. Together with the profitability and the
environmental advantages, the mechanical results suggest that these PLA biocomposites are suitable
for specific products of different market sectors.

Keywords: jute strands; delignification polylactic acid; biocomposites; flexural strength behavior;
intrinsic flexural strength

1. Introduction

The growing environmental awareness of society is shifting industries towards higher
utilization of bio-based and biodegradable raw materials to manufacture their products [1].
In this context, natural fibers are playing an important role for composite manufacturers,
either to be used as a substitute for mineral fibers or to lessen the final product’s cost.
Anyhow, the decision will be subjected to the composite or biocomposite performance.
It is known that the mechanical properties of composites mainly function as a result of
the intrinsic properties of their components, the fiber-matrix interface, the fiber content,
and the surface morphological characteristics of the fibers [2]. At a critical fiber length,
the stress is transferred from the matrix to the fibers, resulting in a strengthening of the
matrix [3]. In principle, plant fiber-reinforced composites should have similar applications
as short glass fiber (GF)-reinforced composites (e.g., structural, automotive, or furniture
sectors) [4].

PLA is one of the polymeric matrices that has called researcher interest in the last few
years. PLA is a transparent, highly crystalline, and industrially compostable polymer. This
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polymer can be obtained from petroleum sources or bioresources. Thus, the production
of biobased PLA involves fewer fossil resources as compared to polymers exclusively
obtained from petroleum sources [5]. In order to ensure a robust environmental impact of
the matrix, the researchers must be aware of its origin and the chemical process used to
obtain it [1,5]. In addition, PLA exhibits high mechanical strength, thermoplastic behavior,
biocompatibility, and good processability [6]. PLA has several industrial applications such
as in packaging, textiles, biomedicine, and structures [1].

Cellulose fibers can be classified as non-wood fibers and wood fibers [7]. From an
origin point of view, the lignocellulosic fibers can be obtained from strands of annual
plants (e.g., abaca, flax, hemp, jute, sisal, and cotton), wood fibers (e.g., softwood and
hardwood), fibers obtained from agricultural residues (e.g., bagasse, corn, and colza),
forest residues (e.g., young wood obtained mainly from pruning fruit trees), and secondary
fibers from recycled paper and board. These lignocellulosic fibers are characterized by
a specific chemical composition (cellulose, hemicellulose, lignin, and extractives) with a
determined length-diameter (//d) ratio. In turn, the lignocellulosic fibers can be single
strands or bundles of strands, depending on the ability of the extraction method to remove
the glue components (e.g., pectin and lignin) binding the single strands. Differentiating
single strands from the bundles is important since the strands exhibit higher intrinsic
strength and stiffness than the bundles. Subsequent exposition of the strands to sodium
hypochlorite solutions led to significant variations in their chemical composition since
practically all lignin and a considerable fraction of hemicelluloses can be removed after a
critical delignification stage using a non-selective solvent such as sodium hypochlorite [8],
instead of sodium chlorite, which preserves the hemicelluloses. The removal of the soft
and amorphous phases from the fibers not only strengthens these, but also allows the
strong and highly crystalline cellulose microfibrils to interact with the matrix, enhancing
the composite mechanical performance [1].

Among the strands, jute is one of the most promising and highly commercially avail-
able fibers to reinforce PLA. Jute strand-reinforced polymer composites have already been
used to manufacture automobile interior decoration and architectural furnishing [9]. Jute
belongs to the Malvaceae family, Corchorus spp., which comprises around 100 species, and
is currently one of the cellulose fibers with the highest production rate and has an inher-
ently low strain at break of about 1.7% that may provide high mechanical strength to the
reinforced composites [6]. Together with hemp, jute has better physical and mechanical
properties when compared to other natural fibers. Besides, using cheap reinforcement can
deliver economic competitiveness to the composite [10].

Short fiber-reinforced composites show anisotropic behavior. Usually, the tensile
properties are lower than the flexural properties. As Figure 1 depicts, during a flexural
test the composite is subjected to compressive and tensile forces above and below the
neutral axis, respectively [11,12]. Depending on the application, cellulose fiber-reinforced
composites must be designed to offer the best response to loads following a preferable
direction. This is of great importance when a novel material is introduced in the market
since it needs to meet the industrial requirements of specific applications. Specifically,
flexural properties are significantly important and relevant for engineers when predicting
the potential of the material to be applied in structural, semi-structural, construction, and
other similar commercial areas. This is explained by the fact that flexural or bending
conditions are far more common than situations with tensile loads only, making designers
especially interested in predicting the behavior of the materials at flexural loads [13].
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Figure 1. Evolution of the position of the neutral axis against specimen strain, showing the areas of
the section of the specimen under compressive and tensile stresses. (R refers to the reaction at the
supports and F refers to the applied loads”.

By the analysis of the composite flexural strength (UfC) it is possible to model the

mechanical behavior to obtain the intrinsic fiber flexural strength ((ij ) and the flexural
coupling factor (fc) as main outcomes. The modified rule of mixtures is depicted according
to Equation (1) [14]:

of = feafVE + (1 - VF>0'}n* )

where, 0’]9 is the composite flexural strength, (ij the intrinsic fiber flexural strength, (7}”*

is the contribution of the matrix to the ¢¢ at the composite break, V* the fiber volume
fraction, and fc the flexural coupling factor. From this equation, the flexural strength of
a composite can be predicted using its dependency on the matrix characteristics, fiber
content, fiber distribution, and morphology of the fiber. It is also worth mentioning that
the intrinsic properties of the strands will depend on their origin, soil characteristics, and
climatic conditions; these conditions will affect their chemical composition and morphology,
including parameters such as cellulose content (Cel%), crystallinity index (CI), degree of
polymerization, density (pF ), diameter (D), and microfibrillar angle (MFA) of cellulose at
the cell wall of the strands [14].

In this work, jute strands were subjected to different delignification stages using
a sodium hypochlorite solution. The strands were chemically characterized, and their
crystallinity index was determined. Later, PLA composites of PLA comprising 30 wt% of
these jute strands were prepared and tested under flexural conditions. A modified rule
of mixtures (Equation (1)) was used to obtain the intrinsic flexural strength of the jute
strands. The correlation between the intrinsic flexural strength of the strands and their
physic-chemical characteristics (CI, Cel%, and MFA) is explored and different equations
are proposed. To the best of our knowledge, this correlation has been seldom reported in
the literature and never for jute strands.

2. Materials and Methods
2.1. Materials

The composites were prepared utilizing polylactic acid (PLA) (Ingeo Biopolymer
3251D), with a melt flow index (MFI) of 35 g/10 min at 190 °C and a load of 2.16 kg, which
was kindly provided by Natureworks LLC (Blair, NE, USA). Jute strands were kindly
supplied by CELESA S.A. (Tarragona, Spain). The raw jute strands have a diameter and
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mean weighted length of 22.9 pm and 353.0 pm, respectively [15]. All the chemical reagents
used for strand characterization, extraction, and bleaching were supplied by Scharlau, S.L.
(Sentmenat, Spain).

2.2. Delignification Treatments

The raw jute strands (J.0) were milled using a knife mill and passed through a 1 mm
mesh. The jute strands were subsequently delignified with a solution with 8% sodium
hypochlorite at 70 °C for 30 min, per stage. This is to say, that raw jute strands (named J.0)
were subjected to four subsequent delignification stages (named J.1 to ]J.4, respectively).
The number following “J” indicates the number of delignification stages. After each deligni-
fication stage, the strands were washed with distilled water to remove the residual sodium
hypochlorite and dried at 105 °C. Figure 2 shows the flowchart of the experimental proce-
dure. The mixing process, the preparation of the biocomposites, and the characterization
procedures are addressed in further sections.

Methods Results

Chemical treatment with
Raw jute
fibers

sodium hypochlorite

|
T
Mill with 1mm sieve » JO 0
»| Chemical composition

Analysis

Crystallinity index

A 4

> Mixer

Composite
materials

Micromechanics analysis

Mold Injection

A 4

Flexural properties

]

Flexural test -

Standad
specamens

Figure 2. Flowchart of the experimental procedure.

Micromechanic
properties

\ 4

Literature

2.3. Kappa Number and Chemical Composition

The Kappa number (KN) of the jute strands was determined following the ISO
302:2004 to evaluate the lignin presence. The TAPPI standards T204 cm-97, T413 om-93, and
T-222 [16-18] were used to determine the content of lignin, extractives, and ashes. The
amount of holocellulose was estimated from the difference between the total weight and
the sum of lignin, extractives, and ashes. The Cel% was evaluated according to the TAPPI-
T-212-om-12 standard [19].

2.4. The Preparation of the Fully Biodegradable Composites

The jute strands were homogeneously incorporated at 30 wt% to the PLA matrix using
a Gelimat multi-kinetic mixer. Both strands and matrix were incorporated into the mixing
chamber at low speed (300 rpm), which was gradually increased up to 2500 rpm. At this
stage, the polymer matrix was molten and blended with jute strands. The process lasted
from 3 to 4 min. Each material was discharged and milled using a knife mill. Before injection
molding, the pellets were dried in an oven to remove moisture. Standard specimens
for tensile testing were obtained in an Allrounder-220M injection machine fabricated by
ARBURG (Eschweiler, Germany) according to UNE-EN ISO 178:2001 standard [20]. Before
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flexural testing, specimens were placed in a climatic chamber at 23 °C and 50% relative
humidity for 48 h.

2.5. Flexural Characterization

The characterization of the bending properties of the PLA composite specimens was
carried out following the UNE-EN ISO 178:2001 standard dimensions [21]. Ten samples of
each PLA composite, reinforced with J.0,].1,].2, ].3, and J.4 were tested using an Instron
1122 universal testing machine equipped with a 5 kN load cell. A load element with a
radius of 5 mm and supports located at 50 mm between them was used. ANOVA analyses
of the results were made with R® and RCommander at a 95% confidence interval.

2.6. Densities Determination

According to ISO 1183-1 [21], a pycnometer was used to obtain the empirical values
needed to determine the density of the composites (o*). Distilled water was used as a
reference liquid. The composite density was calculated by Equation (2) [22].

C w®

=y wH20pH0 )
where V is the total volume of the pycnometer and p™20 is the density of the water. The
weight of the composite and water were represented by w® and w29, respectively. The p*
identity described by Equation (3) was deduced from the Equation (2) [22].

of = e ®)

wCpM — yMpC

where, pM is the density of the matrix. The weight of the fiber and the matrix were signed
as wf and wM, respectively. The pP calculation was used to estimate the VF, which is a
parameter that can be calculated from Equation (4) [22].

(4)

F : 5 -
P p" (1 — Fiber content(wt%))
vi=(1+ T

2.7. Fiber Recovering from Composites

The obtained biocomposites were submitted to Soxhlet extraction in the presence
of dichloromethane, dissolving PLA with the purpose of recovering the fibers inside the
matrix. This extraction was performed with grinded biocomposites for 24 h. Finally, the
fibers were washed with distilled water and stored at 4 °C for morphological analysis [14].

2.8. The Morphological Analysis of Fibers

Morphological analysis was carried out using MorFi analyzer (Techpap SAS, Grenoble,
France), equipped with CCD video camera. About 30,000 fibers were analyzed by the
software MorFi v9.2. Among other parameters, this software was able to calculate the mean
fiber length, the mean diameter and the fines percentage (fibers shorter than 76 um). All
characterizations were performed in triplicate [14].

2.9. The Evaluation of the Intrinsic Flexural Strength of the Reinforcements and Their
Contribution to the Flexural Strength of the Composites

In addition, the well-known limitations associated with the measurement of the
intrinsic properties of strand-reinforced composites would imply [22] that the use of
mathematical models to estimate such intrinsic properties was chosen since the fiber
deformation inside a composite is considerably lower than the minimum strain considered
by any empirical approach (e.g., the single fiber tensile test has a minimal strain of 0.6
mm, while the fiber strain inside the polymer matrix is around of 0.35 mm). The literature
presents a wide variety of models that can be used for that purpose. Nonetheless, one of
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the more elegant, due mainly to its simplicity, is a modified rule of mixtures. Nevertheless,
the ¢f and fC are unknown values, leaving Equation (5) unsolved. However, a fiber
flexural strength factor (FFSF) can be estimated throughout Equation (5) to know the neat
contribution of the fibers to the O'F. As can be seen, the FFSF can be calculated from known
parameters [23].

0’]9 — (1= VF)gm

f

FFSF = F = fcaj;" (5)

Anyway, the 0'}: of the fibers remains unknown and it cannot be experimentally

obtained for non-wood fibers and single strands. The first way used to estimate the (Tff

is O'Jf = of F2E which is based on the ratio of FFSF and the fiber tensile strength factor

(FTSF), where (TtF is the fiber tensile strength [24]. These factors represent the contribution
of the fibers to the respective composite strength values. Meanwhile, the second way

C
o
(Tf[: = tF (T{C’ is based on the ratio of the a}? and the composite tensile strength (atc ) [25].
Finally, once F or o£® are known, the respective flexural coupling factors (fc and f2) can

be calculated from Equation (1). It is known that the morphology of the fibers, mainly their
length distribution and diameter, impacts the mechanical properties of a composite. In this
case, the authors link the tensile and flexural properties of the composites and the fibers
to obtain the intrinsic flexural strength of the fibers. The intrinsic tensile strength of such
fibers was obtained by solving Kelly and Tyson’s equation that takes into account the mean
diameter and the length distribution of the reinforcements. Then, while such morphologic
parameters are not implicitly used in the model used to obtain the intrinsic flexural strength
of the reinforcements, they are explicitly used because the value of the intrinsic tensile
strength was obtained by taking into account such morphologic properties [25].

3. Results and Discussion

Understanding the microstructure and chemical composition of the cellulose fibers is
needed to design and develop reinforced polymer composites. The delignification of virgin
jute generates four types of strands that have been evaluated in terms of their bending
resistance. As Table 1 shows, the progressive delignification not only produced changes
in the surface of the strand, affecting the strength of its interface with PLA but also in the
chemical composition of the strands. It is important to highlight that the lignin content
follows a lineal correlation (0.996 R?) with the KN described by 0.4743(KN) + 0.0591, which
is useful for predictions.

Table 1. Structural properties and chemical composition of the raw and delignified jute strands.

ot D 1 Lignin Hemicellulose  Cellulose CI

Stages (g cm—3) (um) 1 KN (%) (%) (%) (%)
J.0 1.48 22.90 273 +£25 13.0 18.3 66.6 65.0
J.1 1.50 22.80 200+ 1.7 9.2 16.1 69.8 68.1
J.2 1.51 22.60 148 £1.5 7.5 15.8 77.3 70.0
J.3 1.53 22.55 7.7 £0.8 3.9 13.6 82.7 79.0
J.4 1.54 22.40 2.1+0.6 0.8 13.1 86.9 80.0

1 Recovered from [15].

Broadly speaking, the cellulose content increases gradually, while a fraction of the
hemicelluloses is carried along with the lignin. Therefore, each value of composite flexural
strength must be considered relative to a specific composite. That is to say, the generated
strands have a different chemical composition and p’ values, working with the same
reinforcement weight load, that increase as the lignin and hemicelluloses contents decrease,
and while the cellulose content and the CI increase, as indicated in Table 1. The evolution
of the D of the strands indicates that these were slightly compacted. This compaction can
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be associated with the structural rearrangement implied by the chemical changes caused
by the delignification stages.

3.1. The Flexural Properties of PLA Matrix and [ute Strand-Reinforced Composites

Table 2 shows the flexural properties of PLA and its composites, reinforced with
30 wt% of jute strands and delignified strands, which were assessed in terms of (fJEj and

the matrix flexural strength (U'}VI ), elongation at break (s?/I ) and the composite (sjg) under

flexural load, and the UJ],VI*. Additionally, for further analysis, the VFE of the reinforcing jute
strands was calculated for each delignification stage.

Table 2. Flexural mechanical properties of the PLA composites reinforced with jute strands (J.0) and
delignified strands (J.1-J.4) and comparison with their tensile mechanical properties and of reported
GF-reinforced PLA composites.

Stages  wt% vE of'Vof (MPa) cMvef (MPa) 14 e Vel (MPa) 4 o (MPa)
NA 0 0 68.35 + 0.90 2 49.8 4+ 1.542 3.27 +£0.402 NA
J.0 30 0.264 82.154+3.20P 547 +2.75b 242 +020b 61.52
J1 30 0.262 100.05 4 2.40 € 68.6 &+ 0.54 € 26240040 65.46
]2 30 0.260 99.35 +2.90 ¢ 70.0 + 0.84 ¢ 248 +0.04b 62.75
1.3 30 0.258 10455 +1.70 4 729 4+ 1.08 ¢ 254 +0.04b 63.94
J4 30 0.257 100.55 + 2.70 717 £153¢ 255 4+ 0.05P 64.13
GE? 30 0.173 140 92 0.90 NA
GF3 30 0.173 145 114 NA NA

1 Recovered from [15]. 2 and 3 are values, respectively, obtained from the data reported by [26] (U}VI = 82 MPa and
oM = 43 MPa) and [27] (aj}/f = 108 MPa and ¢ = 62 MPa). GF exhibited (o' = 2.55 g cm ). 4 Different letters
a, b, ¢, d, and e represent the statistical difference (ANOVA, p < 0.05) between the properties of the materials.

The ANOVA analysis at a 95% confidence rate shows that the first stage of delignifi-
cation had a statistically significant impact on the flexural strength of the composites. A
second delignification treatment show no significant impact on the same property. A third
delignification treatment returned flexural strength for the composites with significant
differences to the other composites. A fourth delignification treatment, showed a similar
impact to that of a one or two stage treatment. All of the composites show significative
differences in the flexural strength of the matrix. In the case of tensile strength, the deligni-
fication treatment showed an impact on the tensile strength of the composites up to three
stages. The results obtained with the fourth stage treatment is statistically similar to a two
or three stage treatment. All the delignification stages showed a similar impact on the
strain at the break of the composites.

The enhancement of the ¢¢ of the PLA composites with the incorporation of delignified
jute strands can be attributed to a stronger interphase between the matrix and the jute
strands achieved by the removal of lignin and hemicelluloses after the exposition to the
sodium hypochlorite solution [28]. The fiber-matrix interface is produced by the capacity
of the PLA functional groups to interact with those of the jute strands fusing hydrogen
bonds and van der Waals interactions, as Figure 3 shows [29]. It has been explained that
the higher aspect ratio and cellulose content in the delignified strands provide enhanced
composite flexural properties since increased active surface and more cellulose content
mean higher hydroxyl groups available at the fiber surface for bonding with the matrix [3].

167



Polymers 2024, 16, 37
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® Ashes

Figure 3. Schematic of possible chemical and electrostatic interactions between the PLA matrix and a
raw jute strand with 14% lignin (a) and a fully delignified jute strand (b).

Before any delignification process, lignin, extractives, and holocellulose are usually
found on the most superficial layer of the strands [30]. According to the Béras—-Gantenholm
model, which represents the chemical distribution on the surface of a typical chemi-thermo
mechanical pulp fiber, the largest area corresponds to lignin (28%) and extractives (32%),
while only 40% of the remaining surface was covered with holocellulose [31]. For fibers
with a high number of extractives, the waxy substances and pectin should cap the functional
groups of raw cellulose fibers [1,2]. From this, it can be deduced that the raw jute strands did
not present enough extractives that hinder the interactions between their functional groups
and those of the PLA since the flexural strength was enhanced with the incorporation of
the jute strands prior to being subjected to sodium hypochlorite treatment.

The enhancement of the 0‘]9 of the PLA composites reinforced with jute strands is in

line with the reported o trend [15], presenting a good coefficient of correlation of 0.989 R?
and higher strength values. Similar enhancement trends have been reported for the af of
PLA composites reinforced with 30 wt% of raw and alkali-treated hemp fibers [32].

For subsequent delignification stages, the incorporation led to a stabilization or
“plateau” of the (7}: around 100 MPa. Considering that sodium hypochlorite solutions
remove surface lignin and hemicellulose from the cellulose fibers [1], it can be speculated
that subsequently exposing the fibers to the sodium hypochlorite solution may remove a
fraction of cellulose, reducing the fiber capacity to reinforce and leading to a plateau effect
on the ¢¢. However, the number of ruptures, voids, and dislocations within the reinforcing
jute strands, and the changes in the strand’s polymerization degree after being exposed to
alkali treatment (from 2500 for virgin to 1020 for alkali-treated) [14,33-35] are factors that
also determine flexural strength and also need to be considered. Anyway, it seems to be
that the subsequent delignification of the jute strands is not required to enhance the o

On the other hand, it is important to highlight that the jute strand-reinforced PLA
composites achieved around 70% of the (7]9 values of a commercially available and another
reported PLA composite reinforced with 30 wt% GF, whose values of O‘}VI were 82 MPa [26]
and 62 MPa [27], respectively, and considerably higher than PP composites reinforced
with 30 wt% of chopped GF (afC = 79.70 £ 0.80 MPa, respectively) [36]. These results
indicate that the delignified jute strand-reinforced PLA composites could compete with GF-
reinforced PP composites and be a complementary option to GF-reinforced PLA composites,
especially when other advantageous properties of the jute strand reinforcement are required
(e.g., low density and high specific strength).
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3.2. The Evaluation and Analysis of the Intrinsic Flexural Properties
Figure 4 shows the contribution of the PLA and jute strands to the U}j. It was found

that the delignified jute strands contributed more than 50% of the ¢¢, while the contribution
of the virgin jute strands was lesser. Moreover, it was found that the jute strands exhibited
strength contributions comparable to the abovementioned reported GF-reinforced com-
posites. This difference in contribution depends not only on the type of strand and (ij
magnitude, but also on the reinforcing capability of the strands, which is expressed by
the fc. However, in the case of GF-reinforced PLA composites, it is necessary to consider
that PLA could suffer hydrolysis during the processing of the composites [27] which could
affect the estimation of 0']1: and fc.

[] Contribution of the polylactic acid

120 A
B Contribution of the jute strands or glass fibers
100 A
80 - 45%
48%| |47% | [47%|  |a8%
62%

Composite flexural strength (MPa)

0 1 2 3 4 GF’ GF™”

Delignification stage

Figure 4. Percentage contributions of the PLA and delignified jute strands or GF to the ajg. (GF" and
GF" are values, respectively, obtained from the data reported by [26,27]).

After corroborating that the 0}: and ¢ present a good correlation, there are at least

two methods to estimate 0'}: values apart from a modified rule of mixtures approach.
These methods assume that similar fc values can be obtained from the tensile and flexural
mechanical properties. Table 3 compiles the ajf and U}E ® obtained from Equations (6) and
(7), respectively.

It was found that Ujf and fc, respectively, exhibit high correlations and similar per-
centages above 95% with UfF ® (0.992 R?) and 1&(0.988 R?). These fc values were considered
high for cellulose fiber-reinforced polymers, implying that the fiber-matrix interface was
strong in general. Meanwhile, for the GF-reinforced PLA composites, the Equation (7)
approach cannot be replaced by Equation (6) since the fc was too different from f2, indicat-
ing that there could not be a good correlation between the tensile and flexural behavior.
These results indicate that Equation (7), recently proposed by our research group, led to a
more similar o} estimation than Equation (6), which has been proved with other cellulose
fiber-reinforced composites [37], when applied to delignified jute strands-reinforced PLA
composites. Moreover, the results show that the delignification stages not only provoked
chemical and morphological changes in the strands but also strengthened them. In the
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LEPAMAP-PRODIS research group it was considered that fiber very well, well, normally,
poorly, and badly bonded to the polymer matrix corresponding to the f- value ranges
of 0.19-0.21, 0.17-0.18, 0.15-0.16, 0.13-0.14, and 0.12 or less, respectively. These ranges
have been proposed considering the criterium of von Mises (IFSS = ¢ /1/3) and Tresca
(IFSS = M /2) criteria that correspond to the very well-bonded and well-bonded expected
fc values, where IFSS is the interfacial shear strength.

FFSF
Table 3. Values of (ij of the jute strands reinforcing the PLA estimated through UfF =of % or
C
o
UIE *=df #. The fc and f2 were estimated from (Tf and (7]1;" */, respectively.
FFSF FTSF of of of*
o F t f f
Stages wite v (MPa)  (MPa)!  (MPa)!  (MPa) fe (MPa) fe
J.0 30 0.264 139.66 96.20 597 867 0.161 897 0.156
J1 30 0.262 197.48 128.60 726 1115 0.177 1059 0.187
J.2 30 0.260 203.52 137.80 806 1190 0.171 1144 0.178
J.3 30 0.258 221.34 147.50 846 1270 0.174 1213 0.182
J.4 30 0.257 205.84 142.90 822 1184 0.174 1153 0.179
GF? 30 0.173 417.26 326.24 2400 3069 0.136 3652 0.114
GF?3 30 0.173 321.87 362.58 2400 2131 0.151 3053 0.105

1 2

Recovered from [15]. and 3 are values, respectively, obtained from the data reported by [26,27].
GF exhibited. The ¢} value of GF corresponds to sized fibers.

3.3. The Analysis of the Chemical Composition and Microfibril Angle of Jute Strands

The content of lignin and hemicellulose, the main amorphous phases each one with
a density of 140 g cm 2, decreased as the KN increased, as has been stated. Then, the
amount of amorphous cellulose (density of 1.42 g cm~3) decreases, while the crystalline
cellulose (density of 1.60 g cm~3) content increases after each delignification stage, as Table 4
shows. The densities of the lignin, hemicelluloses, and celluloses were recovered from [38].
However, other authors have indeed reported different densities for these components [39].
It was found that the CI of the jute strands increased with the subsequent delignification
stages. Such behavior implies an increment of the crystalline regions of the fiber at the
expense of the amorphous after each delignification stage. It is estimated that individual
fibers composed of single cells with high cellulose content are obtained from the fiber
bundles in higher amounts after each successive delignification stage [40]. The removal
of lignin and hemicellulose was attributed to the presence of sodium hypochlorite during
delignification [15]. Comparatively, the chemical composition of the raw jute strands is
in line with that reported for different genotypes of Corchorus capsularis L. and Corchorus
olitorius L. [41]. Jute is a strand (or phloem fiber) that contains a proportionally high amount
of lignin in its fiber cell walls.

Table 4. Crystalline and amorphous cellulose content and MFA of the delignified jute strands.

CI Cellulose (%) MFA (°)
Stages (%)
° Total Crystalline Amorphous Constant Variable
J.0 65.0 66.6 43.3 23.3 8 8
J1 68.1 69.8 47.5 223 8 9
]2 70.0 77.3 54.4 229 8 10
J.3 79.0 82.7 65.3 17.4 8 11
J4 80.0 86.9 69.5 17.4 8 12

The cellulose fibers provide mechanical support to the plant. As Figure 5 depicts, the
plant fiber cells have a central lumen surrounded by the cell wall and are connected by the
middle lamellae. In turn, the cell wall consists of a primary section followed by several
secondary layers that form the thickest section (S1, S2, and S3) [42].
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Figure 5. Schematic diagram of the three-dimensional structure and distribution of the main chemical
components of a delignified fiber across the sections of the fiber cell wall, emphasizing the microfibril
angle (0) corresponding to the cellulose microfibrils located in the S2 layer.

The cell wall layers contain lignin and hemicellulose regions intermixed with cellulose
microfibrils disposed in a right-hand spiral. The angle between the fiber axis and the
microfibrils in the S2 layer is denoted as the MFA, which is a key driver for the fiber and
composite mechanical properties [39]. Thus, the cellulose microfibrils within the S2 are
the main structural elements that govern the mechanical strength of the plant fibers, since
it is estimated that the thickness of the S2 layer is more than a half of the cell wall [43].
The cell wall thickness scattering can be attributed to the different shapes and sizes of the
fiber cells, as the reported micrographs reveal [41] If random cells are selected from the
micrographs, a wide range of average wall thicknesses can be estimated for each cell, since
their thickness varies considerably with the side measured (e.g., for three random cells and
measuring the four sides of each one, the respective cell wall thickness was 16.67 & 5.40 um,
19.36 4 4.22 um, and 11.16 &+ 3.26 pm). In response to this concern, another report estimated
that the middle lamellae together with the lumen and the extreme cell wall layers (S1 and
S3) of lignin-free cellulose fibers containing around 65 wt%, as is the case in the delignified
jute strands, have relative thicknesses of 8%, while the S2 layer has 76% [43].

The individual cellulose fiber cells are composed of microfibrils whose orientation,
specifically those from the S2 layer of the cell wall, have a significant influence on their
fiber mechanical properties [44]. Indeed, cellulose microfibrils with small MFA facilitate
the stress transfer from the matrix to the reinforcing fibers when the polymer composites
are deformed [45]. Strands have the lowest MFA < 10°, concerning fiber from leaves
(10°-25°) and seeds (30-50°), leading to their corresponding high, moderate, and low level
of mechanical strengths [42]. It has been reported that the MFA of lignocellulosic fibers
does not significantly or consistently change after being treated with alkaline solutions or
subjected to other treatments. Specifically, the MFA of cabuya (strands of leaves), fragrant
screw pine, and ichu (grass) fibers respectively went from 6.6° to 7.1°, 7.2° to 8.1°, and
7.5° to 5.4° after being subjected to alkali treatment [44,45]). However, there is controversy
on this matter since some authors have reported a change in the MFA or improvement
of the intrinsic mechanical properties associated with the change of MFA during alkali
treatment [46-50]. Thus, further investigation is needed.

For these cases, it is explained that progressive removal of hemicelluloses by the alkali
treatment might involve a rearrangement of the network of cellulose microfibrils since these
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could be more susceptible to swelling and shrinkage that disoriented them, impacting the
fiber-matrix stress transfer [14,51]. According to a reported graphical model, the cellulose
microfibrils are interlinked by the electrostatic interactions between the functional groups
of the pectin located between the 52 cellulose microfibrils and of the hemicellulose coating
these microfibrils. It is speculated that the S2 layer hemicellulose content is negatively
correlated to the MFA (higher hemicellulose content, lower MFA) since a more important
hemicellulose matrix implies a larger interfibrillar space, which can absorb load and allows
more sliding between cellulose microfibrils [52].

The sensitiveness of the fiber strength concerning the intrinsic physicochemical prop-
erties has been discussed in terms of the cellulose fraction, the volumetric cellulose crys-
tallinity, the MFA, and the lumen porosity. According to a broad reported analysis of
the sensitivity of the strength of jute strands, whose cell wall thickness goes from 8.304—
11.341 pm [41] and cellulose microfibril width is 28 4+ 3 A as estimated from reported
micrographs [53], and several other lignocellulosic fibers to MFA and other microstructural
parameters, it has been found that, in general, the variations in MFA have little effect on
the fiber strength variability. However, it is necessary to consider that the reported model
predictions depend on the literature recovered MFA, which for jute strands varies from 7°
to 9°, but the most representative is 8°, according to a broad literature review [39]. In turn,
it has also been reported that the Cel(%) has a positive and strong correlation with the
specific strengths, while negatively correlated with the MFA. On the contrary, the hemicel-
lulose content has a negative correlation with the specific strengths and MFA. Meanwhile,
the lignin content is directly proportional to the MFA, but inversely proportional to the
specific strengths [54,55]. Thus, an increasing MFA decreases the strength and stiffness of
the cell wall but increases the strain at the break. This phenomenon allows plants to adjust
the mechanical behavior of their tissues by shifting the MFA [56].

3.4. The Analysis of the Impact of Chemical Composition on the Intrinsic Flexural Strength

In 1986, Mukherjee and Satyanarayana [51] established a series of linear and quadratic
equations that relate the (7}: to Cel(%). Since the literature shows a proportional relationship
between ¢} and (T}: , the authors explored further equations correlating the intrinsic flexural
strength of jute strands (0’}: and Ujf *) to MFA, Cel(%), and crystalline cellulose contents

(CI- Cel(%)). The authors found that the highest coefficients of correlations were obtained
for quadratic equations. The intrinsic flexural strength was positively correlated with the
cellulose contents obtaining the following nonlinear regression quadratic Equations (6) and

7):
of = —1.8184(Cel%)? 4 292.94(Cel%) — 10540, with 0.91 R? (6)

ok® = —1.286(Cel%)? +209.3(Cel%) — 7319.6, with 0.95 R ?)

These equations show the positive correlation between cellulose content and the ot of

the strands. Moreover, the authors explored the correlation with the crystalline cellulose
content (¢ = CI-Cel%), obtaining Equations (8) and (9):

of = —1.2752(¢)* + 155.02(y) — 3426.9, with 0.94 R? @)

of* = —0.9167(1p)* + 112.89(p) — 2260.6, with 0.98 R? 9)

Thus, the intrinsic flexural strength of jute strands was more strongly correlated to
crystalline cellulose contents than to whole cellulose content. Figure 6 shows the regression
curves of Equations (8) and (9).
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Figure 6. Intrinsic tensile strength of the jute strands as a function of crystalline cellulose contents
and nonlinear regression quadratic curves obtained from the data (shown as dotted regression lines).

Considering that the literature stated the impact of MFA on the o of strands, the
authors explored possible correlations to MFA. Mukherjee and Satyanarayana (1986) [51]
studied the correlation of cos(MFA) to the intrinsic tensile strength of the strands. Thus,
the authors explored the correlation of § = Cel%-Cl-cos(MFA) to the intrinsic flexural
strengths, obtaining Equations (10) and (11):

of = —1.3004(8) + 156.55(8) — 3426.9, with 0.94 R? (10)

ok = —0.9348(5)% + 114(8) — 2260.6, with 0.98 R (11)

The inclusion of cos(MFA) in the equations did not alter the coefficients of determina-
tion. The authors used an MFA = 8°, based on literature [45,48]. The low value of such
an angle compared to the other factors and the fact that such cos(MFA) was constant are
the main reasons for obtaining the same coefficients of correlation. The Ujf is inversely

correlated to MFA, thus, the authors explored the correlation of ajf to v = CI-Cel%/MFA,
obtaining Equations (12) and (13):

of = —81.612()* + 1240.2() — 3426.9, with 0.94 R? (12)

ok® = —58.666(7)% +903.16(y) — 2260.6, with 0.98 R (13)

The results were like those obtained for cos(MFA), and for the same reasons. To
evaluate the possible impact of MFA variations on the 0'}: of the jute strands, and taking
into account, on the one hand, that MFA for jute varies from 7° to 12° [57], which is in line
with the separation of nanofibrils across the cell wall [58], and on the other hand that MFA
can increase due to the harshness of the treatments, the authors applied a range of MFA
from 8° to 12° to J.0 to ] .4, respectively (see Table 4). Using the equation that correlated
the intrinsic flexural strengths with 9, the coefficients of correlations decreased to 0.91 and
0.95. These equations revealed that the intrinsic strength of the reinforcements is positively
correlated with the crystalline cellulose contents of the strands and inversely correlated to
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the MFA. These equations can be used to explore the impact of these parameters on the
intrinsic flexural strength, but not for evaluating the properties.

3.5. The Analysis of the Specific Flexural Properties of the Polylactic Acid, Its Composites, and
Reinforcing Jute Strands

The potential selection of PLA composites for light-mass applications, such as auto-
motive, requires not only the corroboration of flexural properties suitable for products and
parts subjected to bending loads but also requires the consideration of specific mechanical
properties (e.g., the ratio between flexural strength and the material density). Dividing
the mechanical properties of the material by its density normalizes them, allowing the
objective cost comparison with other materials [59]. Specifically, the comparison of specific
mechanical properties can be used to analyze weight savings, which is important in the
automotive and aerospace industries [60]. As expected, the addition of jute strands to
PLA led to specific (ch values higher than the PLA matrix by 15%, 39%, 38%, 44%, and
38%, respectively, for the composites reinforced with raw jute and subsequently delignified
strands (see Table 5). These enhancement percentages are comparable with others reported
for hemp fiber-reinforced PLA composites [61]. Moreover, the jute strands-reinforced
composites respectively achieved 64%, 78%, 77%, 80%, and 77% of the specific O'fC of the
commercially available GF-reinforced PLA composite. The remarkable specific flexural
performance of the PLA composites is proportional to the specific (7}: of the reinforcing
jute strands.

Table 5. Specific flexural mechanical properties of the PLA, its composites, and the delignified
jute strands.

M C C

Stages wt% vE PMvpS %\/% :LMVSLC o 3 %
(g cm™3) (MPa) (%) (g cm~3) (MPa)

NA 0 0 124 55.1 2.64 NA NA
J.0 30 0.264 1.30 63.2 1.85 148 585.6
J1 30 0.262 131 76.4 2.00 1.50 7433
12 30 0.260 131 75.8 1.88 1.51 788.3
1.3 30 0.258 132 79.2 1.93 1.53 829.8
T4 30 0.257 132 76.2 1.93 1.54 768.9
GF! 30 0.173 147 98.6 NA 255 941.2

1 Recovered from [27].

Then, the potential practical implication of these findings is a positive effect on the
future development trends in PLA biocomposites. For instance, the improvement of the
PLA composites manufacturing based on different types, ratios, and shapes of natural
fibers for specific applications. These results could contribute to the development of proper
databases on natural fibers and biocomposites [1].

4. Conclusions

Herein, cellulose fiber-reinforced biocomposites have been manufactured and char-
acterized. The delignification stages using sodium hypochlorite generate, apart from the
decrease in lignin content, the progressive increase of cellulose in the delignified strands.
The hemicelluloses and amorphous material content decreases, also progressively, given
that the delignifying agent is not selective for lignin, unlike sodium chlorite. It is also
evident that most of the extractives present in the primary wall, mainly, disappear, which
notably favors the IFSS of the composite materials. Because of the change in the chemical
composition of the strands, the p! increases slightly and progressively up to 4% concerning
the raw jute strands.

The (7]9 increases significantly after the first delignification stage concerning the PLA

matrix and composite manufactured with raw jute strands, reaching a stable behavior
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or “plateau” of around 100 MPa from the second delignification stage. The composite
manufactured with strands subjected to the third delignification stage reaches its maximum

value of 104.55 MPa. This value represents 66% and 61.3% of the (TJE: of two PLA composites

reinforced with GF. The evolution of the ¢ correlates reasonably well with the o

The intrinsic flexural strengths obtained from the relation between FTSM and FFSM
and from the ratio between the flexural and tensile strengths of the composites show a
good correlation. The intrinsic flexural strengths show a fair correlation to the intrinsic
tensile strengths.

Concerning the intrinsic mechanical properties, nonlinear equations that correlate
the intrinsic flexural strength of the jute strands ((ij and (ij *) with the CI, Cel%, and MFA
were obtained for a constant MFA = 8° with respect the delignification stages. To the best
knowledge of the author, these correlations are a novelty for the prediction of the intrinsic
mechanical strength of jute strands.

Finally, the specific ¢¢ of the jute strands-reinforced PLA composites achieved more
than 70% of commercially available PLA reinforced with GF. In addition, the lower and
lesser scattered specific price of jute strands, and their environmental and processing advan-
tages, indicate that these PLA composites could be considered for manufacturing products
that need to be subjected to bending forces such as some GF-reinforced PLA products.
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Abbreviations

P The product of the crystallinity index and the cellulose content

5 The product of the crystallinity index, the cellulose content, and the
microfibrillar angle cosine
The product of the crystallinity index and the cellulose content, divided by the

i microfibrillar angle.

1/d length-diameter ratio

Vv Volume of the pycnometer

D Fiber diameter

S3 Inner secondary layer of the cell wall

S2 Middle secondary layer of the cell wall

S1 Outermost secondary layer of the cell wall

PLA Poly-(lactic acid)

MFI Melt flow index

MFA Microfibrillar angle

KN Kappa number

J.4 Jute strands after four subsequent delignification stages

J.3 Jute strands after three subsequent delignification stages

J.2 Jute strands after two subsequent delignification stages

J.1 Jute strands after one delignification stage

J.0 Raw jute strands
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IFSS Interfacial shear strength

GF Glass fibers

FTSF Fiber tensile strength factor

FFSF Fiber flexural strength factor

CI Crystallinity index

Cel% Cellulose content

of Fiber tensile strength

ofF Composite tensile strength

(7}"* Contribution of the matrix to the composite flexural strength

(TJ](VI Matrix flexural strength

oFe Intrinsic flexural strength obtained from the ratio of flexural and tensile
f strengths.

(ij Intrinsic flexural strength

af Composite flexural strength

of Fiber density

¢ Composite density

oM Matrix density

pH20 Distilled water density

S?A Elongation at break of the matrix under flexural load

sjg Elongation at break of the composite under flexural load

wM Matrix weight

wk Fiber weight

w® Composite weight

w20 Distilled water weight
) Flexural coupling factor obtained from (7}: ¢

fc Flexural coupling factor

1’4 Fiber volume fraction
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Abstract: The high-power lasers have important implications for present and future light-based
technologies; therefore, the protection measures against their high-intensity radiation are extremely
important. Currently, a great deal of interest is directed towards the development of new nonlinear
optical materials for passive optical limiters, which are used to protect the human eye and sensitive
optical and optoelectronic devices from laser-induced damage. Biopolymers doped with natural
dyes are emerging as a new class of optical materials with interesting photosensitive properties. In
this paper, the optical limiting capability of deoxyribonucleic acid bio-polymer functionalized with
Turmeric natural dye has been demonstrated for the first time, to the best of our knowledge. The
experimental investigation of the optical limit has been done by the Intensity-scan method in the
NIR spectral domain at the important telecommunication wavelength of 1550 nm, using ultrashort
laser pulses (~120 fs). Several optical properties of this natural dye are presented and discussed.
The values of the optical transmittance in the linear regime, the saturation intensity of the nonlinear
transmittance curves, and the coefficient of the nonlinear absorption have been determined. The
influence of the DNA biopolymer and natural dye concentration on the optical limiting properties
of the investigated biomaterials is reported and discussed. The photostability and thermal stability
of the investigated solutions have also been evaluated by monitoring the temporal decay of the
normalized absorption spectra under illumination with UVA light and heating, respectively. Our
results evidence the positive influence of the DNA, which embeds Turmeric natural dye, on the optical
limiting functionality itself and on the photostability and thermal stability of this novel material.
The performed study reveals the potential of the investigated novel biomaterial for applications in

nonlinear photonics, in particular in optical limiting.

Keywords: eco-friendly materials; DNA biopolymers; natural dyes; nonlinear optical response;
optical limiting

1. Introduction

Lately, scientists around the world have been concerned about the protection of
the environment and biodiversity by enhancing the sustainability and quality of eco-
friendly materials. Natural dyes are emerging as an important class of biodegradable
optical materials used for modern applications in optics and photonics, security, and safety
and have been intensely studied in recent years due to their interesting photosensitive
properties [1-3]. The deoxyribonucleic acid (DNA) functionalized with different synthetic
dyes, e.g., Rhodamine B, Disperse Red 1 [4-6], represents novel materials with practical
applications in photonics. Biopolymers doped with natural dyes are emerging as a new
class of optical materials with interesting photosensitive properties.

One of the most promising practical applications of these biomaterials, based on the
nonlinear absorption process is the optical limiting (OL) functionality. OL devices are of
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great practical importance for the protection of the human eye, light sensors, cameras,
and other sensitive optical and optoelectronic devices against intense sources of laser
radiation, which can irreversibly damage such elements when a safety damage threshold is
exceeded [7-13]. The experimental dependence of the transmitted power/intensity on the
same parameters of the incident beam is shown for an ideal OL (red line) and a real OL
(green line), respectively (Figure 1). For the ideal OL, the transmitted power/intensity has
a linear increase for incident power/intensity up to the OL threshold, remaining constant
after this. For a real OL, the transmitted power/intensity depends nonlinearly on the
incident one, being described by a saturation curve.
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Figure 1. Optical limiting functionality.

The continuous development of this type of device is crucially dependent on the
availability of suitable optical materials. A wide variety of materials are being studied
to achieve effective OL [11,14-18]. For example, in many papers, the OL functionality
for various groups of materials, including organic dyes, other common organic materials,
graphene, and its derivatives, fullerenes, polymeric materials (organic and/or inorganic),
inorganic semiconductors, and other materials, has been extensively investigated in recent
years [11,19-22]. At the same time, it has been shown that the synthetic polymers used
so far in optical limiters can be successfully replaced by the biopolymers that have some
advantages over synthetic materials [12]. Among the studied materials with optical limit-
ing properties are carbon-based materials, e.g., graphene and its derivates [15,19-21,23].
The OL functionality of these materials, in different forms as solutions, films, and bulk,
has been mainly studied for visible and near-infrared nanosecond and picosecond laser
pulses [24-28] and, in a smaller measure, for femtosecond laser pulses at 800 nm wave-
length [29-33]. Very few papers have investigated the OL of femtosecond laser pulses
in the IR band, which includes the wavelength of 1550 nm, an important wavelength
for communications. B. N. S. Sooraj et al. reported in a recent study [34] the optical
limiting of 35 ps laser pulses at 532 nm in silver, gold, and alloy clusters, investigated
by Z-scan technique. The authors demonstrate that Ag and Au clusters exhibit almost
the same efficiency for optical limiting, but the alloy clusters are less efficient in optical
limiting. Other materials with optical limiting properties are glasses doped with differ-
ent nanoparticles [35,36]. Measurements of OL response in synthetic polymers (Ethylene
propylene-diene monomer (EPDM), Poly(methyl methacrylate) (PMMA)) doped with dye
(Disperse Red 1, Disperse Yellow, respectively) are also reported using 532 nm wavelength
(10 ns pulses and continuous wave) [37,38]. However, DNA-based biopolymers, which
have been intensively studied recently, present several advantages over materials based on
synthetic polymers. Biomaterials generally present unique properties, which are not easily
replicated in conventional organic or inorganic materials. In addition, the DNA biopolymer
comes from renewable natural resources.

To the best of our knowledge, the OL properties of the DNA-based materials func-
tionalized with natural dyes, have not yet been investigated and represent an innovative
and original approach. The nonlinear optical investigation of this new class of biopolymer-
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based materials is complex and represents a topic of high interest in photonics. One of
the most important reasons why DNA appears to be exciting for OL functionality is the
exceptional capability of DNA chains to interact with various dyes (nonbinding interac-
tions, groove binding, and intercalation/semi-intercalation) [39,40] and the suitability of its
properties. Its particular, double-stranded helical structure shows that it can be used as
scaffolding for incorporating functional molecules, allowing the development of photonic,
electronic, and opto-electronic devices [6,22,39-45]. Moreover, there is a lot of free space
to functionalize it with different dyes to obtain and tailor desired properties for targeted
practical applications [4,5,22,39-45]. DNA can be used in fast photoinduced responses,
improved nonlinear optical effects in DNA compounds [46,47], as well as in other future
applications in nanotechnology [48-50]. Another important property of DNA in photonics
is its large transparency range, from 350 to about 1700 nm, with a cutoff wavelength around
320 nm [22].

DNA is an eco-friendly biodegradable material that can be obtained at a low cost from
renewable resources such as the waste produced by the food processing industry. Pure
DNA is known to be only soluble in water and exhibits poor thermal stability (denaturation
at around 90 °C), making it difficult to process into good optical-quality thin films. On
the other hand, it is well known that the complex of DNA with cetyltrimethyl-ammonium
chloride (CTMA) surfactant is soluble in alcohols and can be processed into thin films
with good optical quality [44]. Moreover, in the past few years, it was discovered that
this solubility allows the functionalization of DNA-CTMA with synthetic/natural dyes,
which contributes to the enhancement of the nonlinear optical properties of the resulting
complexes and tuning their sensitivities in different spectral ranges. Recently, it was shown
that the DNA-surfactant complex represents an interesting medium for photosensitive
molecules, with significantly lower kinetic chemical and photo-thermal degradation con-
stants [24,51,52], as observed for synthetic polymers. The DNA-CTMA complex has high
thermal stability up to a temperature of 100 °C [45], maintaining its double-stranded helical
structure [53]. The DNA and DNA-surfactant complexes decompose in the 220-230 °C
temperature range [40,53-55]. Their high thermal conductivity ensures a lower laser heat-
ing of materials based on them compared to other synthetic polymers (e.g., PMMA) with
similar optical absorption [46]. Another advantage of this new class of materials is the
increased optical damage threshold after functionalization with natural dyes compared to
synthetic polymers, [12,13,23,40,54-59], showing that the biopolymers are more resistant to
high-energy laser pulses than some synthetic polymers like PC or PEG [40,55].

In the present work, we experimentally demonstrate the OL functionality of a new
class of nonlinear optical materials (NLO), namely DNA biopolymer functionalized with
Turmeric dye, by I-scan experiments with ultrashort laser pulses (~120 fs) in NIR, at the
important telecommunication wavelength of 1550 nm. To the best of our knowledge, the
OL properties of these new class of NLO materials have not been investigated yet and
are reported for the first time in the literature, representing an innovative and original
approach. The influence of the DNA presence and the variation of the dye concentrations
in the prepared solutions on the linear transmittance and the optical limiting performance
of these novel materials are discussed. The values of the optical transmittance in the linear
regime, the saturation intensity of the nonlinear transmittance curves, and the coefficient
of the nonlinear absorption have been determined. The photostability and the thermal
stability of the investigated solutions have also been evaluated by monitoring the temporal
decay of the normalized absorption spectra under the illumination with UVA light and
heating, respectively.

2. Materials and Methods

The investigated materials consisted of DNA biopolymer functionalized with Turmeric
natural dye. To demonstrate the influence of the biopolymer on the optical limiting properties
we also investigated materials without DNA. The DNA was purchased from Ogata Research
Laboratory, Ltd., Chitose, Japan. DNA is an eco-friendly biodegradable material that exhibits
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very interesting properties for its use as a matrix for dye molecules, with many interesting
applications in photonics [6-9,13]. It can be used to replace synthetic polymers with several
advantages, which are due to its particular helical structure [53]. This biopolymer is extracted
from the waste produced by the food processing industry and its sources are practically
unlimited, making it an inexpensive biopolymer. The DNA used in this study is extracted
from salmon waste. It has a high molar mass of ~8 MDa. The processing steps involved in
obtaining DNA are presented in detail in [60,61]. In the preparation of samples investigated
in this study, the DNA was used in the form in which it was purchased. The DNA was not
sonicated, thus keeping unaffected its double-stranded helical structure. It is well known
that sonication can destroy the double-stranded structure of DNA (ds-DNA) by breaking
nucleobase bonds resulting in single-stranded deoxyribonucleic acid (ss-DNA). This alteration
process of DNA depends on sonication conditions.

The unprotected DNA is soluble in water and its degradation time is quite short. With
the CTMA surfactant, the DNA-CTMA complex becomes insoluble in water, but soluble in
organic solvents, such as alcohols, and can be functionalized with different photosensitive
dyes. The choice of CTMA as a surfactant for DNA functionalization is based on several
reasons described in detail in [62]. The DNA-CTMA complex becomes water-insoluble
and more stable mechanically due to the alkyl chain of CTMA. Also, the DNA-CTMA
complex is soluble in organic solvents, such as alcohols, which makes easier the doping of
the complex with different photosensitive molecules.

The DNA functionalization with CTMA was performed in this study following the
procedure described by Grote et al. [60]. This procedure is briefly described below. DNA
is negatively charged, soluble in water, and reacts with positively charged surfactants
forming a stable DNA-CTMA complex through ionic chemical interaction. The DNA-
CTMA complex is stable and insoluble in water, but soluble in several organic solvents,
which facilitates its doping with dyes. The DNA-CTMA complex was obtained by dropwise
addition of the DNA solution to the CTMA solution. The final solution is stirred for
approximately 4 h after the DNA solution has been added and allowed to settle. The
obtained precipitate complex is filtered using a filter and then washed well until the wash
water contains no more traces of surfactant. The water is removed with another filter paper
by manual pressing. The DNA-CTMA complex is dried in a desiccator under vacuum at
60 °C. The dry precipitate obtained is grinded until the particle size is small enough for its
use in solutions. Next, the DNA-CTMA complex is doped with Turmeric, the link between
them being ensured by an electrostatic interaction with Turmeric.

The natural extract of Turmeric was obtained by the maceration technique, a simple
method by which ground raw material is kept in contact with the solvent for a defined
time. The resulting product was mixed at 400 rpm for 24 h and then filtered through filter
paper. The obtained solutions were placed in the refrigerator to avoid degradation. For
the functionalization of the DNA-CTMA complex with Turmeric, we used butanol as an
organic solvent, because it has several advantages over other solvents. It has a low vapor
pressure of 6.7 hPa at 20 °C [63], compared to other alcohols, such as, for example, ethanol
which has a pressure of 59 hPa at the same temperature of 20 °C, which ensures a relatively
slow evaporation. Also, butanol’s moderate viscosity prevents evaporation [64]. The con-
centration of DNA-CTMA in butanol was 30 g/L. Solutions with different concentrations of
Turmeric (3%, 5%, 7.5%, 10% and 15%) have been prepared. These concentrations represent
the percentages of the Turmeric relative to the DNA-CTMA matrix.

In Table 1, we present the investigated solutions of DNA-CTMA-TURMERIC in
butanol with different dye concentrations, and the solutions of Turmeric-natural dye in
butanol, with similar dye concentrations.
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Table 1. Denomination of the samples and Turmeric concentration in solutions.

Turmeric Concentration in Solution

Sample g/L
T3-DNA/T3 3
T5-DNA/T5 5
T7.5-DNA/T7.5 7.5
T10-DNA/T10 10
T15-DNA/T15 15

2.1. Materials Characterization

The nonlinear optical properties are in strong correlation with the linear optical proper-
ties: the control of the linear optical properties can lead to a useful control of the nonlinear
ones. The linear refractive index (ng) of the prepared solutions was determined using the
ABBE refractometer (Carl Zeiss, Jena, Germany). The values of the refractive index are
slightly dependent on Turmeric concentration. The refractive index of the solutions with
the lowest concentration of Turmeric is ny = 1.3969 for the T3 sample and ny = 1.4018 for
the T3-DNA sample. The refractive index of the solutions with the highest concentration
of Turmeric is 1y = 1.3971 for the T15 sample and ny = 1.4021 for the T15-DNA sample.
The refractive indices of solutions with intermediate concentrations are in between the
values corresponding to solutions with the lowest and highest Turmeric concentrations,
respectively (the difference is only at the third decimal).

In the use of this novel DNA-based optical material, it is important that the light
does not produce irreversible changes in its optical properties (photodegradation), and
also its thermal stability. To investigate these aspects, we performed several spectral
analyses (UV-VIS-NIR spectroscopy, before and after its UV illumination/heating) to check
its photodegradation and thermal stability. These analyses provide us with valuable
information about the photochemical/thermal stability of the novel compounds.

2.1.1. UV-VIS-NIR Spectroscopy

The spectroscopic studies of the transmittance for the prepared solutions were done
using a Perkin Elmer spectrophotometer (Perkin Elmer, Waltham, MA, USA), Lambda
950 model at a resolution of 1 nm. The UV-VIS-NIR transmission/absorption spectra of
these innovative biomaterials, collected with air as reference were recorded between 300 and
1600 nm wavelengths. The recorded spectra are presented in Figures 2a and 2b, respectively.
The inset from Figure 2a,b shows the absorption bands of prepared solutions for different
concentrations, at the same interval of wavelengths. The used spectrophotometric cell has
a 0.5 mm optical path to avoid obtaining a saturated signal in the spectral range of interest

From the UV-VIS-NIR spectra, shown above in Figure 2a, it can be seen that the values
of the transmission curves of T3, 5, 7.5, 10, and 15 solutions are 60-80% in the VIS-NIR
range, while for solutions based on DNA functionalized with Turmeric dye, it is slightly
lower than in the case of solutions without DNA, but remaining sufficiently high for the
eye or sensitive imaging devices [14]. Thus, we can say that these materials are transparent
enough to see through them, a requirement for passive optical limiting materials in NIR.
The spectra confirm, as expected, the presence of Turmeric and DNA, from the existence of
absorption peaks at wavelength of 420 nm, specific to the Turmeric dye (Figure 2a,b) [65],
and of DNA-CTMA at wavelengths in 200-300 nm range (Figure 2c), respectively. The
DNA-CTMA compound does not have any absorption peak in the 300-800 nm wavelength
range, as can be seen from Figure 2c. The spectra have a quasi-constant transmittance in the
visible range (500-850 nm), followed by a higher transmittance in the near-infrared range
(850-1300 nm), excepting the dip at 1200 nm and by a lower and decreasing transmittance
in the wavelength range of 1350-1500 nm.
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Figure 2. UV-VIS-NIR spectra of the DNA-CTMA-Turmeric solutions (a); Turmeric solutions (b), and
DNA-CTMA solution (c) in butanol. (a) UV-VIS-NIR spectra of DNA-CTMA-Turmeric solutions
in butanol. (b) UV-VIS-NIR spectra of Turmeric solutions in butanol. (¢) UV-VIS-NIR spectra of
DNA-CTMA solution in butanol.

Nevertheless, the transmittance does not drop below 40% in the considered VIS-NIR
spectral range (500-1600 nm). As a general remark, a very slight decrease in the transmit-
tance spectra can be observed in the case of solutions functionalized with DNA-CTMA
compared to those without DNA; this fact does not impede the use of the DNA-CTMA-
Turmeric compound in optical limiting. This difference may be due to the intercalation
of the natural dye of Turmeric in the double-strand helical structure of DNA, which is an
advantage that contributes to increasing the stability of the obtained DNA-CTMA complex.
All these increase the resistance of solutions to photodegradation.

2.1.2. Photostability of Prepared Solutions

The chemical stability of turmeric and DNA-CTMA-Turmeric complex in butanol
exposed to UVA light has been studied to investigate the resistance of synthesized solutions
to the action of a light source. The photodegradation of the synthesized solutions in butanol
was carried out using the Luzchem Photoreactor—4 x (Luzchem Research Inc., Ottawa,
ON, Canada), equipped with 8 lamps, each with a power of 12 W. The natural extract was
exposed to UVA irradiation at a wavelength of 325 nm. The photoreactor is equipped
with a fan to maintain a constant temperature throughout the experiment. To perform the
photodegradation experiments, constant volumes of the synthesized solutions and covered
quartz cuvettes were used to avoid evaporation. The absorption spectra of the biopolymers
in butanol were recorded both at the initial moment and after each exposure to irradiation.
The absorption spectra were recorded using the Thermo Scientific Spectrophotometer
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(Fisher Scientific, Paisley, UK), Model 220. Figure 3 shows the overlays of the absorption
spectra of investigated DNA-CTMA-Turmeric complexes with different concentrations and
of the natural extracts of Turmeric without DNA (with the same concentrations) exposed to

irradiation for different exposure times.
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Figure 3. The evolution of the UV-VIS absorption spectra of the prepared solutions in butanol,
under the influence of UVA irradiation at several exposure times: (a) DNA-CTMA-Turmeric
(T3-DNA =+ T15-DNA) and (b) Turmeric solutions in butanol (T3 + T15).

The absorption spectra acquired for each sample have been normalized to the maxi-
mum value of the amplitude which corresponds to the initial spectrum, recorded before
the start of irradiation with UVA light. From the acquired spectrum, it can be seen that as
the exposure time increases, the photodegradation of the Turmeric extract occurs much
faster than the photodegradation of the DNA-CTMA-Turmeric, proved by a much higher
decrease in absorbance. At the same time, increasing the concentration of Turmeric leads to
a decrease in the photodegradation rate.

The dependence on time of the peaks of normalized absorbance under the influ-
ence of UVA irradiation of the investigated solutions is shown for both sets of samples,
T3-DNA = T15-DNA and T3 + T15, in Figure 4a,b, respectively. In this figure the exper-
imental points, for all investigated solutions, have been fitted with exponential decay
functions, yp;(t) = yop; + Api-exp(—kp;-t),i=1,...,5 shown as continuous lines.

The parameters yp;, Ap;, and kp; of the fitting functions for the experimental data from
Figure 4a,b, corresponding to the investigated solutions, are shown in Table 2.

This kind of mathematical function, which describes the temporal decay of the normal-
ized absorbance peak of investigated solutions in butanol, could be a consequence of the
degradation of the dye molecules in the excited volume of the sample, namely its decrease
over time, due to their photodegradation induced by UVA light.
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Figure 4. The temporal evolution of the normalized peak absorbance under the influence of UVA irra-
diation for: (a) DNA-CTMA-Turmeric solutions in butanol (T3-DNA -+ T15-DNA) and (b) Turmeric
solutions in butanol (T3 + T15) (dots—experimental points; continuous lines—the fitting functions).
The vertical scale is different in (a) with respect to (b).

Table 2. The parameters yp;, Ap;, and kp;, of the fitting functions for data points from Figure 4a,b.

Fil
o ' 13.pNA/T3 T5-DNA/T5  T7.5-DNA/T7.5 T10-DNA/T10  T15-DNA/T15
Fitting Parameter
, 0.8666/ 0.87049/ 0.87542/ 0.90768/ 0.94231/
Yopi 0.33452 0.34271 0.33081 0.39744 0.51004
" 013429/ 0.13029/ 012578/ 0.09363/ 0.05685/
Pi 0.66048 0.65415 0.66785 0.59953 0.48695
oy (min-1) 001259/ 0.00969,/ 0.00721/ 0.00698/ 0.00645/
i 0.01569 0.01453 0.01405 0.01246 0.01117

The fit of the temporal decay of the normalized absorbance peak of investigated
solutions in butanol under the influence of UVA irradiation (Figure 4) reveals that the
photodegradation rates are higher in solutions with only Turmeric, compared to the so-
lutions containing DNA. This is proof of the higher photostability of Turmeric dye in the
DNA-CTMA-Turmeric solutions in butanol.

The photodegradation studies have shown that the combined use of DNA-CTMA and
natural extract of Turmeric results in a slight improvement in the photostability of DNA-
CTMA-Turmeric compared to Turmeric only. Moreover, these complexes show higher
chemical stability under UVA illumination than synthetic polymers, such as PMMA, under
similar irradiation conditions [66,67].

2.1.3. Thermal Degradation

Thermal analysis measurements were made to determine the thermal stability of
Turmeric in butanol with/without DNA biopolymer.

To test the thermal degradation several cycles of heating the samples for 30 min at
60 °C have been performed. The absorption spectra have been recorded, using a Thermo
Scientific Model Evolution 220 spectrophotometer (Fisher Scientific, Paisley, UK), both at
the initial moment and after each exposure interval. The obtained absorption spectra are
shown in Figure 5.
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Figure 5. The evolution of the absorption spectra of the prepared solutions in butanol under the influ-
ence of heating at 60 °C, for several exposure times, (a) DNA-CTMA-Turmeric (T3-DNA - T15-DNA)
and (b) Turmeric solutions in butanol (T3 + T15).

The dependence on time of the peaks of normalized absorbance under the influence
of heating at 60 °C of the investigated solutions is shown together for both sets of samples,
T3-DNA -+ T15-DNA and T3 = T15, in Figure 6a,b, respectively. In this figure the ex-
perimental points for all investigated solutions have been fitted with exponential decay
functions, y1;(t) = yor; + Ari-exp(—kri-t),i=1, ..., 5, shown as continuous lines.

The parameters yo1;, Ar;, and kr; of the fitting functions for the experimental data from
Figure 6a,b, corresponding to the investigated solutions, are shown in Table 3.

Table 3. The parameters ygr;, Ar;, and kr;, of the fitting functions for data points from Figure 6a,b.

Fil
- M 3 DNA/T3 T5-DNA/T5 T7.5-DNA/T7.5 T10-DNA/T10 T15-DNA/T15
Fitting Parameter
4 0.8839/ 0.9000/ 0.9158/ 0.92052/ 0.92547/
Yoti 0.87714 0.90468 0.91292 0.9204 0.9310
A 0.11726/ 0.10091/ 0.08525/ 0.08021/ 0.07502/
Ti 0.12183 0.0953 0.08672 0.7964 0.07001
Ky (min-1) 0.0141/ 0.01159/ 0.01151/ 0.00882/ 0.00703/
Ti 0.01512 0.01449 0.01299 0.01111 0.00943
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Figure 6. The temporal evolution of the normalized peak absorbance under the influence of heating
at 60 °C for: (a) DNA-CTMA-Turmeric solutions in butanol (T3-DNA -+ T15-DNA) and (b) Turmeric
solutions in butanol (T3 = T15) (dots—experimental points; continuous lines—the fitting functions).

The fit of the temporal decay of the normalized absorbance peak of investigated
solutions heated at 60 °C (Figure 6) reveals that the differences between the thermal
stability of the investigated solutions with and without DNA are much lower than the
differences between their photostability (Figure 4). However, the thermal stability of DNA-
CTMA-Turmeric solutions is slightly better than that of the Turmeric solutions. Thus, the
analysis of the temporal decay of the normalized absorption spectra under illumination
with UVA light and heating, respectively, revealed a better photo- and thermal stability of
solutions containing DNA-CTMA.

3. Optical Limiting Capability: Measurements and Discussions

The OL capabilities, dependent on the nonlinear optical properties of these new biomate-
rials, were explored by the Intensity scan (I-scan) technique [65,66]. The I-scan is a sensitive
and powerful optical experimental method for the investigation of nonlinear optical refraction
and/or absorption. A schematic of the I-scan configuration is shown in Figure 7.

Detector

Laser + —— e
A=1550 nm

Translation stage

Figure 7. Schematic experimental configuration for optical limiting capability investigation by

I-scan method.

In the I-scan measurements, we used as excitation source an Er-doped fiber laser
(FemtoFiber Scientific FFS, TOPTICA Photonics AG, Munich, Germany) at the wavelength
A = 1550 nm, which generates ultrashort pulses about ~120 fs with a repetition rate of 76 MHz.
The intensity incident on the sample is controlled with neutral density filters (Fnp) (Thorlabs,
Munich, Germany), which changes the laser power. All the filters used in the I-scan measure-
ments are calibrated by us at the wavelength of 1550 nm. The incident beam on the sample has
a maximum average power of ~193 mW. The corresponding peak power and the pulse energy
of the generated laser pulses are ~20 kW and ~2.5 nJ, respectively. The average incident laser
powers are chosen to be below the values for which the laser-induced damage could occur.
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The investigated biopolymers are placed in the focal plane of the lens L; which has a focal
length of 5 cm and focuses the incident beam to a spot with a diameter of 26 pm on the sample.
The investigated samples are in the form of solutions and they have been placed in special
demountable cuvettes, with optical quality windows made from quartz (Hellma, Miillheim,
Germany) of 0.5 mm internal thickness and 130 pL internal volume. Their spectral domain of
transparency is 200-2500 nm. These cuvettes were fixed on the micrometric translation stages
for the fine-tuning of their positions. The power of both incident and transmitted beams has
been corrected to Fresnel reflections on external (air-quartz) and internal (quartz—solution)
interfaces. The L; (focal length 6 cm) lens is used to adjust the spot size of the transmitted laser
beam to the aperture of the detector which measures the beam’s average power. For precise
adjustment of the lenses’ positions relative to the sample, we used micrometric translation
stages (not shown in Figure 6). In front of the detector are placed different neutral density
filters (Fnp) to keep the power of the light incident on the detector, below its maximum
measurable power. The incident and the transmitted beams were measured using the OP-2IR
sensor (Coherent, Portland, OR, USA) coupled to a power meter (FieldMax II-TOP, Coherent,
Saxonburg, PA, USA). No optical damage was observed in the investigated samples in the
range of the laser peak intensities available in our experiments.

The I-scan method [68] was developed as a variant of the Z-scan technique, presenting
a series of advantages compared to the classic Z-scan method [69]. In the case of the
Z-scan method, during the movement of the sample along the focused light path (Z axis),
the size of the illuminated area of the sample is dependent on its position with respect
to the focal plane of the focusing lens, and the collected signal is averaged on areas of
different sizes. This could be a problem in the case of inhomogeneous samples. In the
I-scan method [68,69], the sample position on the optical axis of the system is fixed. The
laser intensity on the sample is modified by neutral density filters (Fnp).

The OL potential of the investigated DNA-based compounds was evaluated by mea-
suring the transmitted peak intensities Iy,s(peak) of the samples as a function of the
incident peak intensities I;;,.(peak). A deviation from the linear transmittance towards
lower values is an indicator of optical limiting potential. This property of a nonlinear
material is described by a linear transmission for low values of the incident light until a
certain threshold value of the incident intensity is reached, after which the transmitted
intensity remains constant when the incident intensity increases.

The experimental results obtained during the investigation of the optical limiting
capability of the biopolymer samples are shown and discussed below. The experimental
peak intensities Iqus(peak), of the beam transmitted through sample, in function of the
peak intensities, I;;,.(peak), of the incident beam, are shown in Figure 8.
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Figure 8. Transmitted peak intensities in function of the incident peak intensities for: (a) DNA-CTMA-
Turmeric solutions in butanol (T3-DNA = T15-DNA) and (b) Turmeric solutions in butanol (T3 + T15).

191



Polymers 2024, 16, 96

ltrans(peak)(GWicm?

The values of the experimentally determined transmitted peak intensities, I;u,s(peak),
for low incident peak intensities, I;,.(peak), shown in Figure 8, have been fitted with a
linear dependence described by the Lambert-Beer law, Equation (1):

—uag-L
Itruns, linear = linc-e” 0 (1)

From the slope of this linear dependence (Figure 9), we determined the values of the
linear absorption coefficient, a, of each sample.

1.00

Figure 9. Transmitted peak intensities in function of the incident peak intensities, I;,.(peak), for low
incident intensities, fitted (dash lines) with a linear dependence (Equation (1)) for: (a) DNA-CTMA-
Turmeric solutions in butanol (T3-DNA -+ T15-DNA) and (b) Turmeric solutions in butanol (T3 + T15).

A nonlinear dependence of Ij,;s(peak) of the samples as a function of the incident
peak intensities I;;,.(peak) indicates that the absorption coefficient is no longer constant,
being dependent on incident intensity. In this case, Equation (1) becomes:

Itmns, NL = Iinc'e_“(IiM)L (2)

In our experiments, the dependence I;4,s(peak) of the samples as a function of the
incident peak intensities I;,.(peak) shows a saturation trend. We considered for «(I;;,.) from

Equation (2) the following equation, in which the saturation intensity, [s;¢, and the nonlinear
absorption coefficient, 3, are considered [67]:

1 T Blinc ®)

The experimental data from Figure 8 have been fitted with de Equation (2), taking into
account Equation (3), as shown in Figure 10. From the fit of the experimental data using
Equations (2) and (3), the values of I;;; and of  have been determined.

The values of linear and nonlinear optical parameters (the linear transmittance, Ty, the
linear absorption coefficient, ag, the saturation intensity, Is;¢, and the nonlinear absorption
coefficient, B) determined by fitting the experimental data from Figures 9 and 10 are
summarized in Table 4.

The analysis of the data from Table 4 and of their graphical representation from Figure 11
reveals the influence of the DNA-CTMA complex on linear and nonlinear optical absorption
properties of the investigated materials, which are involved in the passive OL functionality.
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Figure 10. Transmitted peak intensities in function of the incident peak intensities, I;;,.(peak), fitted
(continuous lines) with the nonlinear dependence given by Equation (2). for: (a) DNA-CTMA-Turmeric
solutions in butanol (T3-DNA -- T15-DNA) and (b) Turmeric solutions in butanol (T3 = T15).

Table 4. The linear transmittance, Ty, the linear absorption coefficient, ag, the saturation intensity,
Isqt, and the nonlinear absorption coefficient, 8, determined from the fit of the experimental data
(Figures 9 and 10).

Sample Linear Transmittance (Crﬁgl) ( G"{]S/a(fmz) (cm /%W)
T3-DNA/T3 0.43/0.52 17/13 14/38 3.5/2.4
T5-DNA/T5 0.38/0.47 19/15 12/35 3.6/2.7
T7.5-DNA/T7.5 0.36/0.43 21/17 11/21 3.8/29
T10-DNA/T10 0.31/0.37 23/20 7/18 3.9/3.0
T15-DNA/T15 0.27/0.32 26/23 6/16 40/3.4

It can be observed that the set of solutions with DNA-CTMA-Turmeric has a lower
linear transmittance than the samples that do not contain DNA-CTMA. At the same time,
the increase in the dye concentration decreases the linear transmittance. Also, the solutions
containing DNA-CTMA have lower linear transmittances compared to solutions with only
Turmeric. The range of absorption coefficient values can thus be extended /restricted to
higher /lower values in the investigated compounds, with a tunability given by the dye
concentration. The results reveal the relationship between the dye concentrations and the
magnitude of the absorption coefficient.

For samples with different concentrations, the OL is stronger for those with lower ;.
Equation (2) provides information on the overall optical limiting capability of a sample,
considering the nonlinear optical processes involved in this functionality. For samples with
different linear transmittances, a larger deviation from the straight line (corresponding to
linear transmission), at the same incident intensity, means better limitation.

The DNA-based matrix favorably influences the OL potential of the investigated DNA-
CTMA-Turmeric samples, compared to Turmeric-only samples, in two different ways, one
related to the OL process itself and the other one related to the photo- and thermal stability
of the material. The performed OL experiments revealed that the OL process is more
efficient in solutions containing DNA-CTMA, which is evidenced in Figures 9 and 10, and
Table 4. Thus, the deviation of the saturation-type fit of the experimental data from the
straight line corresponding to linear transmittance is larger in samples with DNA-CTMA,
where the transition from the linear regime to the limiting regime starts at lower values
of incident intensity (Figure 9) and, consequently, the intensity range of optical limiting
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is broader. Moreover, the saturation intensity, s, is lower and the nonlinear absorption
coefficient, f, is higher in these samples, as shown in Table 4 and Figure 11c,d. On the
other hand, the results presented in Sections 2.1.2 and 2.1.3 revealed increased photo- and
thermal stability of samples with DNA-CTMA, which is important for OL functionality.
Thus, the DNA-CTMA matrix is beneficial for the OL potential of Turmeric.
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Figure 11. The dependences on Turmeric concentration of the linear transmittance, Ty (a), linear
absorption coefficient, xg (b), saturation intensity, Iy (c), and the nonlinear absorption coefficient, S (d).

4. Conclusions

The optical limiting in solutions in butanol of DNA-CTMA-Turmeric compound and
of Turmeric with similar concentrations has been experimentally demonstrated, for the first
time to the best of our knowledge, by Intensity scan experiments with ultrashort laser pulses
(~120 fs) in NIR at 1550 nm wavelength. The photostability and thermal stability of these
solutions have also been evaluated. The analysis of the temporal decay of the normalized
absorption spectra under illumination with UVA light and heating, respectively, revealed a
better photo- and thermal stability of Turmeric in solutions containing DNA-CTMA.

The efficiency of the passive optical limiting caused by the nonlinear optical absorption
in the above-mentioned novel materials has been comparatively evaluated. The analysis
of the experimental data obtained in the I-scan experiment allowed the determination
of some important optical parameters. Thus, from the analysis of the initial part of the
experimental curves, when the material’s response is linear, the linear transmittance and
the linear absorption coefficient have been determined. At higher incident intensities, the
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saturation trend of experimental curves and a nonlinear absorption have been considered.
This analysis allowed us to determine the saturation intensity and the nonlinear absorption
coefficient of the investigated materials, both of which are important for their OL capability.
The study performed revealed a favorable effect of the DNA-CTMA matrix on OL in the
investigated materials.

The obtained results are important in the applications of these novel DNA-based,
eco-friendly materials for the protection of the human eye and sensitive devices against
intense NIR laser radiation.
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Abstract: Starches plasticized with glycerol/citric acid/stearic acid and tributyl 2-acetylcitrate
(ATBC), respectively, were processed with poly (butylene adipate-Co-terephthalate (PBAT) via
extrusion and a film-blown process. All the composite films were determined for morphology, me-
chanical, thermal stability, crystalline, and optical properties. Results show that the most improved
morphology was in the 30% glycerol plasticized PBAT/thermoplastic starch (TPS) composite films,
characterized by the smallest and narrowest distribution of TPS particle sizes and a more uniform
dispersion of TPS particles. However, the water absorption of PBAT/TPS composite films plasticized
with glycerol surpassed that observed with ATBC as a plasticizer. Mechanical properties indicated
insufficient plasticization of the starch crystal structure when using 10% ATBC, 20% ATBC, and
20% glycerol as plasticizers, leading to poor compatibility between PBAT and TPS. This resulted in
stress concentration points under external forces, adversely affecting the mechanical properties of
the composites. All PBAT/TPS composite films exhibited a negative impact on the initial thermal
decomposition temperature compared to PBAT. Additionally, the haze value of PBAT/TPS composite
films exceeded 96%, while pure PBAT had a haze value of 47.42%. Films plasticized with 10% ATBC,
20% ATBC, and 20% glycerol displayed lower transmittance values in the visible light region. The
increased transmittance of films plasticized with 30% glycerol further demonstrated their superior
plasticizing effect compared to other PBAT/TPS composite films. This study provides a simple and
feasible method for preparing low-cost PBAT composites, and their extensions are expected to further
replace general-purpose plastics in daily applications.

Keywords: PBAT; plasticized starch; biodegradable films; optical property

1. Introduction

Poly (butylene adipate-co-terephthalate) (PBAT) has attracted great interest as a poten-
tial substitute for low-density polyethylene (LDPE), particularly in packaging applications
such as lawn waste bags, food containers, or film wraps [1]. PBAT is particularly desirable
due to its biodegradability, excellent flexibility, thermal stability, and outstanding water
barrier properties [2,3]. Moreover, as an aliphatic-aromatic co-polyester, PBAT combines
the advantageous mechanical properties of aromatic polyesters with the biodegradability
expected of aliphatic polyesters [4,5]. Despite these merits, PBAT is seldom used alone in
food packaging due to its inadequate oxygen barrier properties and high cost [6,7].
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Among natural polymers, starch has emerged as a promising option for food pack-
aging, given its biodegradability, film-forming properties, abundance, low cost, and good
oxygen barrier properties [8]. However, starch alone lacks the mechanical strength and
thermal stability required for effective polymer use. Native starch has to be modified in or-
der to be melt-processed as a thermoplastic material because the melting temperature (Tm)
of pure dry starch is close to 220240 °C, which is higher than its degradation temperature
(220 °C). Gelatinization of starch at elevated temperatures, typically in the presence of a
plasticizer such as water or glycerol, is a common approach to producing thermoplastic
starch (TPS). This process significantly enhances the flexibility and processability of the
material [9]. Although products made from TPS exhibit good oxygen barrier properties,
biodegradability, and compostability, some deficiencies, such as strong water absorption,
relatively poor mechanical properties, and low thermal stability, limit their uses [10-13].
Furthermore, products made from TPS swell and deform upon exposure to high-moisture
media. To alleviate these deficiencies, several strategies have been used, including melt
blending of TPS with other conventional or biodegradable polymers. PBAT, with high
flexibility and stability in the extrusion process, becomes an ideal complement. Therefore,
blending TPS with PBAT facilitates film production and achieves the desired flexibility for
wrapping and sealing processes.

However, with the usage of starch materials, small molecular plasticizers will progres-
sively migrate out, which is starch retrogradation, resulting in a reduction in the quality
of the materials [14,15]. In recent years, researchers have explored various plasticizers
and coupling agents to modify PBAT/starch composites. Dammak et al. investigated
the effect of maleated PBAT (PBATg-MA) and maleic anhydride (MA), citric acid (CA)
coupling agents on the mechanical properties and morphology of PBAT/TPS composites,
In the absence of the compatibilizer and in the presence of PBAT;-MA, the PBAT was the
continuous phase, while the TPS became the continuous one in the presence of MA and CA.
These evolutions were explained by the change in the melt rheological properties of TPS in
the presence of the compatibilizer and its aptitude to promote interfacial adhesion between
TPS and PBAT phases [1]. Zhang et al. found that tartaric acid (TA) plays diverse roles in
PBAT/TPS-TA composites [16]. TA primarily serves as an acid catalyst, reducing both the
molecular weight of starch and the shear viscosity of TPS. As a result, TPS-TA particles
can disperse uniformly in the PBAT matrix without agglomeration. When TA contents are
below 1%, another crucial role of TA is the coupling effect, enhancing compatibility between
TPS and PBAT. However, it also decreases the interface interaction between TPS and PBAT,
leading to a phase morphology reversal in PBAT/TPS-TA-4 from a homogeneous phase to
a “sea-island” structure. Li et al. combined CS particles (native starch and mechanically
activated starch) with ATBC and PBS together through melt blending. The impact strength
of composites was increased by 126%, and the elongation at break increased by more
than five times compared to PBS, showing a ductile fracture trend. Moreover, the water
absorption test and contact angle test demonstrate a significant improvement in water
resistance [17].

To sum up, the synergistic plasticization of starch with small molecular compatibilizers,
combined with glycerol-plasticized starch, provides a viable solution for the preparation
of TPS. ATBC demonstrates the potential to plasticize starch, imparting improved duc-
tile properties to PBS composites. No published studies have conducted comparisons
between the effects of glycerol and ATBC as plasticizers on the properties of PBAT/TPS
films. Recognizing the promising complementary properties between TPS and PBAT
composites, this study focuses on the preparation of TPS using two different primary
plasticizers. The physical properties of the PBAT/TPS mixtures are compared, in particular,
TPS plasticized with glycerol/citric acid /stearic acid and with ATBC. The objective is to
assess their effectiveness and examine how they influence the properties of the PBAT/
TPS composite.
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2. Materials and Methods
2.1. Materials

Poly (butylene adipate-co-terephthalate) (PBAT, MFR 4-6 g/10 min at 190 °C) was
purchased from Xinjiang Blue Ridge Tunhe Chemical Industry Co., Ltd., Changji, China.
Native corn starch containing 73% amylopectin and 27% amylose (purity 99%) was pro-
vided by Binzhou Jinhui Corn Development Co., Ltd., Binzhou, China. Stearic acid was
obtained from Oledchemicals Industry, Kuala Lumpur, Malaysia. Citric acid (purity 99.5%),
glycerol (purity 99.5%), tributyl 2-acetylcitrate (ATBC, purity 97%), and all other chemicals
were supplied by Macklin Chemical Co., Ltd., Shanghai, China.

2.2. Gelatinisation of Starch

The corn starch was dried at 90 °C in the oven for 48 h to make the moisture content
lower than 0.1% and then mixed with glycerol, citric acid, and stearic acid in a high-speed
mixer at the mass ratio of 100:20:0.6:0.3 and 100:30:0.6:0.3 for 10 min, respectively. The
temperature of the mixer was cooled and kept at 30 °C during the mixing process.

Two doses of corn starch plasticized by ATBC were prepared by adding ATBC at mass
ratios of 100:10 and 100:20 and stirring thoroughly. Subsequently, all the mixtures were kept
in a closed vessel to avoid absorption of moisture and were kept for 24 h before processing
with an extruder.

2.3. Preparation of PBAT/TPS Composite Films

The melt mixing of PBAT/TPS biodegradable composites was carried out in a co-
rotating twin screw extruder (KYmach SJ-30, Nanjing, China), with a variable temperature
difference of 90-140 °C from the feed to the die zone, and a screw speed of 300 rpm.
PBAT and TPS were compounded at a ratio of 70:30. The drawing rods were then cooled,
pelletized, and stored in a sealed package until further use.

PBAT/TPS blended films were prepared by film blown using a single screw extruder
with a screw diameter of 170 mm and an L/D ratio of 30 (Leibo, Hangzhou, China).
The film-blown temperature was independently controlled at four zones along the ex-
truder barrel, and a strand die was used to achieve a temperature profile in the range of
135-150 °C. The screw speed was set at 30 rpm, and the feed rate was 12 rpm. Films were
named PBAT, PBAT/TPS-10% ATBC, PBAT/TPS-20% ATBC, PBAT /TPS-20% glycerol, and
PBAT/TPS-30% glycerol. The thicknesses of PBAT/TPS composite films were 65 + 5 um.

2.4. Characterization of PBAT/TPS Composite Films

The surface morphology of PBAT/TPS composite films was examined using an optical
microscope (OLYMPUS CX31, Church Hill, TN, USA). Images were taken at brightfield,
transmission mode, with a magnification of 4-10x.

For each composition, five pieces of film were cut into 20 mm x 20 mm and stored at
55% RH for 7 days before testing and then dried in the oven at 105 °C for 24 h. The water
absorption test was determined by immersing oven-dried samples into distilled water at
room temperature. The weight of the samples was monitored and recorded at regular
intervals (2h, 4 h, 6 h, 8 h, 24 h, and 48 h). The water absorption ratio was calculated using
Equation (1).

Yield (%) = My = M; x 100 1)
M;
where M,; is the initial mass of the sample, and M; is the mass after water absorption.

The X-ray diffraction (XRD) was used to conduct the crystallinity of samples. The
samples were analyzed in the X-ray diffractometer (Model: Rigaku Iniflex 600, Tokyo,
Japan) using Cu-K« radiation (A = 0.154 nm) at 40 kV and 30 mA with a goniometer speed
of 0.02 s7!. The spectra were measured for 20 in the range of 5-50°. The X-ray detector
used was a scintillation counter with a detector angle of 40°, placed at a distance of 300 mm.

The mechanical properties of films were meticulously assessed through traction tests,
according to the ASTM Standard method D882-12 (ASTM, 2012) [18]. Rectangular films
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with a width of 15 mm and a length of 150 mm were carefully prepared and positioned in
an electronic tensile testing instrument with a charge cell of 500 N. The samples were then
subjected to a controlled stretching rate of 300 mm/min, with an initial gauge distance
of 50 mm. Samples were conditioned at 23 °C and 50% relative humidity for 72 h before
testing. Six specimens were tested for each composition.

Thermal weight loss analysis was conducted using a thermogravimetric instrument
(TGA 2, Mettler Toledo, Zurich, Switzerland). In this analysis, approximately 8-10 mg
of the polymeric materials were placed in an aluminum dish under the nitrogen (Nj)
atmosphere at room temperature. The sample was then subjected to heating at a rate
of 10 °C/min using a high-resolution dynamic mode until it reached a temperature of
600 °C. Throughout the heating process, the weight loss of the sample in response to the
temperature change was recorded.

The haze properties of the films were measured using an optical tester (YH1200,
3NH, Shenzhen, China), and different positions across the film were assessed for both
transmittance (T) and haze (H).

The color of the different samples was determined using a color spectrophotometer
(Leeuwarden, The Netherlands). A spectrophotometer was used to measure the color of
the sample obtained. This apparatus measures the color in the CIE Lab (L*, a*, b*) scale.
Each set of samples underwent three individual measurements, and the resulting average
value was recorded.

The UV and visible light transmittance of the films was determined using a U-4100
UV-vis spectrophotometer (HITACHI, Japan), operating in the range of 300-800 cm ! and
with a scan speed of 300 nm/min.

3. Results and Discussion
3.1. Surface Morphology of Films

Figure 1 illustrates the surface morphology of neat PBAT film and PBAT/TPS compos-
ite films. The surface of neat PBAT film appeared smoother and more uniform than that
of the 10% ATBC, 20% ATBC, and 20% glycerol plasticized films. When 10% ATBC and
20% ATBC served as the plasticizer, PBAT/TPS films (Figure 1b,c) exhibited rough and
uneven features; the size of the phases and the lack of adhesion between the two phases
evidenced immiscibility. Figure 1d shows the typical sea-island morphology of uncompati-
bilized composites; it can be seen that TPS particles were not uniformly dispersed in the
PBAT matrix, and large particles were observed, which can be ascribed to the agglomera-
tion of some TPS particles. Between Figure 1d,e, a gradual reduction in domain size and
increase in distribution uniformity of TPS particles was observed with increasing glycerol
content of the respective compatibilized composites. Among all the composites, the highest
improved morphology had the smallest and narrowest distribution of TPS particle sizes in
addition to a more uniform distribution of TPS particles, which can be seen in 30% glycerol
plasticized PBAT/TPS composite films. It can be explained that 30% glycerol served as
the optimum amount of plasticizer content can cause better interfacial bonding between
two phases, resulting in finer and improved blend morphology.

Figure 1. Surface morphology of PBAT/TPS films; glycerol/citric acid /stearic acid and ATBC serve
as the plasticizers of TPS, respectively, PBAT (a), PBAT/TPS-10%ATBC (b), PBAT/TPS-20%ATBC (c),
PBAT/TPS-20% glycerol (d), PBAT /TPS-30% glycerol (e).
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3.2. Water Absorption

Water absorption is one of the main shortcomings that restrict the application of starch-
based materials. One of the objectives of compounding TPS with hydrophobic polyester
is to reduce the water absorption of the film to meet the requirements for maintaining
acceptable levels of mechanical properties. The water absorption rates of PBAT/TPS
composite films after immersion into distilled water for 48 h are presented in Figure 2, which
is consistent with previously published results [19]. Given its hydrophobic nature, the
water absorption of PBAT film presented a relatively low water absorption rate (0.44%). The
PBAT/TPS composite films presented higher water absorption capacity (maximum 15.09%)
after a 48 h incubation period, as compared to the PBAT film, with a significant difference
between them [1]. This increase can be attributed to the numerous hydroxyl groups
and hydrophilic character of starch. The water absorption of composite films increased
rapidly during the first 2 h and then gradually approached the saturation plateau. With
20% ATBC as a plasticizer, the water absorption of the composite films was lower compared
to when 10% ATBC was used as the plasticizer, suggesting that increasing the plasticizer
content is advantageous for suppressing water absorption. This effect can be attributed
to the interaction between the plasticizer and the hydroxyl groups of starch, leading to a
weakening of intermolecular hydrogen bonding. A slightly higher water absorption rate
was observed in the composite films when glycerol/citric acid /stearic acid were used as
plasticizers compared to films with ATBC as the plasticizer. The full continuity in TPS
allowed water to access the completely hydrophilic TPS phase through diffusion from the
surface via network paths of the TPS phase [1]. Moreover, the incorporation of glycerol
introduced more hydrophilic hydroxyl groups during interaction with starch, whereas
ATBC introduced ester bonds with stronger hydrophobic characteristics.

20

—&—PBAT
——10% ATBC
—4A—20% ATBC
—¥—20% Glycerol

juny
a1
L

ES 30% Glycerol 777777
S T -
‘5-1 i “ _—
§ 10 ) P P ”E
K-} L —
g “b‘)“‘ ///%

0 T T T T

0 10 20 30 40 50

Time ( h)

Figure 2. Water absorption of PBAT/TPS films in 48 h.

3.3. X-ray Diffraction Analysis of Films

X-ray diffraction patterns of neat PBAT and PBAT/TPS composite films are shown in
Figure 3. Peaks at 20 angles of 17.54°, 20.64°, and 23.14°are characteristic of the crystalline
phase of PBAT [20,21]. The starch granule (which presents a certain degree of molecular
organization) is partially crystalline and has a degree of crystallinity ranging from 20% to
45% [22]. The corn starch has A-type crystallinity and diffraction peaks in 20 = 15° [23].
With the addition of glycerol-plasticized TPS, new characteristic peaks appeared at 20
angles of 13.1° and 16.1° and were characteristic peaks of TPS, which correspond to the
Vyu-type amylose crystal [24,25]. The diffraction peaks at 13.38°, 16.24°, 17.54°, 20.64°,
23.14°, and 24.72° were seen in all PBAT/TPS composites, indicating that all composites
had a similar crystalline structure. A minor diffraction peak at 20.08 emerged in the
30% glycerol-plasticized PBAT/TPS film. This occurrence may be attributed to the rapid
recrystallization of starch during processing, resulting in the formation of a single helical
structure complexed with glycerol [26]. It was reported that the transesterification reaction
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that occurs widely in PBAT/PBS composites not only improved the interfacial compatibility
of the composites but also changed their original crystallization types [27]. PBAT/TPS
composite films plasticized with 10% ATBC and 20% glycerol showed peaks at 20 = 29.58°,
attributed mainly to the starch retrodegradation during the preservation period [28].
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Figure 3. XRD patterns of PBAT/TPS films.

3.4. Tensile Property of Films

As shown in Table 1, neat PBAT exhibited a tensile strength of 21.57 MPa and elon-
gation at break of 561.08%, demonstrating high flexibility and ductility. In contrast to the
mechanical properties of pure PBAT, PBAT composites with plasticized starch exhibited
distinct and varied intrinsic results. The incorporation of ATBC did not enhance the tough-
ness of PBAT when combined with TPS. Table 1 shows that all PBAT/TPS composites
not only exhibited more brittle fracture but also demonstrated reduced strength (less than
9.34 MPa), even with an increase in ATBC concentration. The phenomena can be attributed
to the compatibility and interface interaction between the polymer matrix and starch [17,29].
An additional factor was the insufficient plasticization process for the crystal structure of
starch, which contributed to the poor compatibility between PBAT and TPS. TPS tended to
agglomerate in the PBAT matrix, creating stress concentration points when subjected to
external force, thereby comprising the mechanical properties of composites. After adding
30% glycerol as the plasticizer, the tensile strength of PBAT/TPS decreased to 17.41 MPa,
and the elongation at break decreased to 493.25%, showing a negative impact on tensile
properties. The smaller particle size and more regular surface morphology observed in the
films plasticized by 30% glycerol aligned with the findings in morphological analyses. This
allowed glycerol to penetrate more easily into the molecular structure of PBAT, enhancing
compatibility with PBAT. However, the insertion of a small molecule plasticizer and starch
between the molecular chains of PBAT weakened the attraction between the molecular
chains. The weak intermolecular binding force resulted in the loose crystallization zone of
PBAT, thus reducing the strength of PBAT films [17].

Table 1. Mechanical properties of films during 48 months of storage at ambient temperature.

1 Week 48 Months
Tensile Elongation at Tensile Elongation at
Strength Break Strength Break
(MPa) (%) (MPa) (%)

PBAT 21.57 +1.47 561.08 £+ 6.73 16.89 £ 2.11 499.72 £ 7.84
10% ATBC 6.81 + 0.56 451.92 +£9.26 3.28 +0.81 12.87 £ 0.48
20% ATBC 729 £1.62 465.26 £ 6.78 3.51 £ 0.39 43.23 £+ 6.61
20% Glycerol 9.34 £1.71 378.27 +£8.43 2.92 +0.41 54.85 + 7.04
30% Glycerol 17.41 £2.69 493.25 +5.40 8.59 +1.26 433.18 +8.43
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After incubating the films at ambient temperature for 48 months, the reassessment
of the mechanical properties revealed general decline trends in both tensile strength and
elongation at break for all films. The mechanical performance of PBAT composite films
containing TPS exhibited a reduction exceeding 50%. However, the elongation at break of
the PBAT/TPS composite film plasticized with 30% glycerol still exceeded 400%, possibly
due to glycerol migration from the TPS to the PBAT continuous phase [30]. In addition,
this indicates that PBAT/TPS composite films are prone to starch retrogradation and
degradation during storage. It is crucial to balance the shelf life and biodegradability in
practical application.

3.5. Thermal Analysis of Films

The weight loss curve and DTG curve of PBAT/TPS composite films are shown
in Figure 4, and characteristic decomposition temperatures are summarized in Table 2.
For all the composite films, minor mass losses were observed in the temperature range
of 60-160 °C due to the evaporation of moisture or low molecular weight compounds
(Figure 4b). The initial decomposition temperature (Tonset) was defined as the temperature
at which a 5% weight loss of the initial mass occurs (Figure 4a and Table 2). Tonget of
plasticized PBAT/TPS composite films was lower than that of neat PBAT films. The
initial decomposition temperature systematically shifted to a lower temperature with an
increase in plasticizer content, which may be attributed to the volatilization of ATBC
and glycerol [31]. The degradation stage occurred at a temperature range of 284-340 °C,
representing the major decomposition of starch [32]. Further heating at a temperature range
of 350-415 °C induced the highest thermal decomposition rate of PBAT, which was reflected
by the drastic weight reduction. This stage was ascribed to the elimination of hydrogen
groups, decomposition, and depolymerization of the starch and PBAT carbon chains. The
DTG peak of 10% ATBC plasticized PBAT/TPS composite films in the temperature range of
430-500 °C shifted to a lower temperature range, indicating the decreased thermal stability
of the benzene ring in PBAT compared to other composite films. The final thermal event at
492 °C suggests that all the films decomposed before 500 °C.
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Figure 4. TGA (a) and DTG (b) curves of PBAT/TPS films during thermal decomposition.

Table 2. Characteristic decomposition temperature (Tonset and Tmax) of PBAT and PBAT/TPS com-
posite films.

Tonset Tmaxl Tmaxz Tmax3
PBAT 346 304 395 466.5
10% ATBC 285 304/356 388.5 447 /466.5
20% ATBC 239 304 395 479.5
20% Glycerol 268 304/330 395 479.5
30% Glycerol 193.5 304 395 479.5
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In summary, all PBAT/TPS composite films demonstrated a negative impact on the
initial thermal decomposition temperature compared to PBAT. This can be attributed to the
lower vaporization and decomposition temperatures of the plasticizers. It is noteworthy
that in PBAT/TPS films with 10% ATBC as a plasticizer, the rapid decomposition tempera-
ture range of PBAT shifted towards lower temperature regions. This shift may be because
ATBC weakened the intermolecular forces of PBAT, leading to less tightly packed stacking
and, consequently, fewer crystalline regions in both starch and PBAT.

3.6. Effect of TPS on Haze and Transparency Property of Films

The optical properties of films are crucial factors that influence the aesthetics of the
films and the purchasing experience for consumers [33]. Figure 5 shows the haze(H)
and transparency (T) of PBAT and PBAT/TPS composite films. PBAT/TPS composite
films exhibited a slightly lower transparency compared to the PBAT film, particularly
evident in films plasticized with 10% ATBC, where T decreased by 7%. This aligns with
the findings in haze properties, as all PBAT/TPS composite films exhibited a haze value
exceeding 96%, while the haze value for pure PBAT was 47.42%. The inclusion of TPS led
to higher haze and opacity and better absorption of visible light (the haze of PBAT/TPS
films increased by approximately 50% (p < 0.05)) in comparison to the PBAT film. The
pore structure of plasticized starch contributed to a larger specific surface area and an
irregular microstructure, resulting in an increased refractive index of light and decreased
transparency. If the packaged food contains a large amount of lipids, and opacity is desired
to minimize light-catalyzed oxidation reactions, the PBAT/TPS composite films would be
more suitable than the PBAT film.
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Figure 5. Haze (a) and transparency (b) of the PBAT/TPS composite films.

3.7. Color Variation in Films

Color parameters (L*, a*, b*) of blown films are described in Table 3. The incorporation
of 10% ATBC, 20% ATBC, and 20% glycerol as plasticizers slightly increased the luminosity
index of the PBAT film, except for the PBAT/TPS films plasticized with 30% glycerol. The
brownish color of the starch contributed to heightened redness (a*) and yellowing (b*) in
films containing ATBC [34]. Color shifts toward brown and yellow during the melting
process may occur due to the loss of structure and crystallinity of starch granules. Samples
with lower lightness (L* = 48.88) and comparable yellowing to the PBAT film were observed
in the 30% glycerol plasticized films. Elevated amounts of glycerol resulted in films with a
darker color, which can be explained by its action as a plasticizer, allowing higher molecular
displacement and a less rigid structure. The color analysis complements the UV-vis results,
indicating that the chemical constitution of the incorporated starch directly affected the
color properties of the developed polymeric films.
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Table 3. Color parameters of extruded films.

L* a* b*
PBAT 5091 +2.34 —1.02 £ 0.03 —8.34 £ 0.32
10% ATBC 54.44 +0.37 —0.76 = 0.08 —4.45 £ 0.26
20% ATBC 54.99 +0.71 —0.69 £ 0.09 —4.44 £0.17
20% Glycerol 55.27 £ 0.97 —1.24 £ 0.16 —6.62 £ 0.08
30% Glycerol 48.88 + 0.53 —1.10 £ 0.09 —8.30 £ 0.01

3.8. UV-vis Transmittance of Films

To further investigate the impact of plasticizers on the transparency of PBAT/TPS
composite films, the UV-visible light transmittance of PBAT and PBAT/TPS composite
films was measured, as shown in Figure 6. Above 500 nm, transmittance increased with
the plasticizer content in the films for both ATBC and glycerol, which was attributed to
improved gelatinization. The transmittance of PBAT/TPS composite films, plasticized
with 20% and 30% glycerol, exceeded that of films containing 10% and 20% ATBC. The
transmittance of light in polymeric films is not only associated with their chemical structure
and molar mass but also and, most importantly, dependent on film morphology [35,36].
The morphology of films with starch was affected by the presence of starches that were not
completely gelatinized [34]. These particles, which are not fully molten during extrusion,
are responsible for refracting most of the light. Films plasticized with 10% ATBC, 20%
ATBC, and 20% glycerol exhibited lower transmittance values in the visible light region,
likely due to a higher concentration of starch granules not completely gelatinized, as
observed in the micrographs. The increased transmittance of films plasticized with 30%
glycerol further proved their superior plasticizing effect compared to other PBAT/TPS
composite films. The manufacture of biodegradable films with a higher optical barrier is
important for most packaging applications [37].
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Figure 6. Transmittance of PBAT and PBAT/TPS composite films (a), transmittance of films at
wavelength 600 nm (b).

4. Conclusions

This study investigated the properties of PBAT/TPS composite films, including starch
plasticized using ATBC (10%, 20%) and glycerol (20%, 30%). The films exhibited improved
finer morphology, particularly at 30% glycerol concentrations. However, the water absorp-
tion of the composite films plasticized with glycerol surpassed that observed with ATBC as
a plasticizer; this result can be attributed to the abundant hydroxyl groups in glycerol and
full continuity in TPS. The addition of 30% glycerol as the plasticizer led to a decrease in the
tensile strength of PBAT/TPS to 17.41 MPa, and the elongation at break reduced to 493.25%,
indicating a negative impact on the tensile properties. All PBAT/TPS composite films
showed a negative impact on the initial thermal decomposition temperature compared to
PBAT, which is attributed to the lower vaporization and decomposition temperatures of
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the plasticizers. The inclusion of TPS led to higher haze and opacity, demonstrating better
absorption of visible light (the haze of PBAT/TPS films increased by approximately 50%
(p < 0.05)) compared to the PBAT film. Color analysis aligned with UV-vis results, indicat-
ing that the chemical composition of the incorporated starch directly influenced the color
properties of the developed polymeric films. Films plasticized with 10% ATBC, 20% ATBC,
and 20% glycerol exhibited lower transmittance values in the visible light region, likely
due to a higher concentration of starch granules not completely gelatinized, as observed
in the micrographs. The increased transmittance of films plasticized with 30% glycerol
further confirmed the superior plasticizing effect compared to other PBAT/TPS composite
films. The production of biodegradable films with a higher optical barrier is crucial for
most packaging applications.

As a result, PBAT/TPS composite films present an important option for the develop-
ment of environmentally friendly and energy-saving packaging materials at a low cost.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16030326/s1, Figure S1: Stress and strain curves of PBAT/TPS
composites after 48 months of storage.
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Abstract: Herein, wheat straw residue and pulping waste liquid were collected from pulping mill
and mixed to prepare bio-based granular fuels by using compression molding technology, and to
explore the comprehensive utilization of the industrial waste of pulping and papermaking. The
effects of pulping waste liquid on granular fuel properties were analyzed systemically. Further study
of the function of pulping waste liquid, cellulose and hemicellulose was used to replace wheat straw
residue and avoid the interference factors. Therefore, the prediction models of granular fuels were
established with influencing factors that included cellulose, hemicellulose and pulping waste liquid.
The granular fuels had the best performance with 18.30% solid content of pulping waste liquid.
The highest transverse compressive strength of granular fuel was 102.61 MPa, and the activation
energy was 81.71 KJ-mol . A series of curve fitting prediction models were established to clarify the
forming process of granular fuel, and it turned out that the pulping waste liquid could improve the
adhesion between solid particles and increase their compression resistance.

Keywords: pulping waste liquid; bio-based granular fuel; forming process

1. Introduction

Biomass granular fuel, as a renewable and environmentally friendly energy, is pro-
duced and expected to replace coal, oil, electricity and natural gas [1,2]. Therefore, the
development of biomass granular fuel technology could compensate the shortage of con-
ventional energy and provide significant environmental benefits. However, the traditional
granular fuels made by molding technology has low quality, and various pollutants are
released during the combustion process [3,4]. Consequently, selecting suitable additives is
a crucial solution to improve the quality of granular fuels and reduce power consumption
during granularizing processes [5].

Several industrial wastes as additives have been reported to improve the properties
of biomass granular fuel and the physical properties and combustion characteristics of
biomass granular fuel. It was discovered that using coal tar residue (CTR) as a binder for
biomass/lignite granular fuel significantly enhances the granular fuel’ mechanical strength
and heating value [6]. With an increase in the proportion of CTR, the ignition temperature
and activation energy of wheat straw granular fuel increased gradually. At the same time,
the maximum burning rate and maximum weight loss percentage decreased. The bio-waste
could be successfully densified into good-quality granular fuel by drum granulation using
silicate-based binders, and the link between the properties of granules and the conditions of
granulation process was established [7]. Meanwhile, the combustion behaviors of sludge-
biomass mixed granular fuel with different sludge ratios in air atmosphere are investigated
by thermogravimetric analysis [8]. Four main stages are dehydration, volatile oxidation,
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char burning, and burnout during the thermal decomposition of granular fuel. The re-
activities of sludge-biomass granular fuels are improved by the increment of the mixing
ratio of biomass. However, the above experiments have high emission pollution and ash
slagging potential, so further research is needed. The co-granularization of agricultural and
forestry waste using refuse-derived fuel lowered energy consumption during granulariza-
tion slightly improved particle and bulk densities, which resulted in a significant increase
in the breaking load and tensile strength of the granular fuel and reduced the ash content of
the roasted biomass granular fuel. However, the durability, net calorific value, and energy
density were impoverished as the refuse-derived fuel in the blend increased [9,10]. The
effect of paper sludge was studied as an additive to the quality of granular fuels [11]. They
observed that it improved the characteristic ash melting temperature of straw granular fuel
and the mechanical properties of wheat straw granular fuel. In our previous work, the
effect of pulping waste liquid on forming effect and performance of wheat straw granular
fuel were studied [12]. The proper amount of pulping waste liquid is added to improve
the relaxed density and durability of the fuel. However, the compositional variables in the
selected natural biomass materials may interfere with the experimental results to a certain
extent, and the forming process of industrial waste to granular fuel has not been fully
explained. Therefore, a granular fuel model was prepared for this experiment to explore
this problem. The forming process of the solid content of pulping waste liquid on biomass
granular fuel was explored by changing the amount of pulping waste liquid.

The pulping waste liquid is constituted with lignin, hemicellulose, sugars, organic
acids, inorganic salts, etc. [13,14], which can be considered to be used as binder to be
incorporated with wheat straw residues and to prepare granular fuels. In this study,
cellulose, hemicellulose, and pulping waste liquid were used as raw materials to prepare
biomass granular fuel models, so the function of pulping waste liquid on the properties of
granular fuels was explored systemically. Thereafter, the granular fuels were characterized
by the thermogravimetric analysis method and the Coats-Redfern method to analyze their
combustion performance. Based on the data relationship between the granular fuel and
prediction models, the function of pulping waste liquid was clarified. These research results
provide good guidance to their practical utilization, and will provide a theoretical basis for
the further development of biomass granular fuel.

2. Materials and Methods
2.1. Experimental Materials

Wheat straws residues with a particle size of >0.22 mm were attained from a pulp and
paper mill in Weifang, China. The wheat straws were pre-treated with pectinase and lipase
for 4 h at 55 °C, and then transferred in digester with 4% of NaOH, liquid ratio of 1:4 at
100 °C for 20 min; cellulose was filtered for papermaking, and the pulping waste liquid was
attained. Cellulose (particle size:180 um) was purchased from Shanghai Aladdin Co., Ltd.
(Shanghai, China). Hemicellulose (xylan, 85%, Corncob) was purchased from Shanghai
Yuanye Bio-Technology Co. Ltd. (Shanghai, China).

2.2. Detection of Pulping Waste Liquid

The lignin content in the pulping waste liquid was measured according to
GB/T 2677.8-1994 and 72% sulfuric acid method. An ion chromatograph (ICS-5000+,
Thermo Fisher Scientific, Waltham, MA, USA) was applied to determine the sugar content
in the pulping waste liquid. A revolving rheometer (ARES-G2, TA Instruments, New Castle,
DE, USA) was used to determine the viscosity of the pulping waste liquid.

2.3. Sample Preparation
Preparation of Wheat Straws Granular Fuel and Granular Fuel Model

The granular fuels with pulping waste liquid were prepared as Granular Fuel-1 in
Table 1: (1) The oven dry wheat straws residue and pulping waste liquid were mixed, and
then dried in an oven at 60 °C for 24 h; (2) 1.00 g of the mixed materials was molded by
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powder compressing machine (FW-4A, Tianjin Botian Shengda Technology Development
Co., Ltd., Tianjin, China) at room temperature with a pressure of 8 MPa and a diameter of
13 mm. As a control group, the granular fuels with water were prepared as Granular Fuel-2
in Table 1: the oven dry wheat straws residue and water were mixed, and then molded by
powder compressing machine and marked as A, B, C, D, E.

Table 1. The material balance of granular fuels.

Sample 1 2 3 4 5
Granular Fuel-1 Wheat Straws Residue/g 1 1 1 1 1
Pulping Waste Liquid/g 1 5 10 15 20
Sample 1# 2# 3# A# 5#
Granular Fuel Mixture of Cellulose and 1 1 1 1 1
Model-1 Hemicellulose/g
Pulping Waste Liquid/g 1 5 10 15 20
Sample A B C D E
Granular Fuel-2 Wheat Straws Residue/g 1 1 1 1
Moisture Content/ % 0 2 4 6 8
Sample A# B# C# D# E#
Granular Fuel Mixture of Cellulose and 1 1 1 1
Model-2 Hemicellulose/g
Moisture Content/ % 0 2 4 6 8

In this material balance, the preparing parameters before drying were listed, the
applied pulping waste liquid has a solid content of pulping waste liquid of 4.45%. After
drying, the mass fraction of pulping waste liquid were 4.26%, 18.30%, 30.94%, 40.19% and
47.26%, which were corresponded to 1, 2, 3, 4, 5.

The granular fuel models with pulping waste liquid were prepared as follows: (1) The
mixture of cellulose and hemicellulose with a mass ratio of 30.15:27.06 was prepared and
corresponded to the mass ratio in wheat straw residues [9]; (2) and then the mixtures were
mixed with pulping waste liquid as Granular Fuel Model-1 in Table 1, and dried in an oven
at 60 °C for 24 h; (3) 1.00 g of the mixed materials was molded by powder compressing
machine. The samples were marked as 1#, 2#, 3#, 4#, 5#. As a control group, the granular
fuels model with water were prepared with the mixture of cellulose and hemicellulose as
Granular Fuel Model-2 in Table 1; the preparing process was the same as above mentioned,
and the samples were marked as A#, B#, C#, D#, E#, respectively.

2.4. Physicochemical Performance Testing
2.4.1. Density
The cylindrical granular fuels were measured after setting 0 and 12 h using a thickness

gauge. The diameter of the cylindrical granular fuels was kept at 13 mm, but their height
was changed and recorded to calculate the relaxed densities of d (p =m/V).

2.4.2. Compressive Strength

An electronic universal testing machine (WDW-10E, Jinan Wenteng Testing Instrument
Co., Ltd., Jinan, China) was used to measure the transverse and longitudinal compressive
strengths of granular fuel with a compressing rate of 10 mm/min. When the first crack oc-
curred, the corresponding pressure was rendered as the maximum compression resistance.

2.4.3. X-ray Micro-Tomography

The microstr uctural properties of the granular fuel model were investigated using
X-ray microCT (Sky Scan-2211, Bruker, Ettlingen, DE, USA) with a non-destructive method.
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The scaled image pixel size of 1 um was settled, which was sufficient to detect the large
features within the granular fuel model.

2.5. Combustion Performance Test
2.5.1. Calorific Value

Wheat straws residue granular fuel and granular fuel model were measured using an
automatic calorimeter (ZDHW-5, Hebi Huifa Instrument Co., Ltd., Hebi, China) with the
Oxygen bomb method, and the test unit was recorded with J/g.

2.5.2. Thermogravimetric Experiments

The sample heating thermogravimetric curve (TG) and derivative thermogravimetric
curve (DTG) of the samples were achieved using a TGA thermogravimetric analyzer
(Rigaku TG-DTA8122 model, Japan TG-DTA Instruments, Kyoto, Japan). This test was
performed under air atmosphere with a flow of 50 mL/min, and the temperature ranged
from 25 °C to 800 °C with a heating rate of 10 °C/min. The TG-DTG standard definition
method was used to analyze the igniting temperature T; (°C), the maximum combustion
rate Vmax (%/min) and temperature Tmax (°C); the average combustion rate v (%/min) and
the burn-out temperature T¢ (°C).

The index S of comprehensive combustion characteristic [15] can be calculated with
the Equation (1):

5 —Ymax’¥ (1)
Ti-T¢
where, S—the comprehensive combustion characteristics, %2.min~2-°C~3; vjax—the maxi-
mum combustion rate, %/min; v—the average combustion rate, %/min; T;—the ignition
temperature, °C; Ty—the burn-out temperature, °C.
The index Ry of volatile components precipitation characteristics can be calculated
with the Equation (2):

Vmax
Ry = ()
v Tmax' (Tmax - Ti)
where, R,—the volatile components precipitation characteristics, %-min~1-K~Z; vax—the
maximum combustion rate, %/min; Tmax—the temperature of maximum combustion rate,
K; Ti—the ignition temperature, K.
The fire index D; [16] can be calculated with the Equation (3):

Vmax
D, = —max 3
' Ti 'Tmax ( )

where, D;—the fire index, %-min~1-°C~2; vax—the maximum combustion rate, %/min;
Tmax—the temperature of maximum combustion rate, °C; T;—the ignition temperature, °C.

In this experiment, the combustion thermogravimetric experiment was carried out
under a constant heating rate. The Coats-Redfern method was used to fit the kinetic
parameters of the first-stage reaction. Calculation was based on the Alenius formula
(4), which reflected the relationship between the chemical reaction rate constant and

temperature [17]:

do

X S kef(a) = AeRT(1— )" 4)
dt
where, k—the reaction constant, min—!; A—the pre-exponential factor, min—1; E—the acti-
vation energy of reaction, J/mol; R—the universal gas constant, 8.314 ]/ (mol-K); T—the ab-
solute temperature, K; x—the conversion rate of reaction process, %; n—the reaction order.

mg

o =207 4009 ®)
mp — my
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where, my—the mass of sample at the initial moment of pyrolysis, mg; m—the mass of
sample at the moment t of pyrolysis, mg; m—the quality of sample at the time when the
solution is terminated, mg.

For biomass fuels, (1 — %) ~1, the formula can be simplified to:

—In(l-«)]_, AR E
In {TZ} = lnﬁ RT (7)

Lety =1In [W] , X :%, build a model according to the first-level reaction y = ax + b,
make a = —%, b=1In %, according to slope a and intercept b of the fitted curve; the

activation energy and the pre-exponential factor can then be obtained.

2.6. The Analysis of Performance Index Equation

The performance indexes of granular fuel like S, Ry, D; and initial density, are calcu-
lated to establish equations with the following steps:

Firstly, the solid content of pulp waste liquid was set as X, and the performance index
of the granular fuel model was labelled with y,. The x-yn curve was fitted to obtain
Equation (1) according to experimental data of S, Ry, D; and initial density of granular fuel
model, respectively. Therefore, the relationship between the x and y, can be expressed
as following;:

Ym = f(x)

The performance index of the granular fuel model was set as yn, the performance in-
dex of the granular fuel was labelled with y. The y,-y curve was fitted to obtain Equation (2)
according to experimental data of S, Ry, Dj and initial density of granular fuel. Therefore,
the relationship between the y,, and y can be expressed as following:

y =g(ym)

Equation (1) was integrated with Equation (2) to obtain Equation (3). Therefore, the
relationship between the x and y could be expressed as following:

y = g(f(x))

Finally, the prediction accuracy of the granular model was evaluated by the relative
error value.

3. Results and Discussion
3.1. The Composition and Adhesion of Pulping Waste Liquid

As is shown in Figure 1a, the pulping waste liquid contains a variety of chemical
components, in which lignin has the highest concentration of 13,300 mg/L followed by,
polysaccharide, which has a concentration of 370.98 mg/L, and then some other sugars
like arabinose, galactose, glucose and xylose, which have a concentration below 10 mg/L.
In the cooking process, lignin, cellulose and hemicellulose can be hydrolyzed as small
molecular carbohydrates, which have a relatively small proportion. It is known to all that
lignin and sugars are natural adhesive polymers in plants, and can act as adhesive binder
in molding granule. Furthermore, lignin has a high heating value of 27,000 ] /g due to its
rich content of carbon and hydrogen [18], so lignin can also be used to provide the quality
of heat for granular fuels. So pulping waste liquid can be used to improve the performance
of granular fuels.
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Figure 1. (a) Composition and (b) viscosity of pulping waste liquid.

The influence of shearing rate and temperature on pulping waste liquid are shown
in Figure 1b. With the increasing shear rate, the viscosity of pulping waste liquor has a
decreasing tendency, which shows a shearing—thinning behavior. Meanwhile, the viscosity
of pulping waste liquid increases with the increasing temperature, the pulping waste liquid
has the highest initial viscosity at 50 °C of about 5.32 Pa-s, and lowest initial viscosity at
25 °C of about 0.51 Pa-s. Lignin could dissolve in solvents at low temperature, but lignin
would become soft with increasing temperature, along with the increasing viscosity. Actu-
ally, the natural adhesives like lignin, hydrolysates and other resins, waxes, are sensitive to
temperature and pressure, and so they would also play binding role in the pressing process.
With the increasing shearing rate, all the sample with various temperatures showed a
similar viscosity of about 0.15 Pa-s, in which all the chains of the molecules have a similar
directional arrangement under the shear force.

3.2. Effect of Pulping Waste Liquid on the Physical Properties of Wheat Straw Residue
Granular Fuel

The manufactured granular fuels are influenced by many factors, like additives,
moisture content, dimensions, densities, compressive strength, heating value, etc. As the
important constituents and main adhesives of granular fuels, the effect of pulping waste
liquid would be studied systemically.

The relationship between the pulping waste liquid and the physical properties of
granular fuel is displayed in Figure 2a. When the solid content of the pulping waste
liquid increases from 4.26% to 30.94%, the density of granular fuel increases significantly,
and the initial density reaches 1.37 g/cm3. It turns out that the solids in the pulping
waste liquid can fill the gap between the wheat straw residue particles. When the solid
content of waste liquid increases by 47.26%, the initial density of granular fuels decreases
by 1.38 g/cm?, so the addition of pulping waste liquid would lead to more complicated
mechanical engagement and intermolecular binding force, and finally result in a dense
structure. However, the internal structure undergoes stress deformation over time, so
the density of all granular fuels shows decreasing tendency with ongoing, time and the
relaxation density tends to a constant after 4 h. In addition, the results show that the
granular fuels with high addition of pulping waste liquid have a low reduction amplitude,
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(a)

and further demonstrate that the addition of pulping waste liquid improves the binding
force of the granular fuels.
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Figure 2. The physical properties of granular fuel with different pulping waste liquid: Density (a) and
Compressive strength (b); and with water (c,d).

As shown in Figure 2b, the compressive strength of wheat straw residue granular
fuel initially increases and then decreases with the increasing content of pulping waste
liquid. Compared with the granular fuel with 4% water content (56.82 MPa), the best
transverse compressive strength of the granular fuel increases by 9.27% with the adding
of pulping waste liquid. It can be seen that pulping waste liquid has a more substantial
enhancement effect on the compressive strength of straw residue granular fuel. When
the solid content of pulping waste liquid is 30.94%, the transverse compressive strength
reaches 62.09 MPa, which is 25.79% higher than the transverse compressive strength, with
4.26% pulping waste liquid. With the further increase of pulping waste liquid by 47.26%,
the transverse compressive strength decreases to 58.40 MPa. The excessive solid content
of pulping waste liquid has increased the lubricity of the internal structure [19], and thus
wheat straw residue granular fuel cannot effectively support the higher external force.

Compared with the granular fuels with pulping waste liquid, the control group has
low density and low physical strength and the results are listed in Figure 2c,d. Water is
important in the molding process,. with increasing water proportion, water works as free
radical and promotes the binding among particles, even with less external pressure. As
can be seen in Figure 2¢, the granular fuels have increasing transverse and longitudinal
compressive strengths with increasing water content that then decreases after 4%.
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3.3. Effect of Pulping Waste Liquid on the Physicochemical Properties of Granular Fuel Model

The granular fuels with wheat straw residue have complicate constituents, and it
is hard to tell the function of pulping waste liquid clearly. Thereafter, the granular fuel
models are prepared, and their physicochemical properties are analyzed and compared to
clarify the forming process.

It can be seen from Figure 3a that the initial density and relaxation density show a
downward tendency with the increasing moisture content. Meanwhile, the initial density
and relaxation density (after 24 h) show an increasing tendency with the increasing pulping
waste liquid solid content. The particle size of cellulose and hemicellulose powder is
small, and their internal gap reduces without any additives. Adding water to the mixture
to make the granules, the hydrogen bonding forms among cellulose, hemicellulose and
water, which strengths the binding force of granular fuels. But the density decreases with
increasing moisture content, and water becomes attached to the surface of particles and
forms a layer of water film, which hinders the tight binding between the particles [20].
Adding the pulping waste liquid with the solid content of 4.29%, the initial density is
1.02 g/cm®. The initial density then increases by 1.05 g/cm® with the solid content of
47.26%. Compared with the granules with water, the granules with pulping waster liquid
have a smaller difference between initial and relaxed density. Lignin and sugars in the
pulping waste liquid has good adhesive function [21,22] and elastic performance; they can
produce plastic deformation after compression molding process, and have a fast stress
transmission speed [23,24].
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Figure 3. Effect of pulping waste liquor on physicochemical properties of granular fuel. (a) Density,
(b,c) compressive strength and (d) combustion calorific value.
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Figure 3b,c show that the transverse compressive strength is obviously higher than
the longitudinal compressive strength of granular fuels, and they all show a descending
tendency with increasing moisture. Excessive water (>2%) has a weakening effect on
the compressive strength of granular fuel. However, the transverse and longitudinal
compressive strength show the same tendency, which increases with increasing solid
content and then decreases, and shows a maximum at 20%. The lignin and sugars in the
pulping waste liquid show good bonding effect and contribute to an improved compressive
strength. When the pulping waste liquid content exceeds 20%, too many spaces are filled
with lignin and sugars, which creates great connectivity with cellulose and hemicellulose,
and results in bad skeleton stability of the granule fuels. Therefore, the amount of pulping
waste liquid should be kept at a suitable dosage.

The combustion calorific value of granular fuel model shows a downward trend with
the increasing water content and pulping waste liquid solid content (Figure 3d). The
pulping waste liquid containing lignin, polysaccharide etc. has a value of calorific value
but is lower than cellulose /hemicellulose, which explains the reason for the decreasing
tendency. Furthermore, the granular fuels with pulping waste liquid are higher than water,
due to the existence of organic compounds.

3.4. Effect of Pulping Waste Liquid on the Combustion Characteristics of Granular Fuel Model

As shown in Figure 4, the evaporation temperature range of water is between 25 and
150 °C, the degradation temperature range of cellulose and hemicellulose is between 175
and 400 °C, while lignin degrades in the range from 350 to 600 °C. The higher the content
of pulping waste liquid, the lower the combustion and decomposition rate of granular fuel.
It is observed that the residual weight of wheat straws residue granular fuel with the most
solid content (27.65%) is higher than that of wheat straws residue granular fuel without
pulping waste liquor (18.96%). This is because of the presence of higher inorganic mineral
content and ash in the pulping waste liquor.
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Figure 4. TG and DTG curves of wheat straws granular fuel with different pulping waste liquid content.

It can be seen from Figure 5a that the TG curve of granular fuel mainly have four
stages. They can be concluded as follows: the water evaporation stage (I), the volatile
component combustion stage (II), the fixed carbon combustion stage (III) and the burn-out
stage (IV); the specific data are listed in Table 2. The evaporation temperature range of
water is between 25 and 150 °C, the degradation temperature of volatile components ranges
from 220 to 360 °C, the fixed carbon combustion temperature ranges from 360 to 570 °C,
and granular fuels burn out at 600 °C. It is known that hemicellulose pyrolysis occurs from
220 to 315 °C, and cellulose pyrolysis from 315 to 360 °C [25]. Meanwhile, CO,, CO and
some small organic matter [26-28] are generated and a high weight loss of 75.45% occurs
from 220 to 360 °C. At the third stage, the pyrolysis of the organic matter in the granular
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fuel is completed. At the last stage, the combustion is completed, and the residues are kept
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Figure 5. TG and DTG curves of granular fuel models with different pulping waste liquid content.

(a) TG-DTG curves of the granular fuel model with water. (b) TG-DTG curves of the pulping waste

liquid solids. (c¢) TG curves of granular fuel models with different pulping waste liquid content.

(d) DTG curves of granular fuel models with different pulping waste liquid content.

Table 2. The combustion process analysis of the model without adding waste liquid fuel or solid

content of waste liquid; granular fuel model with different solid content of the waste liquid.

Volatile Fixed .
Water Evap- Burning
Sample oration Compon?nt C.arbo.n Fourt? Bu.r “Ot't Remaining
Stage/°C Combustion  Oxidation Stage/°C  Period/°C Amount/%
Stage/°C Stage/°C
A# -204 204-367 367-511 511-800 1.23
Waste
liquid -149 149-327 327-717 717-955  955-1200 19.99
solids
1# -177 177-347 347-520 520-800 3.15
24 -158 158-350 350-558 558-800 6.80
3# -150 150-343 343-555 555-800 6.82
44 -150 150-342 342494 494-552 552-800 14.38
5# -138 138-340 340483 483-557 557-800 17.30
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In referring to Figure 5b, it can be seen that the pyrolysis of pulping waste liquid
mainly includes five stages. They can be concluded as follows: the water evaporation stage
(I), the volatile component combustion stage (II), the fixed carbon combustion stage (III),
the fourth stage (IV), and the burn-out stage (V); the detailed temperature range is listed in
Table 3. At the fourth stage (480-560 °C), the oxidation and decomposition of inorganic
salt in the pulping waste liquid occurs, and alkali metal salts melt, evaporate, decompose,
and burn to produce volatile components such as CO and CO; [29,30]. As can be seen from
Table 3, with the increasing solid content of pulping waste liquid, the combustion residues
of the granular fuel model also increase. The sample of A# is prepared without pulping
waste liquid, and the burning residues amount of the granular fuel model is 1.23%. When
the solid content of pulping waste liquid increases to 47.26%, the burning residues amount
of granular fuel model increases to the maximum of 17.30%. Cellulose/hemicellulose
granular fuel model with water can be completely burned, and the inorganic substances
within pulping waste liquid result in residue. Therefore, when the more solid content of
the pulping waste liquid is retained in the granular fuel model, more combustion residues
are produced.

Table 3. Analysis table of the thermodynamic parameters of the volatile stage combustion.

Sample Ti°C Vinaat/(%/min)  Tmaxt/°C  Vimaxe/(%/min)  Tmaxa/°C T¢°C /(%] min)
At 298 24.04 321 26.43 403 511 4.64
Waste liquid 204 2.63 262 1.54 601 955 153
solids
1# 251 11.20 274 33.22 380 520 3.36
24 249 12.44 275 1617 377 558 291
3# 227 7.45 277 36.31 382 555 2.75
a4 21 5.53 278 39.71 386 552 2.64
54 216 5.12 281 33.82 387 557 2.53

T;: Ignition temperature; T¢: Burnout temperature; Traxi: Maximum burning temperature in the volatile combus-
tion stage; Tmax2: Maximum burning temperature in the fixed carbon stage; Viax1: Maximum burning rate in the
volatile combustion stage; Vimaxz: Maximum burning rate in the fixed carbon stage; v: Average burning rate.

Figure 5c,d show the pyrolysis of granular fuel models with different pulping waste
liquid content. The volatile combustion stage of granular fuel models range from 150
to 350 °C, in which the granular fuels form the initial carbon layer. With the increasing
pulping waste liquid solid content, the inorganic substances proportion in the fuel model
increases, followed by the melt reduction reaction recording a high initial temperature. The
more inorganic substances lower the combustion temperature of the fuel model, indicating
that the pulping waste liquid solid content has a synergistic effect on the combustion of the
granular fuel model.

Table 3 shows that the ignition temperature of granular fuel model decreases with
the increasing waste liquid solid contents. As inorganic substances are incombustible,
they will decrease the ignition temperature of granular fuel model. For the granular fuel
model, Vipax1 and vinaxo show a downward trend with increasing pulping waste liquid solid
content; the v of the A#, 1#, and 5# models are 4.64%-min—!, 3.36%-min~! and 2.53%-min!,
respectively. The inorganic substances reduce the calorific value of the granular fuel, which
results in the decrease of combustion releasing heat. Furthermore, the inorganic substances
cover the unburned organic matter during the combustion process, which increases the
resistance to the flame spread and decreases the combustion rate [30,31].

220



Polymers 2024, 16, 848

Table 4 shows that increasing the pulping waste liquid solid content decreases the
ignition index of the granular fuel model, and weakens the ignition performance. The
D; of 1# fuel model is 3.91 x 107°% min~!-°C~2, and it has relatively good ignition
performance; the D; of 5# fuel model is 1.89 x 107°%-min~1-°C —2 with the worst ignition
performance. The comprehensive combustion characteristic index of the 1# fuel model
is 1.69 x 1077%?-min~2.°C~3. The S of granular fuel decreases as the pulping waste
liquid solid content increases. The Ry of the 1# and 5# fuel models are 2.12 X 104
and 0.65 x 10~4% -min~!-K~2, respectively. Therefore, the increasing waste liquid solid
contents result in decreasing Ry of granular fuel, and a decreasing rate of the volatile
components precipitation and combustion.

Table 4. Analysis table of the combustion characteristics of the granular fuel model.

Sample S/%?2-min—2.°C~3 Ry/% -min—1.K~2 D; /% min—1.°C~2
A# 436 x 1077 345 x 1074 7.07 x 1075
Waste liquid solids 0.14 x 1077 0.43 x 1074 1.02 x 107°
1# 1.69 x 1077 212 x 1074 391 x 107°
24 157 x 107 1.93 x 10~* 433 x 107°
3# 0.95 x 10~7 1.06 x 1074 2.68 x 107°
44 0.70 x 107 0.79 x 1074 2.03 x 107°
5# 0.66 x 1077 0.65 x 104 1.89 x 105

S: The comprehensive combustion characteristic index; Ry: The volatile component precipitation characteristic
index; Dj: The ignition index.

The kinetic parameters of granular fuel model are obtained by the first-order reaction
equation in each combustion stage, and the correlation coefficients are all above 0.95,
indicating that the fitting results are feasible. The activation energy E and frequency factor
A of granular fuel model are calculated by fitting the slope and intercept of linear equation
in each combustion stage. Herein, E is the difference between the activated molecules’
average energy and all molecules’ energy in the combustion process. The combustion
process of the granular fuel is easier with lower value of E. A is the frequency factor, which
is a constant determined only by the chemical substance and used to measure the intensity
of the combustion process of granular fuel.

Table 5 shows that the E of the A# granular fuel model in the volatile and fixed carbon
combustion stages are 124.70 and 283.99 KJ-mol~!, which are 136.35% and 561.67% higher
than that of the waste liquid solid. The A of the A# granular fuel model in the volatile and
fixed carbon combustion stages are 4.25 x 1019 and 3.69 x 10?! min~!, which are 1.41 x 100
and 7.62 x 10'? times that of the waste liquid solid. Thus, under the same conditions, the
volatile and fixed carbon in the waste liquid solid are more flammable than those in the A#
granular fuel model, and the combustion process is milder and less prone to deflagration.
The E of the 5# granular fuel model in the volatile and fixed carbon combustion stages
are 55.42 and 216.86 KJ-mol !, which are 55.56% and 23.64% lower than those of the A#
model. This is because of the catalytic role of metal oxides in the pyrolysis process [32,33].
As the waste liquid solid content increases, metal oxides” content in the granular fuel
model increase, the catalytic pyrolysis is strengthened, the energy required for the reaction
decreases, and the activation energy decreases. The A of A# granular fuel model in the
volatile and fixed carbon combustion stages are 9.79 x 10° times and 1.24 x 10° times that
of the 5# granular fuel model. This indicates that the volatile and fixed carbon of the
granular fuel combined with waste liquid is more flammable, more stable, and less prone
to deflagration than those without the addition of waste liquid.
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Table 5. Combustion kinetic parameters of the granular fuel model.

Temperature Correlation Activation Frequency

Sample Ii\tel::/ai; rC Fitting Equation Coefficient Energy Factor

R? E/KJ-mol-1 A/min—1

As 220-310 y = —14999.15x + 12.55 0.9969 124.70 4.25 x 1010
375-420 y = —34157.40x + 36.92 0.9613 283.99 3.69 x 102
Waste 210-300 y = —6345.99x — 0.75 0.9998 52.76 3.01 x 10*
liquid 380425 y = —5161.84x — 6.97 0.9931 42.92 4.84 x 10
solids 790-880 y = —17846.32 + 1.55 0.9855 148.37 8.43 x 10°
1 210-300 y = —12898.62x + 10.15 0.9978 107.24 3.30 x 10°
360-405 y = —28286.50x + 29.02 0.9681 235.17 1.13 x 10'8
o 210-300 y = —9827.87x + 5.13 0.9915 81.71 1.66 x 107
355-400 y = —47576.01x + 58.70 0.9549 395.55 1.48 x 10°!
- 210-300 y = —8237.74x + 2.31 0.9965 68.49 8.30 x 10°
365-410 y = —42527.43x + 51.22 0.9594 353.57 7.49 x 107
210-300 y = —6957.58x + 0.03 0.9979 57.85 7.20 x 10*
44 365-410 y = —30575.91x + 32.41 0.9544 254.21 3.64 x 10"
500-545 y = —54352.30x + 54.38 0.9647 451.89 2.25 x 10%
210-300 y = —6666.24x — 0.43 0.9976 55.42 4.34 x 10*
5# 355-410 y = —26084.06x + 25.46 0.95367 216.86 297 x 101
500-525 y = —77360.42x + 84.46 0.9641 643.17 3.72 x 10%

3.5. Analysis of the Molding Process of Granular Fuel

Figure 6 shows the 3D images of the internal and external microstructure of granular
fuel. The granular fuel with 2% moisture shows a regular section with small pores and
cracks, and the distribution of water is shown in Figure 6b. In comparison, the granular
fuel with 18.30% pulping waste liquid has a denser structure, and the liquid is closely
distributed with the solid particles. It is concluded that the pulping waste liquid makes a
good fusion between particles, and a strengthened binding force is formed. This can be
used to directly explain the strengthened physical properties and deduced density obtained
with pulping waste liquid.

Figure 6. 3D images of micro-CT reconstructed granular fuel model with (a) 2% moisture content
and (c) 18.30% pulping waste liquid solid content; Distribution of water (b) and pulping waste liquid
solids (d) in the granular fuel model.
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The granular fuel and granular fuel model with pulping waste liquid solid content of
4.26%, 18.30%, 30.94, 40.19%, 47.26% were calculated to obtain prediction models by curve
fitting and equation simplifying, with their S, Ry, D; and density listed in the following:

y =4.06x 1077 —1.84 x 1077-(0.03)¢ ** )

In Equation (8), x refers to solid content of pulping waste liquid, and y refers to S.
As is shown in Table 6, the relative error between measured data and predicated data are
lower than 0.20, which means a high fitting degree exists. And then the derivation was

calculated: 4 ) '
T 7.(003)° . e B (L
dx 1.84x1077-(0.03) In(0.03)-e ( 2.8) 9)
1.84 x 1077-1n(0.03)-e2s
y =— o (0.03) (10)

in which, x € [0, 50], and y’ < 0. So, the value of S is negatively associated with the solid
content of pulping waste liquid.

0.81
y = 0.28 x (341x107-600x107°x*¥) (11)

Table 6. Prediction models of the comprehensive combustion characteristic index.

Solid Content/% Measured Data Predicted Data Relatived Error
0 4.01 x 1077 401 x 1077 0
4.26 3.21 x 1077 3.22 x 1077 0.0031
S 18.3 2.72 x 1077 2.23 x 1077 0.1801
30.94 212 x 1077 222 x 1077 0.0472
40.19 1.98 x 1077 2.22 x 1077 0.1212
47.26 2.06 x 1077 222 x 1077 0.0777

In Equation (11), x refers to solid content of pulping waste liquid and y refers to Ry.
As is shown in Table 7, the relative error between measured data and predicated data are
also lower than 0.20, which means a high fitting degree exists. And then the derivation
was calculated:

d 0.
CTZ —0.81-0.28- (341 x 1074 —6.00 x 107% - x%3%) ™" . (16,00 x 1075) - 0.39 - x 0!

%: —[1.88x10°-x%1.(3.41x10* —6 x 107°.x*3)019)~1 (13)

531x107°
y, = - 0.19 (14)
(3.41 %10~4—6.00x 10*5.x0-39) X061

in which, x € [0, 50] and (3.41 x 10~* — 6.00 x 10 — 5-x%3%) > 0, s0 y’ < 0. So, the value of
Ry is negatively associated with the solid content of pulping waste liquid.

0.38
y = 0.0042: (7.03x107° 14710 7x"2) (15)
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Table 7. Prediction models of the volatile component precipitation characteristic index.

Solid Content/% Measured Data Predicted Data Relatived Error
0 413 x 1074 417 x 1074 0.0097
426 348 x 1074 2.87 x 1074 0.1753
R, 18.3 216 x 1074 2.19 x 1074 0.0138
30.94 1.49 x 1074 1.68 x 1074 0.1275
40.19 121 x 1074 137 x 1074 0.1322
47.26 1.38 x 1074 1.15 x 1074 0.1667

In Equation (15), x refers to solid content of pulping waste liquid and y refers to D;.
As is shown in Table 8, the relative error between measured data and predicated data are
also lower than 0.20, which means a high fitting degree exists. And then the derivation
was calculated:
0.62
(

Y _ 0.0042.038- (7.o3><10*5 - 1.47x10*5.xo.32> -

. —1.47x107°)-0.32:x %8 (16)

, 7.51x1077
y =- s 5 062
(7.03><10— —147x10" -x0-32) X068

(17)

5 5 0.62
in which, x € [0, 50] and (7.03><10_ —1.47x10~ ~x0'32> > 0,and y’ < 0. So, the value
of Dj is negatively associated with the solid content of pulping waste liquid.

_ 7.34-e79% + 552.62
Y = 520emn +417.17

(18)

Table 8. Prediction models of the ignition index.

Solid Content/% Measured Data Predicted Data Relatived Error
0 10.99 x 107> 11.11 x 1073 0.0109
426 9.99 x 10~° 953 x 107° 0.0460
D 18.3 8.69 x 107° 835 x 107° 0.0391
30.94 691 x 10~° 7.65 x 1075 0.1071
40.19 6.83 x 107° 7.21 x 1072 0.0556
47.26 7.26 x 107 6.89 x 107° 0.0610

In Equation (18), x refers to solid content of pulping waste liquid, and y refers to initial
density. As is shown in Table 9, the relative error between measured data and predicated
data are also lower than 0.20 with the range of solid content at 4.26-47.26%. With the high
fitting degree of the equation, its derivation was calculated:

dy ((5.22-e% +417.17) %0.927-e7% — (7.34~e% +552.62) %0.659-¢7% )

& =

(19)
2
(5.52~e7% +417.17)

177.35)-e752
Y= (17785)er 20)
215.81-e792 4-34493.62-e792 +1378324.01
in which, x € [0, 50] and y’ > 0. So, the value of initial density is positively associated
with the solid content of pulping waste liquid.

y = 1.19-0.24-¢ 5% (21)
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Table 9. Prediction models of the initial density.

Solid Content/% Measured Data Predicted Data Relativized Error
0 1.10 1.33 0.2091
4.26 1.28 1.33 0.0391
Initial 18.3 1.34 1.33 0.0075
Density 30.94 1.37 1.36 0.0071
40.19 1.38 1.38 0
47.26 1.39 1.39 0

In Equation (21), x refers to solid content of pulping waste liquid and y refers to
relaxed density. As is shown in Table 10, the relative error between measured data and
predicated data are also lower than 0.20, and the equation has high fitting degree. And
then the derivation was calculated:

dy - 1 X
ax (—0.24) <_6.90>'e .90 (22)
y = 3.48x1072.e 5% (23)

in which, x € [0, 50], and y’ > 0. So, the value of relaxed density is positively associated
with the solid content of pulping waste liquid.

Table 10. Prediction models of the relaxed density.

Solid Content/% Measured Data Predicted Data Relatived Error
0 0.95 0.95 0
4.26 1.08 1.06 0.0185
Relaxed 18.3 1.15 1.17 0.0174
Density 30.94 1.18 1.19 0.0085
40.19 1.2 1.19 0.0083
47.26 1.21 1.20 0.0083

According to the above data, the initial density and relaxed density are positively
associated with the solid content of pulping waste liquid, whereas, the S, Ry, D; are
all negatively associated with the solid content of pulping waste liquid. Therefore, the
addition of pulping waste liquid increased the tightness and physical performance of the
granular fuels, but decreased the combustion. Combined with the characteristic of pulping
waste liquid and the structure of granular fuels, this confirmed the binding function
of pulping waste liquid; Meanwhile, within the same quantity, pulping waste liquid
has inferior combustion performance than wheat straw resides and reduced the whole
combustion performance.

4. Conclusions

In this study, the function of pulping waste liquid on the forming process and proper-
ties of granular fuel were investigated systemically.

(1) Lignin and sugars in the pulping waste liquid were natural adhesives, and the addition
of pulping waste liquid could improve the mechanical strength of granular fuels. The
granular fuels had the best performance with 18.30% solid content of pulping waste
liquid, the highest transverse compressive strength was up to 102.61 MPa, and the
activation energy was 81.71 KJ-mol ! at the volatile carbon combustion stage.

(2) The predicated models were established to study the forming process, and the pulping
waste liquid were evenly distributed in granular fuels. The addition of pulping waste
liquid improved their density and density combustion indexes.
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