
The term microplastics (MPs) has been the subject
of research for a while, but nanoplastics (NPs) are a
relatively new concept. Microplastics (https://doi.org/
10.1016/j.marpolbul.2018.11.022), are any synthetic
solid particle or polymeric matrix, with size ranging
from 1 µm to 5 mm, of either primary or secondary
manufacturing origin, which are insoluble in water.
Nanoplastics (https://doi.org/10.1016/j.envpol.2018.
01.024 ) present colloidal properties in aqueous sys-
tem with size less than 1 µm and result from the
degradation of industrial plastic objects. Micro(nano -
plastics) (MNPs) is relative new term used to discuss
both micro- and nanoplastics, are plastic fragments,
ubiquitously found within the environment and liv-
ing organisms including human tissue. Human be-
ings are being exposed to micro(nano)plastics (MNPs)
predominantly through ingestion and inhalation.
MNPs are complex materials composed of polymer
matrix with additives such as flame retardants, UV-
stabilizers, colorants and surface finishers among oth-
ers. These additives are added to polymers during
the compounding process and most of them are typ-
ically not chemically linked to polymers. As a result,
these additives can leach to external medium easily.
MNPs have a very large surface to volume ratio
which leads to high leaching rate. Hence, once
MNPs accumulate in living organisms, their addi-
tives and mono mer residues can easily penetrate into
tissues and organs leading to a localized toxicity by
inducing or enhancing an immune response. Recent-
ly, many research groups reported the presence of
monomers and constituents of MNPs in human

tissues such as the liver, stomach, kidney, spleen,
lungs etc.
Direct evidence of the role of MNPs in carcinogenesis
has not been reported to date. However, recently,
MNPs have been detected in human cancer tissue, sug-
gesting (https://doi.org/10.21203/rs.3.rs-1315103/v1)
its role in causing cancer. It has been observed that ox-
idative stress and chronic irritation due to MNPs
(https://doi.org/10.1016/j.scitotenv.2020.143872) leads
to the production of pro-inflammatory mediators that
may induce angiogenesis. Angiogenesis is a well-es-
tablished attribute of cancer progression. Likewise,
endocrine disruptive chemicals (EDCs) present in
the MNPs can mimic oestrogen, which may lead to
DNA damage and promote breast cancer. There are
also reports that EDCs can affect intestinal microor-
ganisms influencing cancer risk. EDCs with recog-
nized estrogenic activity have also been found to in-
crease the risk of extrahepatic biliary tract cancer.
Furthermore, organochlorine compounds present in
some MNPs  modulate K-RAS activation (K-RAS
is an oncogene which when mutated leads a normal
cell to transform to cancerous state) leading to ex-
ocrine pancreatic cancer (https://doi.org/10.3390/
cancers14194637). In latest research, (https://doi.org/
10.1016/j.scitotenv.2022.159306) molecular mech-
anism of MNPs in the induction of cancer signalling
pathways in the kidney and  testis has been reported
using a microfluidic platform for the first time.
Despite this, risk posed by MNPs is uncertain and
the evidence is weak. Discrepancies in the physical
characteristics of the MNPs studied, bias introduced
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by the additives and pollutants carried by MNPs,
as well as the robustness of the study designs,
renders the generalization of study results to hu-
mans ambiguous. Demonstration of the actual po-
tential of MNPs on carcinogenesis requires exten-
sive and trans-disciplinary research with robust

study design to establish a cause-effect relation-
ship. This demands for further research on the
exact molecular mechanism deciphering sig-
nalling pathways to be elucidated in order to pro-
vide the evidence on the carcinogenic potential of
micro(nano)plastics.
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1. Introduction
The word ‘Lignin’ was first used by a Swiss botanist,
A.P. Candolle, in 1813. It is derived from the word
‘lignum’ or wood. It is a highly complex and cross -
linked amorphous aromatic heteropolymer. The de-
mand for lightweight polymer composite material
has increased dramatically due to its high strength,
tailored properties, and wide applications. Along
with this, there is also a growing environmental con-
cern for developing suitable polymer composites
with renewable, biodegradable biopolymers to re-
duce the use of non-biodegradable petroleum-based
plastics. One promising candidate is lignin, with
properties such as antimicrobial, antioxidant, and
UV blocking ability due to the presence of aromatic
structure.

Lignin is generally present in the cell wall of woody
biomass along with cellulose and hemicellulose. To-
gether they are often termed lignocellulosic biomass,
which is 30–50% cellulose, 20–35% hemicellulose,
and 15–20% lignin [1–5]. Lignin acts as an adhesive
that gives lignocellulosic biomass its resistance,
rigidity, and structural integrity and protects cell
walls from outside stresses [6]. An open network is
created by hemicellulose-coated cellulose fibrils, and
the empty places are mainly filled with lignin which
is described in Figure 1 [7, 8]. It is covalently bond-
ed with hemicellulose by different bonds, such as
benzyl ether, γ-ester, and phenyl glycoside bonds [9].
Lignocellulosic biomass is also the main source of
lignin which represents nearly 30% of all organic
carbon in the biosphere which can be extracted from
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the biomass by breaking the bonds between cellu-
lose, lignin, and hemicellulose using strong acids or
bases [2].
Lignin consists of three types of phenylpropane
monomeric unit, i.e., p-coumaryl alcohol (4-hydroxyl
phenyl (H)), coniferyl alcohol (guaiacyl (G)), and
sinapyl alcohol (syringyl (S)) and it is described in
Figure 2. In Figure 3, lignin from poplar has been
represented with its monomeric unit. G, S, and H units
can be bonded by different linkages such as β-aryl

ether (β-O-4′), phenylcoumaran (β-5), resinol (β-β),
etc. [10]. It has many functional groups, such as
aliphatic hydroxyl, phenolic hydroxyl, methoxy, etc.
Its structure is highly variable, and the amounts of
lignin monomers can vary depending on the origin of
the plant and parts of the plant, such as different or-
gans, and tissues. Lignin isolated from different plants
has different amounts of monomeric units as well as
different linkages and this is displayed in Table 1.
Yuan et al. [11] isolated lignin from poplar by three
different methods, i.e., by the milling process, using
cellulolytic enzymes, and by the alkaline process.
Lignin isolated by these three methods has different
S/G ratios as listed in Table 1. Lignin isolated from
bamboo stem and pith contains different amounts of
G, S, and H units, as reported by Wen et al. [12].
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Figure 1. Lignocellulosic biomass and interaction between lignin, hemicellulose and cellulose [7].

Figure 2. Three types of lignin’s monomeric unit [7].

Figure 3. Lignin macromolecular structure from poplar [10]. By permission of Oxford University Press.



During pulping process, lignocellulosic biomass is
subjected to delignification for the separation of cel-
lulose and hemicellulose. Mainly four methods are
used in the industrial pulping process, which are
kraft, sulfite, soda, and organosolv. Lignin is produced

as by-product of all these processes. The annual pro-
duction of lignin from the chemical pulping industry
is more than 50 million tons. This lignin can be ex-
tracted from pulping effluent by different methods
such as using membrane technology, precipitation,
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Table 1. Compositional analysis of lignin isolated from different plant and different parts of plant by different methods.

Plant species Parts of
the plant

Lignin interunit linkage
[%] p-hydroxyphenyl

unit (H)
[%]

Guaiacyl
unit (G)

[%]

Syringyl
unit (S)

[%]
References(β-O-4′)

β-aryl
ether

(β-5′)
Phenylcoum

arans

(β-β′)
Resinols

Cocos nucifera Coir fiber 82 13 4 4 78 18 [13]
Corchorus capsularis Jute fiber 72 4 16 2 33 65 [14]
Dendrocalamus sinicus
(Milled wood lignin from
bamboo)

– 79.5 5.6 7.2 9 35 56 [15]

Miscanthus × giganteus
(Ethanol organosolv
lignin)

– – – – 4 52 44 [16]

Paulownia fortune
(milled wood lignin) – 62 11 12 0 60 40 [17]

Phyl-
lostachys
pubescens
(bamboo)

Stem
(Milled wood
lignin)

– 69.7 6.3 10.5 2 31 67

[12]
Pith
(Milled wood
lignin)

– 75 4.7 6 1 21 78

Quercus suber L.
(Oak)

Cork 68 20 4 2 85 13
[18]Phloem 71 13 7 1 58 41

Xylem 77 9 8 1 45 55

Populus
tomentosa
(Poplar
tree)

Milled wood
lignin – 83.2 2.6 12.7

S/G ratio

[11]
1.43

Cellulolytic
enzyme lignin – 84.5 2.1 12.2 2.29

Alkaline lignin 81.1 2.1 16.4 2.83
E. uro-
phylla ×
E. grandis
(Eucalyp-
tus)
(Milled
than en-
zymatic
hydroly-
sis)

Heartwood – 62.1 0.2 11.6 3.45

[19]Sapwood – 62.4 0.4 7.7 2.74

Barkwood – 69.0 1 2.9 2.91

Softwood
kraft
lignin
(acid pre-
cipitation
followed
by solvent
fraction)

Acetone insol-
uble – 12.7 2.6 3.5 –

[20]

Acetone/hexa-
ne soluble 1
(H300)

– 4.4 1.8 2.4 –

Acetone/hexa-
ne soluble 2
(H500)

– 4.6 1.8 2.9 –

Acetone/hexa-
ne soluble 3
(H900)

– 2.5 0.90 1.7 –

Acetone/hexa-
ne soluble 4
(H1500)

– 1.4 0.4 1.6 –



ion exchange membrane, etc., and it is often termed
technical lignin.
At a low price, the most common technical lignin
available in the market is lignin isolated from the
kraft process (kraft lignin) and lignin isolated from
the sulfite process (lignosulfonate), followed by lignin
isolated from soda and organosolv process. Differ-
ences between kraft, lignosulfonate, soda, and organo-
solv lignin in molecular weight, sulfur content, and
solubility in water and the organic solvent is shown
in Table 2. Kraft lignin and lignosulfonates are struc-
turally different from soda and organosolv lignin.
Both kraft lignin and lignosulfonate contain sulfur
due to using sulfur-containing materials during pulp-
ing. As it is listed in Table 2, the amount of sulfur
groups in the kraft lignin structure is around 1–3%
by weight. This lignin also has a higher amount of
aliphatic thiol groups and is primarily hydrophobic
[23, 24]. On the other hand, lignosulfonate acts like
polyanion due to the presence of negatively charged
sulfonate groups (Table 2). For this reason, lignosul-
fonate can attract different cationic materials by elec-
trostatic interaction. This property is extensively used
by researchers to prepare polymer composite with
polycation by electrostatic interaction. Lignosul-
fonates are also water-soluble at a wide range of pH,
which is very advantageous for the preparation of
hydrogel [25]. Moreover, lignin has antioxidant and
antimicrobial properties due to the abundant pres-
ence of phenolic groups in its macromolecular struc-
ture. It is also highly resistant to biological attacks
due to its highly complex structure [1, 3, 26]. Often
waste technical lignin is used as fuel, and sulfur pres-
ent in kraft and lignosulfonate can cause secondary
pollution in the form of sulfur di oxide [27, 28]. Thus,
kraft lignin and lignosulfonate have been widely
used in different polymer composite materials for di-
verse applications. The main scope of this review is
on the use of kraft lignin and lignosulfonate in dif-
ferent polymer composites as reinforcement for dif-
ferent applications. For better understanding, a brief
discussion about the extraction of kraft lignin and

lignosulfonate from black liquor and spent liquor, re-
spectively, has also been included in this review.

2. Lignin extraction process
Depending on the amount of lignin production, two
kinds of lignin extraction methods exist. The first is
analytical scale extraction, and the second is indus-
trial scale extraction [1]. The analytical process is
mainly used for small-scale production of lignin to
isolate more precise structure or pure form of native
lignin. Technical lignin is primarily produced as a
by-product in the paper and pulp industry in the delig-
nification process. Strong acids or base and vigorous
mechanical treatment are used to separate lignin
from carbohydrates which leads to the fragmentation
of lignin macromolecules. The soda process, organo-
solv process, sulfite process, and kraft process are
the major industrial processes. These processes are
described in Figure 4 with the structure of isolated
lignin. The different process used for industrial scale
and laboratory scale extraction of lignin from ligno-
cellulosic material has been discussed in recent re-
view articles [1, 29]. However, for better understand-
ing and as the extraction process has a significant
effect on the properties of extracted kraft lignin and
lignosulfonate, a summary of the extraction of kraft
lignin from black liquor and lignosulfonate from
spent liquor has been discussed in the next section.

2.1. Kraft lignin
German chemist Carl Ferdinand in Gdansk invented
the kraft process for separating lignin from cellulose
and hemicellulose. The Kraft extraction process is a
widely used method in the paper and pulp industry
due to its high yield. This process utilizes sodium
hydroxide (NaOH) and sodium sulfide (Na2S) in a
solution with the former in a higher percentage as
described in Figure 4. This process is also termed as
the sulfate process due to the use of Na2S. After the
final stage, more than 90% of lignin is extracted in
the form of black liquor. Black liquor has lignin along
with NaOH, Na2S, and other materials from the wood.
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Table 2. Properties of technical lignin [21, 22].

Technical lignin Molecular weight
[kDa]

Sulfur content
[wt%/wt%] Solubility

Kraft lignin 1.5–5.0      (up to 25) 1.0–3.0 Alkali, organic solvent i.e., dimethylformamide (DMF), pyri-
dine, dimethyl sulfoxide (DMSO)

Lignosulfonate 1.0–50.0    (up to 150) 3.5–8.0 Water
Soda lignin 0.8–3.0      (up to 15) 0 Alkali
Organosolv 0.5–5.0 0 Different organic solvent



This liquor is highly alkalic, viscous, and black or
brown due to its high lignin content [29, 30]. Lignin
produced during the kraft process is termed as kraft
lignin (KL). Several studies are currently being con-
ducted to develop cost-effective methods for isolat-
ing lignin from black liquor. Generally, a cost-effec-
tive and more sophisticated method involves a
combination of acid precipitation and membrane fil-
tration, such as microfiltration (MF), ultrafiltration
(UF), and nanofiltration (NF).
It is predicted that high molecular weight lignin mol-
ecules remain in colloidal form in black liquor. Dur-
ing precipitation, lignin self-aggregates due to the
instability of its molecular structure. The stability of
lignin molecules in an aqueous solution is resulted
due to interplay between forces such as van der Waals
forces, electrostatic forces, and other hydrophobic
forces. According to Rudatin et al. [31], the equilib-
rium of these forces mainly depends on the function-
al groups present in the lignin molecule, conditions
such as pH, temperature, etc. of the solution and con-
centration of lignin in that solution. In black liquor,
under alkaline pH, lignin remains as negatively
charged due to the dissociation of phenolic and car-
boxyl groups. Lignin molecules remain associated
with sodium as a counter ion. In this stage, negatively
charged lignin molecules repeal each other due to
electrostatic forces, and as a result, these molecules
remain stable and dissolve in an aqueous solution.
For this reason, KL is soluble in an aqueous solution

at alkaline pH. Lignin molecules become neutral 
when pH of the black liquor is reduced due to the in-
teraction of hydrogen ions with negatively charged 
functional groups and the replacement of sodium 
ions with hydrogen ions (protonation). Consequent-
ly, neutral lignin molecules do not repeal each other 
by electrostatic forces and start to attract each other 
by hydrophobic forces, which results in self-aggre-
gation followed by precipitation. The whole mecha-
nism of KL precipitation is described in Figure 5. At 
pH value the same or below the pKa value of pheno-
lic groups (9, 4–10), functional groups of lignin are 
protonated, which results in further instability of 
lignin molecules and resulted in precipitation of 
lignin. Usually, pH value of the solution is kept below 
pKa value of lignin. A pH of less than 2 is preferable 
as it facilitates complete protonation of hydroxyl and 
carboxyl groups to form sodium-free hydrogen lig-
nite. According to Norgren et al. [32], high molecu-
lar weight lignin molecule has higher pKa values 
than lower molecular weight fraction. Therefore, larg-
er lignin molecules with higher pKa values are more 
unstable even in highly alkalic black liquor. This is 
why self-aggregation and precipitation occur first in 
the case of larger molecules, followed by smaller 
lignin molecules [33].
Sulphuric acid, carbon dioxide, or chlorine dioxide 
is usually used to reduce the pH of the black liquor 
to 5–7. Subsequently, precipitated lignin is separated 
by membrane filtration. The molecular weight of KL
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Figure 4. Technical lignin and their structure.



can vary between 1000 to 3000 Da and can go up to
15000 Da. Due to lignin molecules’ wide molecular
weight distribution, flux decline is a significant ob-
stacle for membrane filtration. However, membrane
technology is a very energy-efficient and cheap al-
ternative. Between polymeric and ceramic mem-
branes, ceramic ones are reported to be the most ef-
ficient for membrane filtration as they can tolerate
the high pH of black liquor [34, 35]. Membrane fil-
tration of KL has been reviewed in detail recently by
Humpert et al. [34]. In addition to these methods,
electrochemical methods and liquid-liquid extraction
methods have also been used by researchers to iso-
late lignin from black liquor [33].
Lignin can be isolated from black liquor by using
electrolysis and electrodialysis. In these processes,
lignin is precipitated at the anode, and at the cathode,
hydrogen is produced. During electrolysis, the anode
chamber has the black liquor, and in the cathode
chamber, a diluted solution of NaOH is kept. A cation
exchange membrane separates the anode chamber
and cathode chamber. During the electrolysis, Na+

ions from black liquor move towards the cathode
chamber through a membrane because of the appli-
cation of the electrical field. In the cathode chamber,
these sodium ions react with OH ions formed due to
the cathodic reduction of water, subsequently lead-
ing to NaOH formation. In the anode chamber, hy-
drogen ions are formed due to anodic oxidation of
water which is resulted in acidic pH. These two re-
actions led to the formation of acidified black liquor
in the anode chamber and NaOH in the cathode cham-
ber as main outlet streams. These hydrogen ions re-
place the sodium ions present in the lignin mole-
cules, which convert negatively charged lignin mol-
ecules into neutral lignin molecules. Then self-ag-
gregation and precipitation of KL occur following the
same principle of acid precipitation. Subsequently,

lignin is deposited on the surface of the anode. In this
process, platinum and nickel have proven to be good
anode materials [36–38]. Haddad et al. [37] studied
KL precipitation from black liquor by electrodialysis,
where charged membranes such as cation exchange
and bipolar membranes were used for ion transport.
Electrodes only functioned as electrical terminals [37,
39]. In a recent study by Chen et al. [40], a microbial
biomass recovery cell was used to isolate lignin by
electrolysis. Anaerobic sludge acts as the anode that
produces H+ ions [40, 41].
Many researchers used solvent fractionation to sepa-
rate lignin from black liquor. Alcohol and calcium so-
lution [42], acetone [43], and ethyl acetate [44] are
common organic solvents that have been used as an
organic solvent for KL fractionation. Ropponen et al.
[43] reported that a low molecular weight fraction of
KL has higher phenolic hydroxyl groups. Moreover,
It has a higher amount of S units and has a low glass
transition temperature (Tg).
Dominguez-Robels et al. [45] used two different
concentrations of acetone for KL fractionation. First,
KL extracted by acid precipitation was mixed with
a 60% aqueous solution of acetone, and insoluble
lignin was separated at this stage. The concentration
of the solution was subsequently decreased to 40%
and the insoluble fraction was isolated. Molecular
structure KL, extracted from black liquor by differ-
ent methods, has various amounts of functional
groups which is shown in Table 3. Acetone soluble
fraction had the lowest molecular weight with the
highest phenolic hydroxyl groups (Table 3).
Wang et al. [54] used hexane, diethyl ether, methyl-
ene chloride, methanol, and dioxane with increasing
hydrogen bonding capacity. It was observed that the
average molecular weight of KL increases with the
increasing hydrogen bonding capacity of the solvents.
A higher molecular weight fraction is reported to have
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Figure 5. Mechanisms of kraft lignin precipitation from black liquor by acidification.
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Table 3. Amounts of aliphatic-OH, phenolic OH, COOH groups, average molecular weight, and Tg of KL, extracted by dif-
ferent methods.

Extraction process Aliphatic-OH
[mmol/g]

Phenolic-OH
[mmol/g]

COOH
[mmol/g]

Mw
[Da]

Tg
[°C] References

Ceramic
membrane

Initial: lignoboost lignin 1.97±0.07 4.27±0.04 0.45±0.01 –
– [46]

Final: filtered fraction 0.43±0.02 03.8±0.27 1.00±0.08 1600–400

Ultrafiltration

Fraction 1: >10 kDa 2.62 2.81 0.52 33500 170

[47]

Fraction 2:>5 kDa 2.33 2.95 0.49 28200 159
Fraction 3: 5–10 kDa 1.88 3.87 0.49 4900 140
Fraction 4: 1–5 kDa 1.37 3.7 0.35 4700 094
Fraction 5: 0–5 kDa 1.42 3.61 0.46 4100 082
Fraction 6: 0–1 kDa 1.25 4.11 0.38 2700 070

LLE
(acetone/water)

Fraction SKL
(Softwood kraft lignin) 1.72 3.57 0.44 4130 –

[45]Fraction SKL insoluble 1.75 2.10 0.19 11230 –
Fraction SKL precipitation 1.79 4.38 0.42 5600 –
Fraction SKL soluble 1.70 5.91 0.54 2260 –

LLE

Initial KL 1.17 2.76 0.28 4100 –

[48]

Ethanol 80% insoluble 1.85 3.43 0.33 7600 –
Ethanol 70% precipitate 1.50 2.75 0.20 5300 –
Ethanol 60% precipitate 1.40 2.53 0.23 4300 –
Ethanol 50% precipitate 1.29 2.82 0.29 3300 –
Ethanol 40% precipitate 1.37 3.01 0.37 2800 –
Ethanol 30% precipitate 2.09 2.94 0.40 2200 –
Ethanol 10% soluble 2.22 4.05 0.71 1500 –
Acetone 50% precipitate 1.28 2.62 0.26 6000 –
Acetone 40% precipitate 1.13 2.94 0.32 3500 –
Acetone 30% precipitate 1.06 2.87 0.33 2700 –
Acetone 10% soluble 2.25 4.04 0.63 1600 –
PGME 50% precipitate 1.97 2.33 0.20 6700 –
PGME 40% precipitate 1.86 2.63 0.24 3900 –
PGME 30% precipitate 1.88 2.74 0.29 2800 –
PGME 10% soluble 1.89 3.95 0.56 1700 –

Solvent
fractionation

KL 2.24 4.25 0.42 6300 153
[49]Acetone soluble fraction 1.63 5.76 0.57 3500 112

Acetone insoluble fraction 2.74 3.08 0.35 14 000 173

Sequential
solvent
fractionation

SKL 2.07 4.19 – – 138

[50]

Acetone soluble 1.59 5.03 – – 118
Acetone insoluble 1.72 3.69 – – 146
Acetone insoluble, methanol soluble 1.96 4.48 – – 173
Acetone insoluble, methanol insoluble 2.08 4.06 – – 174
Methanol soluble 2.08 4.83 – – 170
Methanol insoluble 1.95 3.94 – – 175
Acetone soluble (by dialysis) 1.57 4.69 – – 112
Acetone insoluble, methanol soluble
(by dialysis) 1.63 4.08 – – 131

Acetone insoluble, methanol insoluble
(by dialysis) 2.34 2.87 – – 169

Softwood kraft
lignin (acid
precipitation
followed by
solvent
fraction)

Acetone insoluble 3.00 3.50 0.50 12200 –

[20]
Acetone/hexane soluble 1, (H300) 2.40 5.20 0.60 3300 –
Acetone/hexane soluble 2, (H500) 2.10 5.30 0.70 2000 –
Acetone/hexane soluble 3, (H900) 2.00 5.50 0.80 1300 –
Acetone/hexane soluble 4, (H1500) 1.70 5.70 0.60 1000 –



higher branching as well as higher thermal stability.
It was also observed that a higher molecular weight
fraction has a higher amount of β-aryl ether bond
(β-O-4). In another study by Passoni et al. [55], tetra -
hydrofuran, methanol and 2-butanone were used for
kraft lignin fractionation. It was observed that the 2-
butanone soluble fraction was low molecular weight
while the methanol soluble fraction was higher. This
can be due to the strong ability of methanol to form a
hydrogen bond with longer OH-rich macromolecular
lignin molecules than 2-butanone. However, the main
challenge of using solvent fractionation is the use of
costly and toxic solvents. Jääskeläinen et al. [48] used
less toxic chemicals such as ethanol, acetone, and
propylene glycol mono methyl ether to extract KL.
The soluble fraction of KL had the lowest molecular
weight and higher phenolic hydroxyl content. This
drawback can also be overcome by using ionic liq-
uids. Ionic liquids are organic salts with low melting
points (<100°C). Usually, they are liquid at room tem-
perature and consist of anions and cations entirely.
Moreover, they are non-flammable, have lower toxi-
city, and have scalable physicochemical properties. Pu
et al. [56] reported that KL is soluble in certain ionic
liquids, such as [hmim][CF3SO3], [mmim][MeSO4],
[bmim][MeSO4]. However, the solubility of lignin
mainly depends on the types of anions present in ionic
liquids. For example, anions such as [PF4]– and [BF6]–

negatively affect the solubilization of lignin [56, 57].
The industry mainly uses four methods for the iso-
lation of lignin from black liquor. These methods are
WestVaco, LignoForce, LignoBoost, and SLRP [33].

2.2. Lignosulfonates
Lignin produced by the sulfite process is often termed
as lignosulfonates. In this pulping process, lignocel-
lulosic biomass reacts with a metallic sulfite, usually

calcium sulfite (CaSO3) or magnesium sulfite
(MgSO3) and sulfur dioxide (SO2). The reaction
mainly involves a series of reactions, including sul-
fonation, hydrolysis, and condensation. The intro-
duction of sulfonic groups leads to the formation of
relatively soluble lignosulfonates with cations such
as Mg, Na, or NH4+. By forming lignosulfonates, sub-
sequent fragmentation of the lignin molecule occurs
through its hydrolysis and dissolution with cellulose.
The sulfite process is carried out at pH ranging from
1.5 to 2 at reaction temperatures ranging from 140
to 160°C [23, 30].
The spent liquor from the sulfite process mainly con-
sists of lignosulfonates (50–80 wt%), and hemicel-
lulose (30 wt%) with different residual pulping chem-
icals. Lignosulfonates mainly contain two types of
ionizing groups, i.e., sulfonates whose pKa is around
2 and phenolic groups whose pKa is around 10. For
this reason, it is soluble in water over the entire pH
range and cannot be precipitated. Techniques such
as membrane filtration, liquid-liquid extraction, ion
exchange, and amine extraction have been utilized
to isolate lignosulfonates from spent liquor [23, 29
30, 58].
Lignosulfonates have molecular weights ranging
from 1000 to 50 000 Da. Its molecular weight is
higher than the other component of the spent solu-
tion, such as hemicellulose and other chemicals. For
that reason, membrane filtration is a practical method
to separate lignosulfonate from the spent solution.
Ultrafiltration (UF) was first employed to separate
lignosulfonates which was produced in the calcium
bisulfite (Ca(HSO3)2) pulping process in 1981 in
Norway. The purity of the isolated lignosulfonates
was 95% by using polysulfone membrane of molec-
ular weight cut off (MWCO) value of 20000 Da [59].
Polysulfone, cellulose acetate, and fluoropolymer
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Table 3. Continuously.

Extraction process Aliphatic-OH
[mmol/g]

Phenolic-OH
[mmol/g]

COOH
[mmol/g]

Mw
[Da]

Tg
[°C] References

Kraft lignin

Kraft lignin 3.13 3.09 0.14 5410 162

[51]
5 kDa 4.11 2.97 0.12 7010 –
3 kDa trapped 2.43 3.87 0.15 3540 149
3 kDa permeate 1.51 4.21 0.16 1890 117

Lignin 
Softwood kraft lignin 3.48 4.61 0.79 – –

[52]
Hardwood soda lignin 2.12 4.04 0.97 – –

Lignin 
Kraft lignin 1.89 3.97 0.46 – –

[53]KL treated with 0.25 pyrrolidine 0.06 1.07 0.40 – –
KL treated with 1.5 pyrrolidine 0.37 3.07 0.62 – –



membrane with MWCO values of 1, 5, 10, 20, 50,
and 100 kDa [60], regenerated cellulose NF mem-
brane of 0.5 kDa MWCO value [61], cellulose films
[62] were used for extraction of lignosulfonate.
Lignosulfonate is extracted as calcium salt in the
commercial lignosulfonate extraction method termed
as the ‘Howard method’. In this method, in the first
step, adding calcium oxide leads to the precipitation
of calcium sulfite present in the spent liquor at pH 8.5,
which is then filtered and removed. In the second
step, the addition of calcium oxide leads to the for-
mation of calcium lignosulfonates which are solid at
pH 12. This can be isolated by filtration and recovery
of lignosulfonates in this form; this method can be
more than 90% [23, 63]. Another method used for
the extraction of lignosulfonates is amine extraction.
This method converts lignosulfonates into water-in-
soluble, lignosulfonic acid-amine adducts using
amines such as long chain aliphatic amine, tri-n-
hexyl-amine, and poly ethyleneimine. Then water in-
soluble adducts are extracted by liquid-liquid extrac-
tion. However, the main drawbacks of this method
are the removal of amines from the solution, the for-
mation of salt (NaCl) during re-extraction as well as
the formation of foam, problems regarding emulsion,
etc. [64, 65].
Chakrabarty et al. [66], used a liquid membrane for
the separation of lignosulfonate from spent solution.
A liquid membrane is a liquid barrier between two
aqueous phases of different compositions, termed as
feed phase and strip phase. Components can flow
through the liquid membrane by using a diffusional
process because of their own concentration gradient.
The liquid membrane can be supported or non-sup-
ported such as bulk and emulsion liquid membrane.
Chakrabarty et al. [66] used a bulk liquid membrane
of dichloroethane as solvent and trioctylamine (TOA)
as a carrier for the separation of lignosulfonate. They
also used a supported liquid membrane which is a
hydrophobic porous membrane with an organic phase
with a carrier phase. One of the important factors af-
fecting the optimal use of a liquid membrane is its sta-
bility; the reported stability of the membrane was up
to 10 hours. Maximum lignosulfonate recovery was
observed in the case of PA 6.6, as a hydrophobic
porous membrane at 4% TOA concentration with
0.5 M NaOH as strip [67]. The amount increased
significantly when surfactant such as polyethylene
glycol was added to the liquid membrane system.
The number of optimum lignosulfonates was 85%,

in this case [68]. Sunflower oil was mixed with TOA
by Kumar et al. [69], for the separation of lignosul-
fonates by liquid membrane.
In a study by Kontturi and Sundholm, lignosulfonate
was extracted using different aliphatic long chain
amines-organic solvent systems. Amines used in this
process are dodecyl amine, dioctyl amine, and tri-
octyl amine dissolved in 1-butanol, 1-pentanol, methyl
isobutyl ketone, 1,2-dichloroethane, or cyclohexane.
Lignosulfonates were extracted according to their
molecular weight in this method [70].

3. Kraft lignin-based polymer composite
3.1. Kraft Lignin-based Polymer composites

with synthetic polymer matrix
KL was used as reinforcement with polyolefins as
a polymer matrix by researchers. Table 4 describes
the application of KL as reinforcement in different
polymer matrices, chemical modifications of KL for
better dispersion, and improvement of properties of
end composites. Lignin is a polar polymer with, on
average, 1 or 2 hydroxyl groups per monomer as de-
scribed in Figure 2, and Polyolefins are highly hydro -
phobic as well as non-polar without any polar groups.
So, for better dispersion of lignin in the polymer ma-
trix, alkylation or different types of chemical modi-
fications are required. Chemical modifications are
also needed to increase the loading of reinforcements
in the polymer matrix. The lower molecular weight
fraction of softwood KL has a higher amount of phe-
nolic hydroxy group content, which makes it suitable
for such chemical modifications. Aliphatic hydroxyl
groups present in lignin was chemically modified by
acetylation, esterification etc. to reduce its hydro -
philicity as it is described in Figures 6 and 7.
Chen et al. [71] used alkylated KL for the develop-
ment of polypropylene-lignin composite. It was
reported that with an increase in the amount of alky-
lated KL in polypropylene, tensile modulus, and
strength of the composite decreased. This negative
effect can be due to a reduction in crosslink density
of the matrix as alkylated KL act as a plasticizer, and
this phenomenon can lead to a reduction in matrix
integrity. However, an increase in impact strength
was observed up to 10% alkylated KL loading in
polypropylene which is due to better compatibility
of alkylated KL with polypropylene. Acetylation,
where phenolic hydroxyl groups of lignin are re-
placed with acetate groups, can make lignin more
compatible with hydrophobic synthetic polymers.
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This chemical modification can also increase thermal
stability, which is advantageous for the thermal pro-
cessing of lignin, such as compression molding.
Jeong et al. [72] used acetylated softwood KL to de-
velop polypropylene, low-density polyethylene

(LDPE), polystyrene, and polyethylene terephthalate
(PET)-based composite material by melt blending
and compression molding. All the composites exhib-
ited a slight increase in the young modulus up to
37% loading of acetylated KL. Improvements in
toughness were observed up to a specific loading of
KL. With higher percentage of KL loading, resultant
composites with all four synthetic polymers showed
diminished mechanical properties and became brit-
tle. In the case of esterification, it was reported that
with increasing ester carbon chains from C2 to C4,
the distribution of KL became more homogenous in
the polyethylene matrix. A sharp increase in the Young
modulus was observed with increasing loading of KL
[94, 99]. Most of the chemical modification of KL
was performed to increase hydrophobicity and de-
crease surface tension. This was done using poly-
mer-surfactant adsorption. Alkenyl succinic acid
anhydride or alkyl ketene dimer (AKD) is hydro -
phobic surface reagent that was used by Atifi et al.
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Table 4. Different kraft lignin-based polymer composite.
K

ra
ft 

lig
ni

n

Types Polymer type Chemical modification of KL Application of KL Reference
Po

ly
m

er
 c

om
po

si
te

Polypropylene
Alkylation, acetylation,
Aminolysis,
Hybrid with SiO2, hybrid with ZnO

Flame retardant,
Improvement of mechanical properties, cou-
pling agent, oil absorption, 

[53, 71–90]

Polyethylene
Methylation
Esterification, hybrid with MgO, hy-
brid with ZnO, lignin reverse micelle

Antioxidant, improvement of thermal stabil-
ity and mechanical properties,
UV protection, antimicrobial,

[49, 51, 91–107]

Polystyrene Esterification, Adsorbent, antioxidant, improvement of me-
chanical properties, [108–113]

PET Acetylated Antioxidant, improvement of mechanical
properties [114, 115]

PVA – Adsorbent, antibacterial, antibio film, UV
protection, antioxidant [116–119]

PBAT Methylation & maleic anhydride
grafting with PBAT Cheap packing material [120]

PVC Hybrid filler with Mg(OH)2, hybrid
filler with silica,

Oil rejection, improvement of mechanical
properties [121–123]

Polyaniline – Dopant, adsorbent [124, 125]

Starch – Improvement of mechanical properties and
hydrophobicity, gas separation [126–128]

PLA Acetylation, acidified and methylated, Improvement of mechanical and water ab-
sorption, antioxidant [129–136]

CNF Colloidal lignin particle UV protection, improvement of mechanical
and water absorption, antioxidant [137, 138]

MCC Propargylated Semitransparent, flexible, UV blocking
properties [139]

Chitosan –
Antibacterial, antioxidant, adsorbent, UV
protection, improvement of mechanical
properties

[140–145]

PHB – Antioxidant, improvement of mechanical
properties [146]

Natural rubber Hydroxymethylation Antioxidant, improvement of mechanical
properties [147, 148]

Figure 6. Different chemical modification of kraft lignin for
better dispersion in polymer matrix, a) alkylation
of kraft lignin, b) acidified kraft lignin, c) acetoac-
etate kraft lignin [71, 133, 148]. With permission
from John Wiley and sons.



[149] to modify KL. Other hydrophobic materials such
as polyethylene oxide (PEO), polyethylene-block-
poly(ethylene glycol) (PE-b-PEG), cetrimonium bro-
mide (CTAB), and dodecenyl succinic anhydride
(DDSA) were also used to modify KL. Treatment of
KL with AKD and PE-b-PEG showed the best results
with the highest hydrophobicity of lignin particles.
This resulted in increased young modulus due to better
dispersion in the case of AKD-KL/poly propylene and
PE-b-PEG-KL/polypropylene composite.
Without chemical modification, the incorporation of
KL in polyethylene composites resulted in a decrease
in mechanical strength [93]. However, it was reported
that a low molecular weight fraction of KL, with high-
er phenolic hydroxyl groups and lower double bonds,
had better compatibility with the polyethylene matrix.
Better dispersion of KL in polyethylene matrix caused

an increase in young modulus in the case of KL/poly -
ethylene composite [92]. Fractionalization of KL
was performed to have different molecular weight
fractions with different phenolic hydroxyl group
content by Huang et al. [51], as described in Figure 8
and listed in Table 3. In Figure 8c, it can be clearly
observed that the tensile strength of the composites
increased with decreasing molecular weight of KL
due to better dispersion of lower molecular weight
fraction with a higher amount of phenolic hydroxyl
group. Compatibilizer was used to increase the in-
teraction between polyethylene and KL. For better
dispersion of KL in KL/polyolefin composites, cou-
pling agents such as poly(styrene-co-ethylene-co-
butylene-co-styrene) (SEBS) modified as SEBS-
NH2, maleic anhydride grafted with polyethylene
(MAPE) [95], Organic peroxide such as dicumyl
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Figure 7. Different chemical modification of kraft lignin by using formaldehyde [148].



peroxide (DCP) [51, 89, 92, 93, 98, 150], Polyethyl-
ene oxide (PEO) along with boric acid and DCP [52],
Silane coupling agent bis (3-triethoxysilyl propyl)
tetrasulfide (TESPT) [151], maleated polypropylene
in combination with ethylene butyl acrylate glycidyl
methacrylate (EBGMA) [90], copper (II) sulfate pen-
tahydrate (CuSO4, 5H2O) [152] were used. When
SEBS-NH2 was used as a compatibilizer, a sharp

increase in the young modulus of polyethylene/KL
composite was observed. Due to the presence of aro-
matic molecules in SEBS-NH2, the compound is par-
tially miscible in polyethylene matrix and interacts
with KL via hydrogen bonding as well as �-stacking
forces [95].
Apart from conventional thermal processing tech-
niques, polymerization in the presence of lignin was
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Figure 8. a) Process used for sequential ultrafiltration of KL using membrane with different MWCO, b) Gel permeation
chromatography (GPC) chromatograms of KL and fractioned lignin of different molecular weight, c) stress vs.
strain curve of LDPE/lignin composites with 20 wt% KL and fractioned lignin [51]. Copyright 2017 American
Chemical society.



also used by researchers to develop lignin-based poly-
mer composites. Modified KL with methacrylic an-
hydride was used for co-polymerization with styrene
and methyl methacrylate to develop a polymer com-
posite of polystyrene and poly(methyl methacrylate)
(PMMA) in a study by Goliszek et al. [153]. Poly-
mer composites with low levels of modified lignin
had slower degradation rates under accelerated aging
because of their polymer networks. However, with a
concentration of modified lignin above 20 wt%, the
polymer composites became more heterogenous and
showed higher degradation in the case of PMMA.
The polymer composite of modified lignin and poly-
styrene showed better resistance toward accelerated
aging. Polymerization was used for the preparation
of polyethylene/lignin composite by anchoring lignin
into vanadium-based Ziegler-Natta catalyst VOCl3
[105, 109–111]. Industrial process such as solid-state
shear pulverization (SSSP) was used by Iyer and
Torkelson, and they reported that composites prepared
by the SSSP method showed better lignin dispersion
in polyolefin matrix than in the conventional melt
mixing process. Materials are subjected to extraordi-
narily large compressive and shear forces during solid
state processing, which can be responsible for such
better dispersion of lignin [154].
KL was used along with different inorganic oxide
fillers, such as MgO, ZnO, SiO2, etc., in polymer
composites to have different properties, usually for
specific application-based properties [155, 156]. Bula
et al. [96] used MgO-KL for the preparation of poly-
ethylene composite which can have application as
packaging material. Although composite film with
MgO-lignin showed lower gas and water vapor per-
meability, this film exhibited excellent UV protec-
tion compared to neat LDPE, which can be used as
UV screening films. It was reported that hydroxyl
groups, double bonds, and aromatic rings present in
lignin molecules are mainly responsible for the ab-
sorption of UV light [119]. Lignin also has antimi-
crobial properties. Phenolic hydroxyl groups present
in lignin was reported to be primarily responsible for
causing damage to the bacterial cell membrane, there-
by having antimicrobial properties [119]. For this
reason, KL along with ZnO in polyethylene compos-
ite [102], and poly(vinyl alcohol) (PVA) PVA/gela-
tine/KL [118] composite were developed with antimi-
crobial properties for food packaging applications.
Composites with KL was studied for application as
adsorbent for metals and other chemicals. Monoliths

were developed from polypropylene and lignin by
Alassod et al. [87] for thermally induced phase sep-
aration techniques for application as oil absorbents.
KL-incorporated polystyrene ( KL-PS) exhibited
better adsorption efficiency for copper ions due to
the presence of different functional groups in lignin,
which resulted in higher solid surface energy than
polystyrene and improved interaction with copper
ions [109]. KL/PVA composite was prepared as ad-
sorbents for bisphenol A and erythromycin. The
composite was microporous flow permeable materi-
al with binding sites of lignin available on the sur-
face. However, during desorption, leakage of lignin
along with adsorbed chemicals was reported by
Ivanov et al. [117].
In a study by Widsten et al. [157], KL, acetylated
KL and KL were treated with urea and formaldehyde
to have higher N2, which were then used as a flame
retardant in polypropylene composite. KL treated
with urea and formaldehyde exhibited similar prop-
erties as of pentaerythritol (PER) which is an exten-
sively used flame retardant along with ammonium
poly phosphate (APP). The good performance of KL
treated with urea and formaldehyde was due to the
presence of a higher amount of N2, which resulted
in the production of poorly burning gases such as
ammonia.
Antioxidant properties of KL were reported in poly-
ethylene at a very low concentration, below 2 wt%,
due to the presence of phenolic groups in lignin [85].
Moreover, commercial antioxidant was reported to
have a higher leaching rate than lignin due to the
highly crosslinked structure of lignin, which inhibits
its solubilization and consequently reduces its diffu-
sion in the polymer matrix [158]. The thermal an-
tioxidant property of lignin was reported to be de-
pendent on the total content of phenolic and aliphatic
hydroxyl groups [159]. The lower amount of pheno-
lic hydroxyl group can reduce the overall anti-oxida-
tive property of lignin. The study by Sedeghifar et al.
[49] demonstrated that higher phenolic hydroxyl
content of the acetone soluble fraction of KL resulted
in 55% better anti-oxidant activity. In a study by Ye
et al. [53], acetylated lignin was subjected to selec-
tive aminolysis to have a higher number of phenolic
hydroxyl groups with higher numbers of aliphatic
hydroxyl groups blocked (Table 3). Polypropylene/
KL and polypropylene/modified KL both showed an
increase in oxidative thermal stability of the poly-
mer. It is predicted that phenolic hydroxyl groups of
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untreated and modified KL capture the radicals gen-
erated from the tertiary proton in the polypropylene
macromolecular chain. However, superior mechan-
ical properties were observed in the case of
polypropylene/modified KL due to better dispersion
as blocking of aliphatic hydroxyl groups made mod-
ified KL more hydrophobic. So, modified KL was
more compatible with polypropylene structure than
untreated KL. Subsequently, it was concluded that
in the case of thermooxidative stability, the main fac-
tor is the number of phenolic hydroxyl groups pres-
ent in the lignin molecule, not the degree of disper-
sion of lignin in the polymer matrix. So, selective
aminolysis of acetylated KL was concluded to be a
better option for having improved mechanical prop-
erties, better dispersion in polymer matrix due to the
presence of a lower number of aliphatic hydroxyl
groups, and improved thermal oxidative stability due
to the presence of a higher number of phenolic hy-
droxyl groups. Similarly, butylated KL using n-bu-
tyric anhydride in polypropylene could also be ad-
vantageous [84]. Moreover, KL can reduce the
harmful effects of radiation on the mechanical and
thermal properties of the polymer as reported by
Sugano-Segura et al. [78].
Lignin can also be used as a coupling agent in hybrid
polymer composite to increase adhesion between sec-
ond reinforcements and polymer matrix [79]. Luo et
al. [80] used different concentrations of KL as a nat-
ural compatibilizer in wood flour/polypropylene
composite. In the case of lower concentration of KL
(0.5 and 1.0 wt%) in wood flour/polypropylene com-
posite, reduced water absorption and improved me-
chanical properties were observed. However, in the
case of a higher concentration, an increase in water
absorption and a decrease in mechanical properties
were reported. Superior properties in the case of
lower concentration were due to better interfacial ad-
hesion between wood flour and polypropylene in the
presence of 0.5 and 1.0 wt% KL. Similarly, esterified
KL was used as a coupling agent in a bark/ polyeth-
ylene composite [103]. Due to lignin’s aromatic
structure, it is compatible with carbon fiber and alky-
lation; on the other hand, it can increase the compat-
ibility of lignin with polypropylene. For this reason,
Sakai et al. [88] used alkylated lignin as a compati-
bilizing agent in polypropylene/carbon fiber compos-
ite. Moreover, another important aspect of this study
is the use of ionic liquid 1-ethyl-3-methylimidazoli-
um acetate or [Emim][OAc] for alkylation treatment.

3.2. Kraft lignin-based polymer composites
with natural polymer matrix

Lignin was used as reinforcements in bio-polymer
composite using starch, cellulose, natural rubber,
chitosan, poly lactic acid (PLA), collagen, etc., as
polymer matrix (Table 4).
Starch, another abundant biopolymer like lignin, was
used extensively by the researcher to develop poly-
mer composite with superior thermal and mechanical
properties. In a study by de Freitas et al. [126], the
incorporation of KL made the composite film more
hydrophobic, more thermally stable than native starch
and with superior mechanical properties. The devel-
oped composite with 4% KL was able to adsorb
methyl orange due to the presence of different func-
tional groups in lignin. Zhao et al. [127] reported that
a lower molecular weight fraction of lignin was a
more suitable candidate for improving the mechan-
ical properties of starch composite films than a high-
er molecular weight fraction with lower G + S unit
content.
Farooq et al. [137] prepared cellulose nanofibril
(CNF) nanocomposite with KL as colloidal lignin
particles (CLPs) which are easily dispersed in aque-
ous media. The authors used an easy and simple
method to prepare lignin nanoparticles by dissolving
KL into an aqueous solution of acetone. This method
can be used for the preparation of lignin nanoparti-
cle-reinforced polymer composites. The prepared
composite film with 10% CLP exhibited almost dou-
ble toughness as the film of only CNF. The authors
concluded that at 10% concentration, CLP acted as
ball bearing lubricating agent, which could transfer
stress and enhance the toughness of the composite
film. Moreover, the prepared film had antioxidant,
and UV-blocking properties with reduced water
sorption. The interaction between CNF and CLP is
mainly by hydrogen bonding and electrostatic inter-
action.
The polymer composite of KL with polylactic acid or
PLA is extensively studied by researchers. In recent
years, numerous works have been done to develop ef-
ficient PLA/KL polymer composite, mainly for food
packaging applications and as 3D printing material.
Without any chemical modification and coupling
agent, PLA/KL composite has shown poor mechani-
cal as well as thermal properties due to poor disper-
sion of filler in the polymer matrix [160–162]. In work
by Kim et al. [131], hydrophilic hydroxyl groups of
KL were acetylated to improve the compatibility of
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lignin. The prepared composite film had UV protec-
tion. Both tensile strength and elongation were im-
proved with the addition of modified KL with young
modulus remaining unchanged. Other modifications
of KL such as grafting of two bio-based monomer
lauryl methacrylate (LMA) and tetrahydrofurfuryl
methacrylate (THFMA) with KL by free radical
polymerization [132], modification to have acetoac-
etate functional group [133] were also explored to in-
crease the compatibility with PLA. Compatibilizer
such as polymeric diphenylmethane diisocyanate
(PMDI) [130] was also used to increase the disper-
sion of lignin in the PLA matrix.
KL was also used as reinforcement in natural rubber
or NR. It is reported that the thiol group present in KL
can interact with unsaturated chains of the polymer
matrix by forming carbon-sulfur covalent bonds,
which is subsequently resulted in stronger filler-poly-
mer interaction [163]. However, due to aggregation
formation by lignin molecule, contact surface be-
tween filler and polymer matrix can be reduced,
which leads to poor dispersion. Datta and Parcheta
used glycerolysate and naphthenic oil as plasticizing
agents for KL/natural rubber composite to have bet-
ter dispersion of the filler [147, 164]. In work by
Aini et al. [148], KL was hydroxymethylated for bet-
ter dispersion in the rubber matrix. Often carbon
black was used along with lignin for better disper-
sion due to the synergistic reinforcing effect. In this
study, better crosslinking between hydroxymethylat-
ed KL and rubber matrix was observed.
Hybrid polymer composite is a class of polymer
composite where two or more reinforcements are
used to improve the original properties of the poly-
mer matrix or to introduce new properties. Such hy-
brid polymer biocomposite was prepared by using
starch as polymer matrix and cellulose nano fiber or
CNF and KL as reinforcements. The prepared com-
posite was used as a gas separation membrane, and
the incorporation of lignin in the composite films im-
proved gas selectivity as well as mechanical proper-
ties [128]. In another study, where 2-hydroxyethyl cel-
lulose and KL were used in gellan gum as a polymer
matrix, lignin improved the hydrophobicity of the
composite film, gave protection under UV, and acted
as an antioxidant [165]. Hydroxypropyl methylcel-
lulose (HPMC)/KL/chitosan composite film with the
antimicrobial and antioxidant composite film was also
prepared [140].

da Rosa et al. [135] used KL powder in sludge fiber
waste/ PLA composite as a coupling agent. It was re-
ported that incorporation of KL, resulted in im-
proved compatibility between fiber and PLA, which
is observed as improved mechanical properties, im-
proved thermal stability as well as reduced water ab-
sorption. Reduced water absorption can be due to fa-
vorable interaction between aromatic functional
groups of lignin with cellulosic fiber. KL was also
used as a compatibilizer in PLA/reduced graphene
oxide (rGO), where lignin promoted homogenous
dispersion by creating weak interaction with PLA
and rGO [166].
The composite film of carrageenan/KL had improved
mechanical strength and antimicrobial properties.
Moreover, lignin made the film more thermally sta-
ble due to antioxidant properties and gave protection
under UV. Improved hydrophobicity as well as lower
water vapor permeability (WVP) was also observed
[167]. Poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate) (PHBV) is a biopolymer produced by different
bacteria. Native PHBV has poor thermooxidative
stability and lower gas permeability. However,
PHBV/KL biopolymer composite exhibited im-
proved thermooxidative stability and gas permeabil-
ity [168]. However, it was also reported that unmod-
ified lignin was found to be poorly miscible in PHBV
polymer matrix and can have a limited effect on the
resultant composite’s properties due to phase sepa-
ration and non-interaction between two biopolymers.
Luo et al. [169] used compatibilization by free rad-
ical grafting during extrusion of KL and PHBV by
using dicumyl peroxide (DCP). The main aim of
using compatibilization during melt blending was to
have continuous interphase, which can subsequently
result in better dispersion of KL in PHBV. Poly(3-
hydroxybutyrate) (PHB) is a similar kind of biopoly-
mer to PHBV and is produced by different bacteria.
Improved thermal stability, as well as improved me-
chanical properties, were observed due to strong in-
terfacial interaction between lignin and PHB via hy-
drogen bond in the case of PHB/KL composite film.
It was also reported that pickering emulsion tech-
nique could be useful for having uniform dispersion
of lignin particles in PHB polymer matrix [146].
Chitosan was also used for preparing polymer com-
posite. In a recent work by Izaguirre et al. [141], se-
quentially solvent extracted KL was used for prepar-
ing polymer composite with chitosan. Polymer
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composite with lignin fraction obtained from ethanol
fraction exhibited improved mechanical strength as
well as UV blocking properties. Masilompane et al.
[143] prepared a nanocomposite from chitosan, KL
and TiO2 for adsorbent of synthetic dyes by electro-
static interaction. Nanocomposites was in powder
form, which resulted in higher adsorption due to a
larger surface area with more active sites. Duan et
al. [145] used ionic liquid 1-butyl-3-methylimida-
zolium acetate and γ-valerolactone for the prepara-
tion of composite film with chitin and KL. The pre-
pared film was studied as an adsorbent for heavy
metal ions. Moreover, film showed excellent stabil-
ity and flexibility in the aqueous solution, making it
more suitable for wastewater treatment.

4. Lignosulfonate-based polymer composite
Lignosulfonate salt can be made of calcium, sodium,
magnesium, and ammonium, depending on the type
of base or metallic sulfite used during the pulping
process. With many advantageous structural and
chemical properties, it is also very cheap form of
lignin that can have useful applications in polymer
composites. In this section, different studies exploring
the use of lignosulfonates as filler in polymer com-
posites are discussed in detail.

4.1. Lignosulphonate-based synthetic polymer
composite

Lignosulfonates, like KL, are also immiscible in
non-polar polyolefins, such as polyethylene and
poly propylene. Due to weak interaction between
non-polar polymer and lignin molecules, the latter
tend to interact with each other, forming aggrega-
tion followed by very poor dispersion. Miscibility
can be improved either by chemical modifications
or by using a coupling agent. Table 5 shows the use
of lignosulfonate in different polymer composites,
improvement of the properties after inclusion of

lignosulfonate, and application of resultant polymer
composites.
Lignosulfonate was chemically modified by using
hydrotalcite or layered double hydroxide (LDH) for
incorporation into polypropylene. Layered double
hydroxide, is a well-known flame retardant that is
used widely with other polymers. However, due to its
hydrophilic nature, LDH is poorly dispersed in a
non-polar polymer such as polypropylene, resulting
in poor flame retardant properties. LDH has posi-
tively charged layers that can be used for modifica-
tion with negatively charged organic molecules by
surface adsorption and anion exchange. Lignosul-
fonates are polyanions and Wu et al. [173] prepared
LDH-lignosulfonate for incorporation in polymer
composites with polypropylene. The addition of lig-
nosulfonates in LDH resulted in increased hydropho-
bicity and subsequently improved dispersion in the
polypropylene matrix. Due to better dispersion, and
synergistic flame retardancy between LDH and lig-
nosulfonate, the prepared composite with LDH-LS
(lignosulfonate) exhibited minimum heat release
rate, total heat release, and total smoke production.
LDH and lignosulfonate form a continuous and
higher amount of char residues due to the uniform
dispersion of filler in the polymer matrix. Hy-
drophilic and water-soluble lignosulfonate is a poly -
anionic molecule. It can adsorb heavy metal ions in
water, dyes and alcohols, and this property is advan-
tageous for use as a nanofiltration membrane. More-
over, abundant carboxyl and hydroxyl groups pres-
ent in lignin molecules are also useful as adsorption
sites. Polyethyleneimine (PEI)/lignosulfonate thin
film was prepared on polysulfone ultrafiltration mem-
brane by the layer-by-layer assembly and crosslink-
ing technology where PEI was polycation. The pre-
pared membrane had amino and hydroxyl groups on
the surface and showed improved adsorption effi-
ciency towards heavy metal ions [202].
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Table 5. Different lignosulfonate-based polymer composite.
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Types Polymers Application of lignosulfonates References
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Polypropylene Flame retardant, antioxidant, improvement of mechanical properties [170–173]
PVA Lowering of melting point, improvement of mechanical properties, antioxidant [174–176, 205]
PANI Dopant, adsorbent [177–181]
Polypyrrole Dopant, adsorbent [182, 183]
PEDOT Dopant [184, 185]
PLA UV protection, antioxidant, improvement of mechanical properties [160, 186–189]
Chitosan Adsorbent, antimicrobial, improvement of mechanical properties, antioxidant, antibiofilm [190–201]



Szabó et al. [203] used different polymer matrices to
understand which polymer is best suited for uniform
dispersion of lignosulfonates without any chemical
modification or incorporation of a coupling agent.
They used polypropylene and aromatic polymers such
as polystyrene, polycarbonate and glycol-modified
poly(ethylene terephthalate) (PET). Lignin mole-
cules mainly interact with other polymers via hydro-
gen bond and aromatic � electron interaction, as re-
ported in previous studies. Therefore, all three aro-
matic polymers showed better interaction with lig-
nosulfonate via � interaction than the polypropylene/
lignosulfonate composite. However, the interaction
between lignosulfonate and polystyrene was weaker
among the three as the aromatic ring in polystyrene
does not have any functional groups, and interaction
is only via � interaction. In glycol-modified PET, the
aromatic ring has two carbonyl groups which can
form hydrogen bonds with different functional groups
present in lignosulfonates and this, combined with
� interaction, lignosulfonate/glycol modified PET ex-
hibited strong interaction. From this study, it can be
concluded that polymers with aromatic rings and dif-
ferent functional groups in the repeating unit was
found to be a more suitable choice of polymers for
the preparation of polymer composites with lignosul-
fonate. Better dispersion of lignosulfonate was also
observed in another aromatic polymer (PBAT) poly-
butylene adipate terephthalate. However, lignosul-
fonate used in this study was modified by maleic an-
hydride. � interaction and chemical modifications can
be resulted in better miscibility [204].
Polyaniline (PANI) is also an aromatic polymer that
was used with lignosulfonate for the preparation of
composite with a different range of applications.
Lignosulfonate is rich in phenylpropane groups with
hydrophilic sulfonic groups and electroactive
methoxy phenol groups. These phenols groups can
be converted to quinone/hydroquinone groups which
make lignosulfonate a quinone-based redox polymer
undergoing fast proton-coupled reversible redox
transitions over a wide pH range. Moreover, these
quinone groups can further be utilized for electro-
chemical energy storage. Being polyanionic and
water soluble, lignosulfonate has become a popular,
cost-effective and environmentally friendly polyan-
ionic dopant that is added to increase electrical con-
ductivity of conducting polymers. However, lignin
molecules are electronically insulating. Therefore, for
the successful use of the quinone group converted

from phenol groups in lignin as energy storage, it is
required to choose a polymer material of good elec-
tronic and ionic conductivity [180]. Rebis and Mil-
czarek prepared a composite with lignosulfonate
using three different conducting polymers i.e., PANI,
polypyrrole and poly(3,4-ethylene dioxythiophene)
(PEDOT). It was observed that methoxy phenol
groups of lignosulfonates were converted to
quinones during the preparation of PANI/lignosul-
fonate and PEDOT/lignosulfonate composite. How-
ever, in the case of polypyrrole/lignosulfonate,
methoxy phenol groups remained in their native form
and were converted to quinone by post-polymeriza-
tion oxidation. All three composites showed im-
proved redox electroactivity and increased charge
storage. Moreover, PANI/lignosulfonate exhibited
optimal electroactivity in pH 7 to 9. This is a usual
characteristic of PANI polymerized in the presence
of polyanionic structures; in this case, the polyanion
is lignosulfonate [180]. To improve electrical con-
ductivity, Qian et al. [185] prepared PEDOT/ligno-
sulfonate composite by emulsion polymerization and
then prepared composite was again subjected to pick-
ering emulsion polymerization using 3,4-ethylene-
dioxythiophene (EDOT) monomer. It was reported
that the final composite was much more conductive
than the initial materials due to the high content of
PEDOT in the core structure. Xu et al. [177] used
(NH4)2S2O8 as an oxidizing agent for the preparation
of PANI/ lignosulfonate and phenol groups were
converted to quinone by oxidation during polymer-
ization. Zhang et al. [179] used laccase, a lignin-de-
grading enzyme for polymerization of PANI-Emeral-
dine salt (PANI-ES)/lignosulfonate composite, using
atmospheric oxygen as an oxidizing agent. The pre-
pared composite can be used on the surface of the
cotton fabric to make it electrically conductive.
PANI/lignosulfonate composite was also used as ex-
panders in a lead-acid battery. Expanders are usually
used to reduce the degree of compaction within neg-
ative plates and to provide more ionically transport
channels within plates during the charge/discharge
process. Although lignosulfonates are mainly used
as expanders for their 3D structure, it is electrically
insulating, and this limits their application in the bat-
tery. However, PANI/lignosulfonate composite ex-
hibited more advantageous properties than lignosul-
fonate due to the optimal combination of electronical-
ly conductive PANI and ionically conductive ligno-
sulfonate with 3D structure. Moreover, this composite
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made the battery’s lifecycle longer as reported in this
study [181]. PANI/lignosulfonate [178], Polypyr-
role/lignosulfonate [183] composite were used as ad-
sorbents for textile dyes and heavy metals via elec-
trostatic interaction, hydrogen bond and intermole-
cular interaction. Lignosulfonate was used to improve
the bonding strength of polypyrrole/cellulose fiber
composite. Incorporation of lignosulfonate improved
the bonding strength due to formation of more hy-
drogen bonds. However, the electrical conductivity
of the prepared composite was reduced due to the
non-conducting properties of lignosulfonate [182].
PVA is widely used in the food packaging industry
for its water soluble, low cost, and excellent gas bar-
rier properties. Thermal processing, such as extru-
sion, compression molding etc., are industrial pro-
cessing techniques used for thermoplastics. Due to
the presence of strong inter- and intermolecular hy-
drogen bonding, PVA has a very narrow thermal pro-
cessing window which makes thermal processing of
this polymer challenging. Usually, the plasticizer is
incorporated to lower its melting point, which can
have a negative effect on the application as food
packaging materials, as plasticizers are often toxic
in nature. Lignin molecules are safe and reported to
have lower cytotoxicity. Ye et al. [175] prepared a
polymer composite with calcium lignosulfonate/
PVA. Polymer composite exhibited a reduction of the
melting temperature from 226.1 to 212.8 °C with in-
creasing loading of lignosulfonates. In PVA, this re-
duction of melting temperature is caused by disrup-
tion of the crystalline region due to strong interac-
tions between lignosulfonates and the polymer [175].
Moreover, improved mechanical properties were also
observed in the case of polymer composites with in-
creasing loading of lignosulfonates. Lignosulfonates,
like PVA, are water soluble, which is advantageous
for the preparation of polymer composite by a simple
solvent casting method [175, 176]. To improve in-
teraction between PVA and lignosulfonates, the latter
was grafted with acrylic acid. The grafted lignosul-
fonate had better interaction with PVA via hydrogen
bonding than unmodified lignosulfonate. A reduced
melting temperature of 214 °C was observed with
only 35% of grafted lignosulfonates when similar re-
duction was observed with 60% unmodified ligno-
sulfonate. Moreover, improved mechanical strength
and thermal stability were observed in acrylic acid
grafted lignosulfonate/PVA composite [174].

Lignosulfonate was used as a compatibilizer. In a
study by Wang et al. [206], jute fibers were coated
with sodium lignosulfonate, which interacted with
fiber via hydrogen bond and dipole bond. Improved
mechanical properties were observed in the case of
jute fiber coated with lignosulfonate/polypropylene
composite than jute fiber/polypropylene composite
due to increased interfacial binding between filler and
polymer matrix. Methacrylated lignosulfonate was
used as a compatibilizer in the flax fiber/polyester ma-
trix. Flax fibers were treated with methacrylated lig-
nosulfonate and this treatment enhanced the interac-
tion between fiber and the polymer matrix [207].

4.2. Lignosulphonate-based natural polymer
composite

Different natural polymers were used with lignosul-
fonate for the preparation of bio-composite. Chitosan,
PLA, and CNF have extensively studied polymers.
Unlike KL, very limited work has been performed on
starch/lignosulfonate composite (Table 5) [208].
A composite film was prepared from α-cellulose/
ZnCl2/CaCl2 along with lignosulfonate by crosslink-
ing via intermolecular hydrogen bond and using
succinic anhydride and triethanolamine as linkage
bridge. The prepared film had improved mechanical
strength, hydrophobicity, antibacterial properties,
thermal stability as well as UV blocking properties
[209]. A similar composite film was prepared from
carboxylated cellulose nanofiber (CNF) and ligno-
sulfonate. The prepared film showed elastic proper-
ties due to the uniform dispersion of CNF resulting
from electrostatic repulsion by lignosulfonates [138].
Moreover, CNF/lignosulfonate/CaCl2 film exhibited
flame retardancy and high electrical resistance [210].
Sodium ion of lignosulfonate was modified by using
ionic liquid tris-[2-(2-methoxy ethoxy)ethyl]amine
(TrisEG). Modified lignosulfonate with ethylene
glycol functionality was used as a dispersant for cel-
lulose/gluten composites. The prepared composite had
improved mechanical strength than the composite
containing unmodified lignosulfonate [211]. Bacte-
rial cellulose (BC) is a nano form of cellulose. Lig-
nosulfonate/BC membrane has been prepared for ap-
plication ion exchange membrane in a fuel cell with
improved thermal stability and mechanical proper-
ties [212].
Chitosan is a natural biopolymer with high content
of hydrophilic hydroxyl and amino functional groups
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i.e. primary, secondary, and acetylamino groups [198].
Chitosan with a positively charged amino group can
be crosslinked with lignosulfonate with a negatively
charged sulfonate group, as described in Figure 9.
For their effective and strong interaction, the chitosan/
lignosulfonate composite is extensively studied by
the researcher. Gu et al. [201] prepared chitosan/lig-
nosulfonate composite in powder form for adsorp-
tion of textile dyes. Two polymers interact with each
other by electrostatic interaction between the amino
group and the sulfonate group. Moreover, a weak hy-
drogen bond has also been formed between the hy-
droxyl group of chitosan and the methoxy group of
lignosulfonates. Phenolic hydroxyl group also can
interact with β-1,4-glycosidic oxygen of chitosan.
The composite has strong adsorption efficiency to-
wards congo red, rhodamine B and Cr (VI). Adsorp-
tion was due to electrostatic interaction between
cations and anions of the composite and respected
materials. Due to effective electrostatic and chemical
adsorption, chitosan/lignosulfonate composite was
also used for adsorption of other heavy metals like
Pb (II) [194, 199], Cu (II), Co (II) [200], Hg (II)
[198], methylene blue [197].

Often, other materials are also incorporated into the
composite to enhance their effective adsorption of
specific toxic chemicals. One such element is
graphene oxide (GO). Chitosan treated with Fe3O4
was used in this study to give the composite magnetic
properties, which can be used for the collection of ad-
sorbents, after use, by using a magnet. Moreover,
other than electrostatic interaction and weak hydro-
gen bonding, �-� stacking interaction can be involved
during the adsorption process, as it was reported in
this study [197]. In another study, Zhang et al. [194]
prepared chitosan/lignosulfonate composite by free
radical polymerization in the presence of N′N-meth-
ylene bisacrylamide and potassium persulfate. The
prepared composite had 3D structural network and
good mechanical strength due to which the adsorbent
can be reused repeatedly after adsorption of Pb (II)
ions followed by desorption at lower pH. Chitosan/
lignosulfonate composite was prepared as a nano-
sphere with antimicrobial properties [193]. The anti-
bacterial property of the composite was used to pro-
tect carbon steel from different sulfate-reducing
bacteria-induced corrosion by Rasheed et al. [192].
Authors concluded that chitosan/lignosulfonate could
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Figure 9. a) Chitosan, b) sodium lignosulfonate, c) chitosan/lignosulfonate composite and SEM image [201]. Copyright 2019
American chemical society.



be used commercially in oil and gas industry pipelines
to prevent microbial-induced corrosion [191]. Chi-
tosan/lignosulfonate was used as flame retardants on
cotton fabric. Due to the presence of the amino group,
a higher amount of non-combustible product has
been formed, which resulted in good flame retardan-
cy properties of chitosan/lignosulfonate [190].
Like KL, lignosulfonate is also a suitable choice for
preparing polymer composite material with PLA for
different applications, mainly for the food packaging
industry. Different properties of PLA were enhanced
by the addition of lignosulfonate. The incorporation
of lignosulfonate has improved antioxidant proper-
ties, UV light adsorption capacities of the prepared
composite. However, the sulfonic group present in
lignosulfonate is highly hydrophilic, due to which
PLA/lignosulfonate usually has increased water ab-
sorption and accelerated biodegradation. To make
PLA/lignosulfonate composite more hydrophobic,
Ye et al. [186] subjected lignosulfonate to desulfona-
tion to reduce hydrophilic group content. PLA/desul-
fonated lignosulfonate showed improved thermal sta-
bility than PLA/lignosulfonate, which can be due to
better compatibility between PLA and desulfonated
lignosulfonate. However, mechanical properties and
UV absorption properties of both types of composites
remained almost similar. PLA has dielectric proper-
ties and can be used as an electrically insulating ma-
terial for different purposes. For better interaction
and dispersion, lignosulfonate was modified with
oleic acid, lactic acid, butyric acid and butyrolactone
by radio frequency cold plasma method. PLA/ modi-
fied lignosulfonate exhibited improved dielectric
properties, mechanical strength, and hydrophilicity.
Chemical modification improved the dispersion of
filler in the PLA matrix [187]. PLA also has poor fire
retardancy properties. For that purpose, Tawiah et al.
[188] prepared azo-boron coupled with 4,4′-sul-
fonyldiphenol-(((1E,1′E)-(sulfonyl-bis(6-hydroxy-
3,1-phenylene))bis(diazene-2,1-diyl))bis(3,1-pheny-
lene)) diboronic acid (SBDA). Composite material
was prepared from PLA with SBDA and calcium lig-
nosulfonate to reduce fire retardancy of PLA. PLA
with 10 wt% lignosulfonate and 5 wt% SBDA exhib-
ited improved fire retardancy as well as a lowered
melting point for easier thermal processing. It was re-
ported that the presence of the boron-hydroxyl group
along with calcium lignosulfonate had produced an
increasing amount of glassy carbonaceous char dur-
ing combustion, which was mainly responsible

for increasing fire retardancy. PLA/lignosulfonate
also exhibited antimicrobial and improved biodegrad-
ability than pure PLA films [189]. Mimini et al.
[160] prepared PLA composite with KL, organosolv
lignin and lignosulfonate to understand the effects
of different types of lignin on composite’s properties.
It was reported that PLA/lignosulfonate exhibited
lower melting point and higher mechanical strength
than PLA/KL and PLA/organosolv lignin. Moreover,
PLA/lignosulfonate is a better choice for the appli-
cation of 3D printing. This advantageous effect of
lignosulfonate over KL and organosolv lignin is
mainly due to the presence of sulfonic groups, which
give the lignin molecule net negative charge along
with high surface activity, stabilizing and dispersing
properties [160].
Lignosulfonate/polypropylene composite was used
as a compatibilizer for PLA/coffee grounds compos-
ite. The amount of polypropylene and lignosulfonate
has been 9 and 2–5%, respectively. Better mechani-
cal properties, as well as better thermal stability,
were observed in case of PLA/coffee ground com-
posite with lignosulfonate and polypropylene than
PLA/coffee ground/polypropylene and PLA/coffee
ground/lignosulfonate due to the synergistic effect of
lignosulfonate/polypropylene as compatibilizer [213].
The incorporation of ammonium lignosulfonate has
as compatibilizer enhanced mechanical properties
and improved internal bonding between PLA and
wood fiber. However, due to higher hydrophilicity,
the prepared composite had higher hydrophilicity
and water swelling properties [214].

5. Conclusions and perspective
In this review, recent progress and challenges regard-
ing the extraction of kraft lignin and lignosulfonates
from black liquor and spent liquor, respectively, were
discussed in detail. Recent progress in polymer com-
posite with KL and lignosulfonate with synthetic and
natural polymers are summarized. The final properties
of the composites, as well as their different applica-
tion, were also discussed. The review outlines vari-
ous chemical modifications and extraction methods
of KL and lignosulfonate and suggests recommen-
dations for modification strategies in polymer ma-
trices to enhance dispersion and compatibility.
Based on the review, some of the areas worth explor-
ing are detailed below:
▪ KL is more hydrophobic in nature and more com-

patible with polyolefin, such as polypropylene,
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polyethylene, etc. than lignosulfonate. Chemical
modifications such as esterification, alkylation,
acetylation of KL, and addition of coupling agents
are advantageous for better dispersion in a poly-
olefin matrix. The fractionation of KL by organic
solvent to have a lower molecular weight fraction
with high amounts of phenolic hydroxyl groups
also improves its compatibility with polyolefins.
The biodegradability of the polyolefin/KL com-
posite needs to be explored to understand whether
KL affects polyolefin biodegradability.

▪ Aromatic polymers such as PET, PS, and PANI
are more compatible with KL and lignosulfonate
than polyethylene, polypropylene, etc. Lignin
can interact with aromatic polymers via �-� in-
teraction, which is resulted in better dispersion of
lignin in a polymer matrix. Moreover, aromatic
polymers with functional groups such as phenolic
hydroxyl group are the most suitable choice of
polymer matrix for lignin-based polymer com-
posites. Polymers can also be modified for better
dispersion of lignin. This field merits further study.

▪ In the case of polyolefins, several studies report
an increase in young’s modulus with the addition
of KL. Hence, kraft lignin can be further explored
as a component in composite materials where a
high modulus is desired.

▪ Colloidal lignin particle (CLP) has a very strong
positive effect on thermal oxidative stability,
mechanical properties, and on UV protection.
However, CLP is only used with CNF for the
preparation of polymer composites. To gain a
deeper understanding of their effects, it is crucial
to understand how they interact with different
polymers.

▪ Lignosulfonate is a unique form of lignin mole-
cule with a net negative charge and affinity to-
wards different chemicals from aqueous solution
by electrostatic interaction and hydrogen bond-
ing. Lignosulfonate is soluble in water in a wide
range of pH. For this reason, lignosulfonate has
been studied extensively as a component for the
preparation of many effective adsorbents. The
availability and low price of lignosulfonate make
it a feasible candidate for industrial use in water
treatment.

▪ Lignosulfonate is also successfully used for dop-
ing electrically conductive material. In applica-
tions, these materials may effectively increase the

electrical conductivity of electrically conducting
materials and energy storage.

▪ Many researchers have reported the amphiphilic
nature of lignosulfonate, which can be used as a
coupling agent or compatibilizer in hybrid com-
posite to improve the interaction between filler
and polymer. This area, however, is hardly ex-
plored by researchers. More insight is needed to
explore the full potential of lignosulfonate as a
coupling agent.
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1. Introduction
The ever-growing global plastic usage and contami-
nation issues, added with the increased consumption
of single-use plastics during the pandemic, have ne-
cessitated the development of sustainable and green
solutions and their expanded applications [1]. That is
where the employment of sustainable/compostable
plastics and their composites, especially the ones
where the reinforcements are natural fibers, plays a
vital role in mitigating this global issue. Green com-
posite materials are already being embraced as an es-
sential part of future manufacturing approaches [2, 3].
Sustainable composites are currently being used in
applications where minor structural requirements are

needed, like packaging industries and skin tissue en-
gineering [4, 5]. In order to broaden their employ-
ment in semi-structural applications, as in the fields
of automobile, transportation, and medical equip-
ment, the parts produced must have acceptable me-
chanical properties and should be of a better dimen-
sional and geometrical quality [6]. Appropriate ma-
terial selection and primary processing techniques
mainly influence the mechanical properties, whereas
proper secondary processing/machining can deter-
mine the product’s final dimensional and geometric
stability [7, 8]. Among the available biodegradable
polymers, extensive studies concerning the usage of
poly(lactic acid) (PLA) as the matrix material for
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sustainable composites are being carried out. These
compostable thermoplastic polymers (as they em-
anate from potato, corn, and beet sugar) possess good
mechanical properties comparable to synthetic poly-
mers [9, 10] and hence are being investigated in this
study as the matrix material.
Determining the optimal fiber reinforcement from
biopolymers, like PLA, in order to fabricate eco-
friendly and economically admissible functional
composites is a critical task. Mahajan et al. [11] have
employed a hybrid consolidated structure compris-
ing various multi-criteria decision-making tech-
niques to select the most acceptable fiber from the
available natural fiber pool. The authors inferred that
basalt fiber is the preferred choice by all techniques
to deliver sustainable-green composites with me-
chanical properties appropriate for semi-structural
utilization. Basalt fiber, classified as an eco-friendly
natural fiber, has a 16% higher modulus, stronger al-
kaline resistance, similar tensile strength, increased
interfacial adhesion, and is commercially available
when compared to glass fiber. Also, basalt fibers are
bio-inert, and their deformation at break is more than
that of carbon fibers [12]. Although much literature
has systematically documented the mechanical per-
formance of different PLA-natural fiber composites,
there is less attention on the systematic investigation
of the development, and mechanical/microstructural
characterization of basalt fiber reinforced PLA
(BFPLA) composites.
Liu et al. [12] used a twin-screw extruder to prepare
BFPLA composites with various concentrations of
basalt fibers. The outcomes indicated that basalt
fiber had a strong reinforcing and toughening influ-
ence than glass fiber. The same extrusion-injection
molding method was also followed by Tábi et al.
[13] and Deák and Czigány [14]. It was demonstrat-
ed that a renewable and sustainable composite with
superior mechanical properties, eligible for engineer-
ing applications could be fabricated using basalt
fiber reinforcement through injection molding. They
have suggested that BFPLA composites could be uti-
lized to produce technical parts with extreme preci-
sion, intricate design, and 3D shape. It was explained
that by drying the materials properly, composites
with higher mechanical properties might be pro-
duced. Deák and Czigány [14] also suggested that
30 wt% short basalt fiber reinforced PLA composite
exhibited an impressive tensile and flexural strength,
that were respectively 119.7 and 180.0 MPa. Unlike

other authors, Chatiras et al. [15] used basalt woven
fabric for hot pressing/compression molding (film
stacking method). This processing technique led to
better mechanical properties as it avoided high
shearing and fiber breakage, which occurs during
extrusion and injection molding. This method pro-
vided composites with better fiber orientation and
good fiber-matrix adhesion, and their tensile, flex-
ural, and impact strength values were comparable
with glass fiber mat composites. All these available
studies suggest superior mechanical properties of
BFPLA composites, making them an excellent sus-
tainable alternative to glass/carbon fibers reinforced
composites for specific applications. BFPLA com-
posites are hence proved to be a good competitor
for medium load applications, including laptop pan-
els, two-wheeler visors, wheel hub covers on auto-
mobiles, etc.
Because of its convenience and simplicity, compres-
sion moulding is a popular cost-saving process for
the primary manufacturing of composites. The fibre
degradation caused by the intense thermomechanical
processing that occurs during injection and extrusion
moulding is avoided through the film stacking
method, which also results in better-aligned fibres.
As the result of this technique is in the form of lam-
inate, cutting specimens for testing and further ex-
amination is substantial work.
The investigations to uncover the best sample cutting
method from a laminate plate are given less attention
in the literature. Researchers have tried to find the
effect of edge trimming of the plates on their mechan-
ical properties, primarily based on glass and carbon
fiber reinforced polymer composites using different
machining processes. Ghidossi et al. [16] examined
the effect of cutting variables on the extent of dam-
age and mechanical performance of off-axis glass/
epoxy unidirectional specimens machined by side
milling. The results showed that the machining pa-
rameters used to prepare the specimens significantly
impacted their mechanical performance. The graphite/
epoxy laminates were machined using three different
cutting processes by Arola and Ramula  [17], and it
was found that the machined surface quality varied
depending on the cutting method employed. How-
ever, there was no discernible difference in the lam-
inate’s bulk strength when subjected to bending
loads. The stiffness of the graphite/bismaleimide lam-
inate decreased with the magnitude of its surface
roughness under fatigue loading [18].
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In a flax-reinforced polymer composite, the depend-
ency of the cutting tool and the method employed on
delamination behavior was established [19]. The ef-
fect of defects produced by different machining tech-
niques on the mechanical behavior of carbon fibre
reinforced polymer composites was investigated,
and it was concluded that the type and mode of me-
chanical loading affect composite mechanical re-
sponse and favor a specific machining process [20].
Experiments were carried out to determine the effect
of cutting methods on the mechanical properties of
glass epoxy composites, and a correlation was estab-
lished [21]. All these studies suggest the dependency
of surface damage/delamination and mechanical
properties on machining processes and various cut-
ting tools. It is also crucial to note that fewer studies
concerning sample preparation were available, and
specifically, no examinations were based on sustain-
able composites.
The current experimental investigation is influenced
by the requirement for cutting the samples from
BFPLA laminates. The need to make the best samples
with excellent mechanical properties motivated the
authors to identify the best cutting method available.
The present study hence aims to find out the best cut-
ting process for sample making from a BFPLA lami-
nate and to experimentally evaluate the effect of four
different cutting tools/mechanisms (scroll saw, CNC
milling machine, two-dimensional water jet cutting,
and abrasive water jet cutting machine) on the tensile
and flexural properties of the specimen. A compara-
tive study has also been performed with BFPLA com-
posites prepared from unidirectional and bidirectional
basalt fabric mats. Furthermore, the results have been
validated and substantiated through stereomicroscope
analysis and microstructure examination using a field
emission scanning electron microscope (FE-SEM).

2. Experimental procedure
2.1. Materials
PLA, which is used as the matrix material (3052-D,
Natur-tec, Minnesota, USA), possesses a density of

1.24 g·cm–3 and a melt temperature of 147 °C, is
100% compostable, and meets ASTM D6400 and
EN 13432 standards. The bi-directional basalt fabric
consists of woven unstitched yarns (600-114, GBF
Basalt Fiber Co. Ltd., Zhejiang, China) and uni-di-
rectional basalt fabrics (600-112, GBF Basalt Fiber
Co. Ltd., Zhejiang, China) are employed to fabricate
two types of BFPLA laminates. The complete prop-
erties of the selected basalt fibers (taken from the
technical data sheet) are given in Table 1.

2.2. Processing of BFPLA laminates
Before the processing of laminates, the basalt fabric
is cut into rectangular shapes (25 cm × 24 cm) and
dried in a hot air oven at 90 °C for 24 hours. PLA
granules are dried for 6 hours at 60°C to remove the
majority of the absorbed humidity. The optimum pa-
rameters for processing individual PLA sheets and
composites were identified through pilot experi-
ments.
Individual thin PLA sheets with an average thickness
of 1 mm are manufactured by hot compression mold-
ing at 150 °C. The pressure is applied periodically,
starting with 0.5 MPa for 3 minutes of contact time,
then increasing to 4 MPa at a steady temperature for
the next two minutes. At 60°C, the sheets are cooled
under pressure and removed.
In order to manufacture laminates, basalt fabric mats
and polymer sheets are stacked one on top of the
other in a metallic mold. The complete assembly is
hot-pressed at 180 °C for 8 minutes with an initial
pressure of 4 MPa. The pressure is then increased to
6 MPa for 2 minutes, followed by cooling of lami-
nate under pressure. Laminates with an average thick-
ness of 4 mm are ejected from the mold at a temper-
ature of 60 °C. This method avoids fiber breakage
caused by shear stresses induced by the melt-mixing
procedure while simultaneously optimizing fiber ori-
entation. One BFPLA laminate is developed using
5 PLA sheets and 4 basalt fiber mats. The same
method is used to process both bidirectional and uni-
directional laminates. The fiber weight fraction of
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Table 1. Properties of the basalt fabric used.
Weft & Warp yarn

specification
[Tex]

Weft & Warp picks
[ends/10 mm]

Woven
pattern

Thickness
[mm]

Tensile strength
[MPa]

Areal density
[g·m–2]

Bidirectional
basalt fabric 132 5×5 Twill 0.45 2100 480

Unidirectional
basalt fabric 300 5 Unidirection 0.39 2100 400



unidirectional laminates is kept constant at 21% and
that of bidirectional composites at 26%. The com-
plete procedure is schematically shown in Figure 1.

2.3. Cutting processes
Four alternative procedures are used to cut samples
from laminates (Figure 2). The specifications of the
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Figure 1. Primary processing of BFPLA laminates.

Figure 2. Machines used for cutting samples. (a) MAKITA SJ401 variable speed scroll saw, (b) 5 inch scroll saw blade
(c) Carvey CNC milling machine (d) Milling machine spindle (e) Solid carbide single flute upcut end mill (f) KMT
waterjet system (g) Ultra-high pressure pump (h) Abrasive cutting head.



machine used and machining settings are explained
in the following sections.

2.3.1. Scroll sawing
The variable speed scroll saw (SJ401, Makita, Aichi,
Japan) with a throat depth of 406 mm and a stroke
length of 18 mm is employed. All samples are cut
using a 5 inch saw blade with 70 tooths per inch
(TPI) and a stroke per minute (SPM) of 1200.

2.3.2. CNC milling
A CNC milling machine (Model: Carvey 3D, Inventa-
bles Inc., Chicago, USA) equipped with a solid car-
bide single flute upcut end mill (cutting diameter:
1/8 inch) is used for cutting BFPLA laminates.
EASEL software is used to make the 3D design and
input the feed rate and cutting depth. Feed rate, depth
per pass, and plunge rate are set to the standard val-
ues of 1016 mm/min, 0.8 mm, and 304.8 mm/min,
respectively.

2.3.3. The water jet and abrasive water jet
cutting

The water jet and abrasive water jet cutting are done
on a 45 kW Streamline Pro-III model (KMT waterjet
systems, Auf der Laukert, Germany) having ultra-
high pressure intensifier pumps of 6200 bar. All wa-
terjet machining experiments were done with the
abrasive waterjet nozzle to eliminate the impact of
nozzle configuration on machining. Abrasive is added
to the waterjet in the mixing chamber, and during
waterjet operations, the abrasive entrance of the noz-
zle was blocked to prevent air from entering the jet
and reduce cutting efficiency. The following standard
cutting parameters were established for all speci-
mens: feed rate of 1000 mm/min, stand-off distance
of 3 mm, traverse rate of 250 mm/min, garnet abra-
sive materials, the abrasive flow rate of 200 gm/min
during piercing, the abrasive flow rate of 150 gm/min
while cutting, and a waterjet nozzle orifice diameter
of 75 microns.

2.4. Mechanical testing
The mechanical properties (tensile and flexural) of
the cut BFPLA specimens were evaluated and exam-
ined in terms of strength and modulus on a Universal
Testing Machine (UTM) (Instron: 5982, USA) in ac-
cordance with ASTM D3039 and ASTM D7264 stan-
dards. A loading rate of 2 mm/min and a gauge length
of 50 mm was set for tensile testing, while a span

length of 60 mm was set for the flexural test, which
was carried out using a 3 point bending fixture. To
determine the failure process, the testing procedure
was also recorded using a 1080p video camera at
60 fps (with 6 part lens quality and 64MP).

2.5. Stereomicroscope and microstructural
analysis

The BFPLA specimens cut using various machining
methods are observed under a stereomicroscope
(Model: SMZ-745T, Nikon). Also, to depict the mor-
phology of the surface and the topographical trends,
microstructure analysis of the machined area is per-
formed using a Field Emission-Scanning Electron
Microscope (FE-SEM) (Model: Sigma 500, Zeiss
Ultra Plus, Jena, Germany). Before micrographs were
taken, a thin layer of gold was applied to the speci-
men using a sputter coater (BAL-TEC-SCD-005) to
enhance its conductivity. This study can help deter-
mine and correlate the effect of surface defects with
different cutting processes on the mechanical behav-
ior of developed biocomposites.
The complete methodology followed for this study is
shown in Figure 3. The nomenclature used to name
and identify the different specimens machined using
the various cutting processes is given in Table 2.

3. Results and discussion
3.1. Cutting of specimens and microstructural

analysis
3.1.1. Scroll saw
A reciprocating pin end (hardened, high carbon steel)
5 inch blade with 70 TPI, with small round gullets and
a lower feed rate, is used to reduce the burning effect
and provide a comparatively better surface finish. The
images of UDLS, UDTS, and BDS specimens and
their magnified view captured using a stereo -
microscope are shown in Figures 4a–4c, respectively.
As the scroll saw threads the sharp reciprocating blade
through the workpiece, the energy of the cut is con-
verted into heat. Because the laminates are cut along
the fiber direction in UDLS specimens, less force was
required to cut the specimen than in other specimens.
Cutting deformation and friction resulted from the
blade’s reciprocating movement, the material’s lim-
ited thermal conductivity, and the lack of coolant re-
sulted in increased heat generation during the cutting
operation. This has led to a greater impact effect be-
tween the workpiece and the sawblade, as well as
increased cutting resistance and cutting vibration.
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Figure 3. Research methodology employed.
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Table 2. Nomenclature used for specimens machined using various cutting processes.
Nomenclature Details
UDLS Unidirectional laminate specimen cut along the fiber direction (longitudinal) using scroll saw
UDTS Unidirectional laminate specimen cut perpendicular to fiber direction (transversal) using scroll saw
BDS Bidirectional laminate specimen cut using a scroll saw
UDLM Unidirectional laminate specimen cut along the fiber direction (longitudinal) using a milling machine
UDTM Unidirectional laminate specimen cut perpendicular to fiber direction (transversal) using a milling machine
BDM Bidirectional laminate specimen cut using a milling machine
UDLW Unidirectional laminate specimen cut along the fiber direction (longitudinal) using waterjet
UDTW Unidirectional laminate specimen cut perpendicular to fiber direction (transversal) using waterjet
BDW Bidirectional laminate specimen cut using waterjet
UDLAW Unidirectional laminate specimen cut along the fiber direction (longitudinal) using abrasive waterjet,
UDTAW Unidirectional laminate specimen cut perpendicular to fiber direction (transversal) using abrasive waterjet
BDAW Bidirectional laminate specimen cut using abrasive waterjet
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Figure 4. Specimens stereomicroscopy images cut by scroll saw and milling machine: (a) UDLS (b) UDTS (c) BDS
(d) UDLM (e) UDTM (f) BDM.



Based on the magnified images of UDTS and BDS
specimens, significant matrix burn-out and micro-
cracks may be seen. Surface ply delamination is
common for all three types of specimens. Fiber pull-
out is significant in UDLS and has led to a visually
poor surface finish.
Another critical observation during cutting using a
scroll saw is that the PLA matrix melts and solidifies
during the cutting process and leaves a glossy texture
on the machined face. This can be observed clearly
in the FE-SEM micrograph of BDS at 250× magni-
fication. (Figure 6a). The melted PLA matrix sticks
onto the sawblade pulling out fibers, resulting in
voids, matrix fiber debonding, and reduced tool life.
This is found prominent in cutting BDS samples and
has resulted in cracked surfaces of the top matrix
(PLA) layer.

3.1.2. CNC milling
A solid carbide single flute upcut end mill bit is em-
ployed, which assists in high-speed milling and high-
volume removal of work material while creating a
substantially better surface finish than two and three
flute bits. The pictures of UDLM, UDTM, and BDM
specimens and their magnified view obtained using
a stereomicroscope are presented in Figures 4d–4f,
respectively. When the bit first enters the laminate
during the milling operation, friction at the start of
the cut generates an excessively work-hardened layer
in the workpiece. Fiber–matrix debonding, edge de-
lamination, fiber disintegration, and pull-out of fibers
are frequent forms of defects observed during the
evaluation of all milled specimens. FE-SEM analysis
of BDM (Figure 6b) also confirms the fibre damage
in the form of breaking, bending, and cluster forma-
tion. The abrasive characteristics of the basalt fibers
have produced substantial wear on tools contributing
to subsurface damage in the specimens. For the BDM
specimen, the micro-flaws, subsurface layer frac-
tures, and increased surface roughness attributable
to fiber/matrix dust linked with machining resulted
in poor surface quality. The generation of elevated
temperatures while machining has led to the soften-
ing and thermal deterioration of PLA. The burning
of the matrix is more evident in UDTM specimens,
whereas UDLM specimens reveal lumped matrix on
the machined surface. Also, the UDLM specimens
displayed a reduced rough surface as compared to
the UDTM and BDM specimens.

3.1.3. Waterjet cutting
The images of UDLW, UDTW, and BDW specimens
and their magnified view captured using stereomi-
croscope are shown in Figures 5a–5c, respectively.
The developed heat from the machining micro-zone
is swiftly dispersed since the water may function as
a coolant in addition to its machining operation. This
leads to the decreased build-up of heat, and conse-
quently, thermal degradation of the matrix is negli-
gible in all the waterjet cut specimens. This also
leads to decreased delamination and inhibition of
fiber debonding to some degree. UDLW exhibits
minute cracks in the matrix top layer at a few spots,
though not as much as in the longitudinal specimens
cut using a scroll saw and CNC milling.
The machined surfaces are usually striated, consist-
ing of crevices marking the erosion track of the
water jet, which is very much evident on UDLW and
UDTW specimens. UDTW displays a unique ma-
chined surface with micro matrix lumps found around
the cut fibers. This may be attributed to the heat cre-
ated when performing a transverse cut of fibers re-
sulting in the quick melting and cooling of the PLA
matrix. Small matrix lumps are also observed on
BDW specimens but do not follow a patterned struc-
ture as seen on UDTW specimens. The FE-SEM mi-
crographs of the BDW specimen (Figure 6c) reveal
a substantially improved surface quality, with lami-
nate layers clearly visible and distinguishable.
Micro graphs also demonstrate the minimal fiber
pull-out and suppression of fiber disintegration,
however, the waviness pattern caused by the jet de-
flection route is noticeable. Fiber roll-out damage is
observed in the UDLW specimens. The term ‘roll-
out’ refers to the final separation of fibers from their
matrix area [22]. This may be generated by high-
pressure jet stresses acting on the bare fibers within
the machined zone. The fibres that have been broken
or partially de-bonded from the matrix may be dis-
lodged by incident jet pressures [23]. Bare fibers are
also visible in BDW specimens, which resulted from
the erosion of the enclosing matrix material. Micro-
graphs show the fracture of fibers caused by the el-
evated water jet pressure on fibers. Hence the pre-
dominant material removal process visible in water
jet cutting of BFPLA laminate, which is also con-
firmed by FE-SEM characterization, is the material
failure associated with fibre breakage and matrix
erosion.
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Figure 5. Specimens stereomicrocopy images cut from BFPLA laminate: (a) UDLW (b) UDTW (c) BDW (d) UDLAW
(e) UDTAW (f) BDAW.



3.1.4. Abrasive waterjet cutting
The principal material removal technique in abrasive
waterjet cutting is erosion by solid abrasive particles.
Micro-cutting (cutting deformation or ploughing de-
formation), brittle fracture, melting, and fatigue are
four subprocesses outlined by Meng et al. [24] that
act concurrently and whose supremacy is governed
by process parameters. 
The images of UDLAW, UDTAW, and BDAW
specimens and their microscopic view are shown
in Figures 5d–5f, respectively. For all the specimens,
the cutting front observations reveal the erosive wear
tracks in the top zone of the cutting region and the
formation of material lips towards the end of the
tracks. Errant abrasive particles catapulting through
the periphery of the coherent jet create these wear
grooves. Also, the upper section displays a zone of
smooth surface, and the bottom part indicates a com-
parably rougher area.

3.1.5. Microstructural analysis of the BDS,
BDM, BDW, and BDAW specimens

Nonetheless, for all the specimens, regardless of
fiber type and cutting direction, abrasive waterjet
machining delivered consistently better and uniform
surface profiles than all of the other machining meth-
ods employed, and the machined area is reasonably
smooth, with no texture unevenness across the spec-
imen depth. Although shallow abrasive wear tracks
can be spotted on the FE-SEM micrographs of the
BDAW specimen (Figure 6d), the waviness patterns
as found on the BDW specimen were missing here.
Minor levels of fibre pull-outs are also identified, al-
though the degree of damage found is much lower
than that observed with the other three processes.
Like in waterjet cutting, matrix burning and thermal
damage are negligible in abrasive waterjet specimens
as well. One notable feature discovered in abrasive
water jet specimens is that a damage zone/matrix
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Figure 6. FE-SEM micrographs of the machined region of specimens: (a) BDS (b) BDM (c) BDW (d) BDAW.



fracture is present at the top layer margins and is
much more evident on the UDLAW samples, which
may be due to the impact of high-energy abrasives
on laminate. Evidently, these were not so dominant
in water jet specimens. In UDLAW specimens, little
fiber roll-out is observed, although the frequency and
degree of roll-out are much lower than what is ob-
served in waterjet machined specimens. The de-
creased magnitude of the force acting on the machin-
ing zone is reflected in the lower amount of fiber
roll-out. FE-SEM analysis suggests that the micro-
machining effects of abrasives and consequent ma-
trix erosion are the dominating material removal
process. These material removal mechanisms also
assist towards a more consistent surface with re-
duced roughness and variability than the waterjet
machined area. Interestingly like the UDTW samples,
tiny matrix lumps are seen surrounding the cut fibers
in BDAW specimens. Whereas the UDTAW samples
demonstrate no/fewer lumps formation, much of the
matrix around the fibers on the machined area is still
intact. In comparison to other cutting processes,

abrasive waterjet samples did not show significant
material degradation to either the fiber or matrix.

3.2. Tensile and flexural testing
All specimens are tested to obtain strength and mod-
ulus under tensile and flexural loading conditions at
room temperature. The results obtained are plotted
and shown in the Figure 7. The specimens show a
specific trend in strength values. Clearly, the abra-
sive waterjet specimen showed the highest tensile
strength value for all unidirectional (longitudinal),
unidirectional (transversal), and bidirectional vari-
ants and the specimens obtained using CNC, while
milling showed the least. Water jet specimens dis-
played the second-highest value, followed by the
scroll saw specimens. The same trend is followed for
flexural strength as well.
The abrasive water jet cut specimens showed a per-
centage increase of 27.9, 70.2, and 54.4% for the ten-
sile strength values of unidirectional longitudinal,
transversal and bidirectional, respectively, compared
to the tensile strength values of specimens cut through
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Figure 7. Tensile and flexural strength values of (a) unidirectional – longitudinal specimens (b) unidirectional – transversal
specimens (c) bidirectional specimens.



CNC milling. Furthermore, when flexural strength
values of unidirectional longitudinal, transversal and
bidirectional specimens were compared to those of
CNC milled specimens, the abrasive water jet cut
specimens exhibited a percentage increase of 185.2,
72.9, and 76.6, respectively. The bidirectional spec-
imen exhibited the maximum improvement of
17.9% when the tensile strength of specimens cut
using abrasive waterjet was compared to the waterjet
cut specimen, while the unidirectional longitudinal
specimen showed the least improvement with only
a 0.3% gain. In contrast, the abrasive waterjet cut
unidirectional longitudinal specimen displayed a
70.9% rise in results when compared to the waterjet
cut specimen for flexural strength.
The FESEM analysis and microscopy studies of
milled specimens revealed the generation of elevated
temperatures and matrix burning on milling cut spec-
imens. This might have resulted in the fiber-matrix
debonding in specimens, resulting in a reduction in
strength and deterioration of the structural integrity.
This may impair the tensile strength of specimens as
well. Also, it was evident from the micrographs that
the scroll saw cut specimens showed extensive fiber
pull-out and matrix-fiber debonding. This machin-
ing-induced damage might have resulted in reduced
mechanical properties. The matrix burning and ther-
mal damage were negligible in abrasive waterjet and
waterjet cut specimens. Also, on abrasive waterjet
specimens, the degree of fiber pull-out was much
lower than what was seen in waterjet machined spec-
imens, which might have resulted in their better me-
chanical strength.

According to the mechanical characteristics of PLA-
based composites reported in the literature, the flex-
ural strength of the flax fiber (50 wt%) reinforced
PLA laminate was 215 MPa, while the tensile strength
of the banana (40 wt%)/ PLA biocomposites was
78.6 MPa [25]. The PLA/glass laminates offered ten-
sile and flexural strengths of 108.2 and 99.4 MPa,
respectively [15]. Flexural strength of 180.0 MPa
was obtained for the PLA composite with 30% short
basalt fiber reinforcement [14]. In this study, the
bidirectional sample specimens cut with an abrasive
waterjet yielded the highest tensile and flexural
strength values of 93.28 and 226.2 MPa, respective-
ly, which are better than those found in the literature.
It is now evident that the abrasive water jet cut sam-
ples exhibit the key characteristics of a material re-
moval method for use in composites, particularly
BFPLA laminates.
The tensile and flexural modulus values followed
a similar trend as the strength values as shown in
Figure 8. Abrasive water jet cut specimens showed
better elasticity than the rest of the specimens. Also,
it was found that the unidirectional longitudinal cut
specimens showed better stiffness (tensile modulus
of 3017.5 MPa and flexural modulus of 17237 MPa)
than bidirectional laminates. Prior work has docu-
mented the dependence of modulus values with re-
gard to machining. According to Abidi et al. [26], the
delamination defects and cut specimen surface qual-
ity caused Young’s modulus values of carbon fiber
reinforced polymer laminate to vary with respect to
the machining processes. Sjögren et al. [27] demon-
strated that defects, particularly fiber breakages,
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Figure 8. (a) Tensile modulus of tested specimens (b) flexural modulus of tested specimens.



influence the elastic modulus of an impact-damaged
composite laminate. Cutting end-surface roughness
and microcracks have been connected to changes in
a material’s loading stiffness and modulus values
[28, 29]. A greater elastic modulus indicates a stiffer
and typically more brittle material, which is less mal-
leable and this suggests that bidirectional samples
have comparatively better ductile properties along
with higher ultimate strength values than other vari-
ants, particularly abrasive waterjet machined samples.

3.3. Failure analysis
The stress-strain curves of specimens machined
using an abrasive waterjet are shown in Figure 9.
The failure process at the macroscopic laminate level
is explained via images from the captured film.
Fracture is the full breakdown of the laminate’s con-
tinuity, and it always begins with the commence-
ment of a crack, followed by crack propagation.
Figures 10a–10h demonstrate the tensile testing stages
of the bidirectional specimen. As the load reached
about 41 MPa, the top and bottom matrix layers
formed additional microcracks, along with the initial
cracks developed during machining. At the stress
value of 45 MPa, the number of cracks began to in-
crease, and minor fiber breakages (which are aligned
in the transverse direction) emerged. As loading pro-
gressed, the concentration of these microcracks grew,
and as the stress reached about 70 MPa, the matrix
fractures coalesced, followed by fiber-matrix debond-
ing, resulting in more fiber pull-outs. When the ma-
trix breaks, the basalt fibers carry the stress, resulting
in little dip and rise on the illustrated curve.
As one can see, the failure of one layer affects the
stiffness and residual strength of the laminate but

does not always result in total failure. This type of
failure may occur due to a low interlaminar shear
strength; cracks in one layer will turn along these in-
terfaces, isolating the initially cracked layer from the
other laminae, and the laminate will proceed to carry
the load with slightly reduced stiffness and residual
strength. Furthermore, Dharan [30] proposed that the
original matrix crack might leave the fiber intact via
crack bridging for brittle fibers in a brittle matrix.
When both the matrix and the fiber are brittle, the
fibers stay intact while the matrix fracture propagates
around them, as in a glass-epoxy composite. At
84 MPa, the matrix completely fails. Interply failures
(delamination) tend to predominate at about 94 MPa,
combined with fiber breakage, resulting in total lam-
inate failure at 103 MPa. The final failed specimen
is depicted in Figures 10u and 10v.
Figures 10i–10p depict the failure process in a unidi-
rectional longitudinal specimen machined using an
abrasive water jet. At about 45 MPa, the initial failure
appears in the form of a fiber break, which is accom-
panied by a failure of the surrounding matrix by
transverse cracking that extends up to the neighbor-
ing fibers and fiber debonding. The size of these fail-
ure spots stays essentially the same as the load in-
creases, but their number increases throughout the
specimen, causing additional weakening. As the load
rises to 58 MPa, the number of isolated fractures in-
creases, providing a weaker route for fracture on the
specimen’s sides. With increasing stress, fiber failures
accelerate, eventually resulting in the coalescence of
fiber breaks through transverse cracking followed by
interfacial shearing at 66 MPa. Figures 10w and 10x
exhibit the UDLAW specimen that failed.
The failure process of unidirectional transversal
specimen cut using abrasive waterjet is shown in
Figures 10q–10t. UDTAW specimens exhibited typ-
ical brittle fracture behavior, with nearly constant
stress (3.67 MPa) during cracking, rapid crack prop-
agation, and negligible deformation. This might be
because, when the specimen was pulled in the direc-
tion normal to the fiber, the Poisson effect in the ma-
trix causes significant shear stress at the fiber ends,
causing the bond to break. The matrix has fractured
in a cleavage mode, as seen in Figures 10y, 10z1, and
10z2, while the fibers have remained almost intact.
Another interesting data to be noted is that the tensile
and flexural strength, as well as the elastic modulus
values of transverse cut specimens, show a consid-
erable reduction compared to the longitudinal ones.
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Figure 9. Stress-strain curves of abrasive waterjet machined
specimens.



Patel and Dave [31] reported a decrease in tensile
strength of specimens with higher fiber orientation
angle/cutting direction (45°) and a better tensile
strength for specimens (longitudinal) with 0° fiber
orientation angle.Ramulu and Arola [22] have ob-
served a 97% reduction in strength values, and
Cordin et al. [32] have reported an 88% decrease for
specimens cut at 90° to the fiber orientation. In our
experiments, the transversal specimens showed an
average of 94% reduction in tensile strength and
85% reduction in flexural strength values compared
to the longitudinal ones. This shows that changes in
the fiber orientation angle can lead to a considerable
weakening of the material. Despite significant im-
provements in mechanical characteristics along the
fiber direction, the strength values in the transverse
direction are inferior to those of pure PLA material.
This also supports the anisotropic behavior of the
processed BFPLA. The elastic modulus of unidirec-
tional laminates can be theoretically calculated by

the rule of mixtures. A modified micromechanical
model [33, 34] for the prediction of elastic modulus
is given below (Equation (1)):

(1)

where κ is the fiber area correction factor, ηd is the
fibre diameter distribution factor, ηl is the fibre
length distribution factor, η0 is the fibre orientation
distribution factor, Ex is the elastic modulus, Vx is
the volume fraction with the subscript c, f and m
being composite, matrix, and fiber, respectively. Ac-
cording to Equation (1), the parameter η0 quantifies
the impact of fiber alignment with respect to the load
applied. It is calculated using the equation given
below (Equation (2)):

(2)
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Figure 10. The tensile testing stages of abrasive waterjet machined specimens, (a to h) failure process of BDAW, (i to p) fail-
ure process of UDLAW, (q to t) failure process of UDTAW, (u, v) top view and side view of failed BDAW, (w,
x) top view and side view of failed UDLAW, (y–z2) top view and side view of failed UDTAW.



This clearly illustrates that if the cutting direction is
90°, cosθ will be zero, implying that basalt fibres
will make no contribution to the stiffness of the lam-
inate. Furthermore, the reinforcing fibres in the 90°
orientation reduce the rigidity of the laminate, which
may be justified by the ease with which basalt and
PLA debond, leading to significantly lower strength
and modulus values.

4. Conclusions
The current experimental investigation aims to de-
termine the optimal cutting process for cutting spec-
imens from a BFPLA laminate. Additionally, a com-
parative assessment is reported for composites with
unidirectional and bidirectional basalt fabric mats.
The following are the primary conclusions of the
present research endeavor.
▪ The abrasive nature of basalt fibers resulted in sig-

nificant tool wear, resulting in subsurface damage
and increased surface roughness, according to the
stereomicroscope and FE-SEM analysis of milled
specimens. The high-temperature values and ma-
trix burning resulted in matrix-fiber debonding in
milled specimens, reducing strength and structural
integrity.

▪ Microscopy and microstructural analysis revealed
considerable fiber pull-out and matrix-fiber debond-
ing in the scroll saw cut specimens. Thermal dete-
rioration of the matrix is minimized in all waterjet
cut specimens, resulting in decreased delamination
and mitigation of fiber debonding to a certain ex-
tent. Material failure owing to fiber fracture and
matrix erosion is the principal mechanism of ma-
terial loss in water jet cutting of BFPLA laminates.

▪ Abrasive waterjet machining consistently gener-
ated significantly uniform surface profiles as com-
pared to other methods across all specimens, in-
dependent of the fiber type or cutting direction.
The machined area was generally smooth, with no
texture unevenness over the specimen depth. Ma-
trix burning, thermal degradation, and fiber roll-
out were reduced due to the minimal force exerted
in the machining zone. The primary material re-
moval mechanisms seem to be abrasive microma-
chining and matrix erosion.

▪ In all unidirectional (longitudinal), unidirectional
(transversal), and bidirectional variants, the abra-
sive waterjet specimen provided the highest tensile

strength, while the CNC machined specimen had
the lowest. Water jet specimens had the second-
highest value, followed by scroll saw specimens.
A similar trend exists for flexural strength values.

▪ The abrasive waterjet cutting effectively generated
bidirectional BFPLA specimens with the highest
tensile and flexural strengths of 93.28 and
226.2 MPa.

It is concluded that the choice of cutting technique
has a substantial influence on the strength of cut
samples, and abrasive water jet cutting is the best ap-
proach for producing better quality BFPLA samples
with smooth, uniform surface profiles, fewer defects,
and improved mechanical properties. Future re-
search may focus on quantifying machining dam-
ages on a sustainable composite and expanding the
evaluation of the impacts of machining damages on
fatigue and impact strength. A correction criteria
index may also be generated for predicting the actual
strength of laminates produced when samples are cut
using traditional cutting methods.
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1. Introduction
Nowadays, there is a shift in the focus toward devel-
oping and applying environmentally friendly poly-
mers. Commonly used non-biodegradable plastics,
accumulating in massive landfills, are dangerous for
human health and cause depletion in soil fertility [1].
The aim is to produce materials that, when released
into the environment, naturally degrade into non-
toxic substances. Among the few commercially avail-
able biobased thermoplastic polymers, poly(lactic
acid) (PLA) has undergone the most investigation
[2]. PLA is a biodegradable aliphatic thermoplastic

polyester derived from renewable sources. It has
many excellent mechanical properties (such as strength
and stiffness), making it suitable for industrial appli-
cations [3].
In comparison with similar biopolymers, such as
polyhydroxyalkanoates (PHAs), poly(ethylene gly-
col) (PEG), and poly(caprolactone) (PCL), PLA has
better thermal processibility [4]. On the other hand,
PLA’s poor toughness significantly hinders its appli-
cation in many fields [2]. Although the tensile
strength and Young’s modulus of PLA are compara-
ble with those of polystyrene (PS) and poly(ethylene
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terephthalate) (PET), due to its brittleness, PLA has
limitations in electric, electronic, and other industrial
applications [4–6]. In order to widen the application
possibilities of PLA, its toughness needs to be im-
proved, which can be achieved by modifications.
Various toughening strategies have been used to
overcome this drawback [7], such as copolymeriza-
tion [8], plasticization [9], the addition of organic/in-
organic fillers [10], and melt blending [11, 12].
Melt blending with flexible polymers is one of the
most industrially feasible and economic solutions for
improving the impact resistance of an inherently
rigid polymer [6]. The elastomer blended with the
brittle polymer effectively dissipates the stress so
that the material shows ductility and plastic defor-
mation. The disadvantage of this toughening method
is that the dispersed particles often have poor com-
patibility with the matrix and are prone to aggregate,
resulting in insufficient dispersion. The interfacial ten-
sion can be reduced by improving the compatibility
between the components, which allows for better
mechanical properties [6, 13]. In contrast, the disper-
sion can be improved by changing the proportions
of the compounds, their viscosity ratios, or the pro-
duction parameters, for example, blending tempera-
ture or shear rate.
Since PLA has poor miscibility with the majority of
polymer modifiers, to increase miscibility and inter-
facial adhesion, reactive blending has been demon-
strated to be an effective and convenient way to
achieve high-impact-resistant PLA materials [14].
The most frequently used modifiers are functional-
ized copolymers. Glycidyl methacrylate-containing
elastomers may be suitable for this purpose, as their
functional groups allow reactive compatibilization
[15]. It is generally accepted that the carboxyl and/or
hydroxyl group of PLA reacts with the epoxide
group of the reactive elastomer [16, 17]. Nevertheless,
it has to be noted that while the reactive interfacial
compatibilization between PLA and the other (most-
ly petroleum-based) rubbery polymer generally large-
ly improves the toughening efficiency, it sacrifices
the biodegradability of PLA adversely [18].
Oyama [19] used poly(ethylene-glycidyl methacry-
late) (EGMA) for reactive blending with PLA, while
the effects of crystallinity and annealing treatment
on the properties of the compound were investigat-
ed. Using differential scanning calorimeter (DSC)
measurements, they found that the crystallinity of

PLA/EGMA (80/20) blends increased from 6 to 40%
after annealing the blend at 90°C for 2.5 hours. Also,
the impact strength increased by approximately
50 times, in which a remarkable role was attributed
to crystallinity.
The blending temperature also has a significant ef-
fect on the efficiency of the toughening mechanism.
Increasing the temperature can promote compatibil-
ity and the possibility of elastomer cross-linking,
while at lower processing temperatures, the number
of PLA-elastomer compatibilization bonds tends to
be much lower [20]. Yuryev et al. [3] applied poly
(ethylene-n-butylene-acrylate-co-glycidyl methacry-
late) (EBA-GMA) as a reactive compatibilizer for
PLA. They used elevated temperatures (up to 270°C),
which are not typical for PLA, to show the effects
on bonding and interfacial adhesion. To reduce the
role of degradation, they used chain extenders (CEs)
in blends that created bonds between PLA chains.
They found that with the help of the CE, degradation
was not as significant as before; moreover, the inter-
facial compatibilization has improved.
Liu et al. [21] investigated the effect of zinc ionomer
of ethylene/methacrylic acid copolymer (EMAA-Zn)
in PLA/EBA-GMA/EMAA-Zn blends manufactured
at different blending temperatures ranging between
185 and 240 °C. In order to show the effect of the
functional group of EBA-GMA, in one case, they re-
placed it with poly(ethylene-butylene-acrylate) (EBA).
The impact strength and tensile strength significantly
decreased in this case. Rheological studies showed
that the addition of EMAA-Zn catalyst promoted the
cross-linking reactions of the elastomer and helped
the interfacial compatibilization as well. The greater
the mixing temperature was, the more noticeable the
toughening effect was.
In the present investigation, our aim was to show that
EBA-GMA can be used as a reactive toughening
agent for PLA and that the effectiveness of the reac-
tive compatibilization can be noticeably improved
by using optimized processing conditions. The ele-
vated melt blending temperature (i.e., higher than
200 °C, commonly used in the case of PLA) is ex-
pected to promote the reactive compatibilization, and
elastomer cross-linking but accelerate the PLA
degradation during processing at the same time [22].
Therefore, in this study, the effect of blending tem-
perature and composition was optimized in terms of
the mechanical properties of the PLA/EBA-GMA
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blends, while corresponding changes in the crys-
talline structure, phase morphology, and rheology
were explored.

2. Experimental
2.1. Materials
In this work, Ingeo™ Biopolymer 3100HP PLA
(NatureWorks LLC Minnetonka, MN, USA), with a
D-lactide content of 0.5%, glass transition tempera-
ture (Tg) in the range of 55–60 °C, and melting tem-
perature (Tm) in the range of 170–190 °C, was used.
The melt flow index of this PLA grade is in the range
of 22–24 g/10 min (at 210 °C, with a 2.16 kg load).
As an impact modifier, EBA-GMA was used. For
that, Elvaloy PTW was provided by DuPont Co.
(Wilmington, USA) with 28% acrylate monomer
content.

Sample preparation
Compounding was performed using an LTE 26-44
(Labtech Scientific, Muang, Samutprakarn, Thai-
land) type twin-screw extruder. Before processing,
the PLA materials were dried at 80 °C for 12 hours.
Extrusions were performed by setting three different
end zone temperatures; 220, 240, and 260°C, respec-
tively (Table 1). It has to be noted that since no CE
was used in the blends, a significant drop in the pro-
cessibility occurred at blending temperatures ex-
ceeding 260 °C due to a drastic decrease in melt vis-
cosity and noticeable degradation of PLA.
The screw speed was 60 rpm in all cases. After being
pelletized and dried at 80 °C for 12 hours, all pellets
were injection molded into a dumbbell shape at
200°C, while the mold temperature was 40 °C. The
holding pressure was 60 MPa, and the back pressure
was 3 MPa.

2.2. Methods
Izod impact test
Izod impact tests were performed using a 5113.100/01
type (Zwick, Ulm, Germany) impact tester, with an

Izod impact hammer of 2.75 J at room temperature,
according to ISO 180 standard. Ten notched (Type A)
specimens were tested in each case.

Tensile test
Tensile tests were carried out by L3369 (Instron,
Norwood MA, USA) universal mechanical tester ac-
cording to ISO 527-2 standard. A crosshead speed of
1 mm/min was used to determine modulus;
20 mm/min was applied for tensile tests. For each
investigation, 5 specimens were tested at room tem-
perature.

Torque rheology
Torque measurements during melt mixing were per-
formed in a Brabender Plasti-Corder Lab-Station type
(Brabender GmbH & Co. KG, Duisburg, Germany)
internal mixer equipped with a W 50 EHT 3Z knead-
ing chamber. In one case, a given amount of pre-
dried PLA pellets had been weighted according to
the compositions and then added into the 50 cm3

mixing chamber and mixed at 260 °C with rotors ro-
tating at 50 rpm for 4 min. At this time point, the re-
quired amount of EBA-GMA pellets (PLA and EBA-
GMA together added up to 60 g in each case) were
added and mixed for an additional 2 min. In the other
case, equally 51 g of pre-dried PLA pellets had added
in the mixing chamber set to 220, 240, or 260°C, re-
spectively, and mixed at 50 rpm for 4 min. At this
time point, equally 9 g of EBA-GMA pellets were
added and mixed for an additional 2 min. The vari-
ation of torque moment during melt mixing was con-
tinuously recorded.

Melt flow index (MFI)
Melt flow rate measurements were conducted by
LMI-5000 (Dynisco, Franklin MA, USA) tester. Be-
fore the investigation, PLA pellets were dried at
80 °C for 2 hours. The applied temperature was
190°C, the applied mass was 2.16 kg, and the cutting
time was 10 s.

Scanning electron microscopy (SEM)
The morphology of PLA/EBA GMA blends was ob-
served by EVO MA10 (Zeiss, Oberkochen, Germany)
scanning electron microscope. Samples were embed-
ded in epoxy resin, then the rubber phase of the sam-
ples was selectively extracted with toluene (1 hour
immersion at room temperature). The applied gold
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Table 1. Zone temperatures during extrusion.
Zone temperatures during extrusion

[°C]
1–3.
zone

4–6.
zone

7–9.
zone

10–11.
zone Die

220°C end zone 205 210 215 220 220
240°C end zone 225 230 235 240 240
260°C end zone 245 250 255 260 260



coating was 5 nm, and the accelerating voltage was
15.75 kV.

Differential scanning calorimetry (DSC)
Investigations of the crystalline phase were carried
out by DSC131 EVO (Setaram, Lyon, France) DSC.
Heat-cool-heat cycle was applied at heating and cool-
ing rates of 10°C/min under a nitrogen atmosphere,
in the temperature range of 30–200°C. 5–8 mg sam-
ples were taken from the same part of the injection-
molded specimens each time. The crystallinity of
PLA was calculated from the first heating scan with
the help of Equation (1):

(1)

where ΔHm [J/g] is the enthalpy of melting, ΔHcc
[J/g] is the enthalpy of cold crystallization, ΔHf [J/g]
is the enthalpy of 100% crystalline PLA, and α [–] is
the ratio of the EBA-GMA additive.

Thermally stimulated depolarization current
(TSDC)
The glass transition temperature of EBA-GMA was
determined by TSC II (Setaram, Lyon, France) equip-
ment using the thermally stimulated depolarization
current (TSDC) technique. This method allows the
temperature-dependent characteristics of the poly-
mers, namely their phase transitions and molecular
mobility, to be studied with high sensitivity. There-
fore, it is also suitable for examining small relaxations
in multi-component systems [23, 24].
0.5 mm thick specimens were analyzed, obtained
from the center of the neck area of the 4 mm thick
injection molded dumbbell-shaped samples. The two
1.75 mm thick edge layers were removed using an
LS Twin (Remet, Italy) polisher.
During all measurements, the sample was polarised
at 0 °C (Tp) with 300 V (Up) polarisation voltage for
5 minutes (tp). Then a cooling step followed with a
10 °C/min (rc) cooling rate to the -80 °C freezing
temperature (T0) while the electric field was still
present. The holding time at T0 was 1 minute (t0),
and the polarisation was turned off in this step. In
the next step, a 5 °C/min heating rate was used to
reach the final temperature (Tf = 0 °C), while the de-
polarisation current was recorded as a function of the
temperature.

3. Results and discussion
3.1. Effects of blending temperature and

EBA-GMA content on the toughening of
PLA

In general, higher loadings of 20–25 wt% of EBA-
GMA type reactive terpolymer are necessitated to
reach the brittle-ductile transition in polyesters [25–
29]. Yuryev et al. [3] demonstrated a distinct tem-
perature dependence in the toughness of PLA/EBA-
GMA blends having over 20 wt% EBA-GMA content
and containing CE as well. In this work, the experi-
ments were designed with the aim to analyse the hy-
pothesis that low-molecular-weight PLA chains,
forming in situ during high-temperature processing,
may enhance the rate of compatibilization reactions
on the PLA/EBA-GMA interface and, consequently,
the brittle-ductile transition may be reached at low-
ered terpolymer content. Therefore, two-component
blends were prepared from PLA and EBA-GMA,
and without using CE, with the blending ratio of the
elastomer ranging from 10.0 to 15.0 wt% with
2.5 wt% ranging steps. The PLA/EBA-GMA blends
were extrusion processed at 220, 240, and 260 °C,
respectively, and then comprehensively analyzed.
Figure 1 illustrates the result of Izod impact tests per-
formed on notched injection-molded specimens. The
notched Izod impact strength of neat PLA was meas-
ured to be 3.4±0.2 kJ/m2. It can be seen that the ele-
vated blending temperature was not effective at
lower EBA GMA contents; however, at a 15.0 wt%
EBA-GMA ratio significant increase in the impact
strength can be observed for the blend prepared at

%X
H

H H

1c
f

m cc

$ aD
D D

=
-

-

Q V! $

N. Lukács et al. – Express Polymer Letters Vol.17, No.2 (2023) 169–180

172

Figure 1. Notched Izod impact strength of the PLA/EBA-
GMA blends.



260 °C. Despite the identical elastomer content of
15.0 wt%, at elevated blending temperature, 30%
higher impact strength was achieved compared to the
blends prepared at 240°C or lower. It is claimed that
the high processing temperature of 260 °C acceler-
ates the degradation of PLA, but also the compatibi-
lization reactions between PLA and the epoxy func-
tionalized elastomer [3]. Since no CE was used in
the blends that could compensate for the molecular
weight decrease, the harmful effect of thermal degra-
dation of PLA is clearly manifested by the noticeable
(about 35–40%) decrease of the impact resistance of
the blends with 10.0 and 12.5 wt% EBA-GMA con-
tents. At 15.0 wt% of EBA-GMA, however, the de-
gree of PLA/EBA-GMA interface bonding increas-
es, so it can compensate for thermal degradation
effects. Nevertheless, it is proposed that the compati-
bilization reactions are increasingly facilitated in the
presence of the short-chain PLA molecules formed in
situ during processing at 260°C. As a result, the brit-
tle-ductile transition is reached at lower (15.0 wt%)
EBA-GMA content than expected based on previous
research studies [19, 25]. This conclusion is analo-
gous to our earlier findings, where the low-molecular-
weight PET fractions, whether from waste [25] or
formed in situ during melt processing [29], were suc-
cessfully utilized to enhance the efficiency of the re-
active impact modifier in PET/EBA-GMA blends.
Tensile tests were performed to examine the quasi-
static mechanical properties of the PLA/EBA GMA
blends prepared at different processing temperatures
As a reference, tensile strength, Young’s modulus,
and elongation at break values for neat PLA were
measured to be 61.9±1.3 MPa, 3262±70 MPa and
3.1±0.4%, respectively. Figure 2 shows the testing
results obtained for the blends. The tensile strength
of the blends containing 10.0 wt% EBA-GMA re-
mained unchanged as extrusion temperature in-
creased, while at higher EBA-GMA contents, a slight-
ly decreasing trend can be observed (Figure 2a).
Tensile modulus values changed similarly to the ten-
sile strength; however, at 10.0 wt% EBA-GMA ratio,
the stiffness of the blends even slightly increased
with increasing blending temperature (Figure 2b).
This may be attributed to the increasing crystalline
ratio of PLA in the blends due to the easier arranging
of shorter molecular chains, which are likely formed
at increased processing temperatures.
The observed decrease in strength and modulus
at 12.5 and 15.0 wt% EBA-GMA as a function of

increasing blending temperature is likely associated
with the reduction in PLA molecular weight that ob-
viously occurs at elevated processing temperatures.
(Unfortunately, the determination of the molecular
weight of PLA in the blends is rather difficult due to
the EBA-GMA yielding insoluble fractions.) But as
the effect of thermal degradation is less pronounced
at lower (10.0 wt%) EBA-GMA content, it suggests
that the decrease in molecular weight is not detri-
mental even at 260 °C. It is assumed that viscosity
may also be an important factor in the mechanical
performance of the blends. Namely, under the same
processing conditions, at a lower EBA-GMA ratio,
droplets of smaller size are formed, and thus finer
dispersion can be achieved. The mechanical per-
formance of such a fine dispersion is less sensitive
to the smaller defects of the matrix material. Never-
theless, it is claimed that the changes in the tensile
strength and moduli are not significant in the exam-
ined temperature range.
Since elongation at break is more sensitive to mor-
phology and interfacial bonding, this parameter
showed noticeable changes both with composition
and blending temperature (Figure 2c). The elonga-
tion of the blends with EBA-GMA ratios of 12.5 and
10.0 wt% showed decreasing tendency with increas-
ing processing temperature, likely due to increasing-
ly intense degradation of PLA and insufficient inter-
facial bonding. However, the blends containing
15.0 wt% EBA-GMA showed increasing elongation
as a function of increasing blending temperature, in-
dicating a significant degree of chemical bonding be-
tween the PLA matrix and the toughening phase.
Toughness and elongation of the blends followed sim-
ilar tendencies, and the blend with 15.0 wt% EBA-
GMA and prepared at 260 °C showed the best per-
formance in both respects. These results further
reinforce the assumption that the presence of highly
reactive short-chain fractions, formed during process-
ing at high temperature, boosts the reactive tough-
ening of PLA by forming a toughening enhancer in-
terphase (TEI) [25]. In former research studies,
catalysts were added with the aim of lowering the
activation energy of reactive compatibilization on
the PLA/EBA-GMA interface [21, 30]. Our results
suggest that the low-molecular-weight PLA chains,
being present in the blends that are produced at high-
er temperatures, due to their increased mobility and
higher number of functional end groups, can also en-
hance the rate of compatibilization reactions on the
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PLA/EBA-GMA interface. Consequently, noticeable
improvement in toughness can be achieved at a re-
duced terpolymer ratio by optimizing (increasing)
the blending temperature.

3.2. Rheology of the PLA/EBA-GMA blends
In order to detect the chemical reactions, including
degradation and cross-linking, during melt-process-
ing, torque values were recorded during melt-mixing
of the blend components. The torque change was
continuously recorded as a function of mixing time
during melt-mixing of PLA either with an increasing
amount of EBA-GMA (Figure 3a) or with identical
15.0 wt% EBA-GMA content but by applying in-
creasing mixing temperature (Figure 3b). As can be
seen in Figure 3a, both the peak of the torque re-
sponse after EBA-GMA addition and the equilibri-
um torque value at 6 min increase when the EBA-
GMA proportion is increased. These results indicate

increasing viscosity of the PLA blends with increasing
EBA-GMA content, likely due to the increasing oc-
currence of compatibilization reactions taking place
between the components. As can be seen in Figure 3b,
the viscosity-related equilibrium torque values,
recorded either after complete melting of the PLA
pellets or after blend formation with EBA-GMA, are
highly dependent on the processing temperature.
Based on the torque curves recorded during melt-
mixing, the relative change in the equilibrium torque
value, which occurred as a result of 15 wt% EBA-
GMA addition, can be evaluated at each applied pro-
cessing temperature. In Figure 4, the thus determined
relative torque difference (as a percentage) is present-
ed for each examined PLA/EBA-GMA blend. The
relative torque difference was found to increase with
EBA-GMA content and processing temperature as
well. Accordingly, both factors are supposed to in-
crease the occurrence of compatibilization reactions.
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Figure 2. a) Tensile strength, b) tensile modulus, and c) elongation at break of the PLA/EBA-GMA blends.



3.3. MFI of the PLA/EBA-GMA blends
With the help of the melt flow index measurements,
the rate of degradation during production and the re-
actions between the components can be indirectly
deduced. Figure 5 shows the MFI values of the PLA
blends differing in EBA-GMA contents and process-
ing temperatures. The MFI values were determined
at 190°C in all cases, so it is proposed that the vis-
cosity did not change noticeably during measure-
ment, but it is mainly determined by the structure
formed during extrusion processing. At 190°C, close-
ly identical MFI values of 12.8±0.4 g/10 min and
12.7±0.5 g/10 min were measured for the EBA-GMA
additive and the additive-free PLA (after extrusion
processing), respectively. It can be seen in Figure 5
that the MFI values measured for the PLA/EBA-
GMA blends, after extrusion processing at 220 °C,

vary in the same MFI range of 12–13 g/10 min as
those of the starting components, indicating a mini-
mal rate of chemical reactions taking place between
the components at this relative low processing tem-
perature. The slight increase in the melt flow rate of
the 10.0 wt% EBA-GMA-containing blends as a
function of raising blending temperature is associated
with accelerated PLA degradation and indicates an
insufficient rate of PLA/EBA-GMA compatibiliza-
tion. At higher EBA-GMA content of 12.5 wt%,
however, a decreasing melt flowability can be ob-
served with elevating blending temperatures suggest-
ing increasingly effective compatibilization reactions
between the components, which compensate for the
decrease in melt viscosity due to thermal degradation.
At an even higher EBA-GMA ratio of 15.0 wt%,
the increased degree of reactive compatibilization
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Figure 3. The torque responses as a function of mixing time during melt-mixing with a) increasing amount of EBA-GMA
(at 260°C); b) increasing mixing temperature (at 15.0 wt% EBA-GMA content).

Figure 4. Relative torque difference determined for the
PLA/EBA-GMA blends.

Figure 5. Melt flow index of the PLA/EBA-GMA blends
(190°C, 2.16 kg).



exceeds the level of thermal degradation effects and
results in appreciable reductions in melt flow rates.
The noticeably increased resistance to flow when the
melt is processed at an elevated blending temperature
of 260°C supports the assumption that reactions be-
tween the components occur that seem more deter-
minative with the increase of blending temperature.
It can also be concluded that a sufficient amount of
epoxy functionalized elastomer is needed to achieve
considerable structural change in the system and thus
reach the brittle-ductile transition zone.

3.4. Phase morphology of the EBA-GMA
blends

The morphology of the blends was investigated by
scanning electron microscopy (SEM). Figure 6
shows the SEM micrographs of PLA/EBA-GMA
blends taken after the selective dissolution of the
EBA-GMA phase. With the increasing amount of
EBA-GMA, the size of the dispersed particles in-
creases at each set temperature. When considering
the effect of the processing temperature at a given
EBA-GMA ratio, the particle size of the elastomer
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Figure 6. SEM micrographs of PLA/EBA-GMA blends after selective extraction of the terpolymer.



droplets does not show any definite trend. Generally,
the smaller droplet size results in greater interfacial
boundary, favoring compatibilization. Superior im-
pact resistance was observed for the blend with
15.0 wt% of EBA-GMA when prepared at 260 °C;
which blend, however, does not show a distinct mor-
phology. It was therefore concluded that the in-
creased impact strength could not be explained only
by morphological effects (i.e., size and dispersion of
the droplets), but it must depend on the nature of the
interactive phases and their interfacial interaction.

3.5. Crystalline structure and crystallization
of the PLA matrix

The thermal characteristics and crystalline structure
of PLA in the blends were investigated by DSC meas-
urements. The obtained DSC thermograms are pre-
sented in Figure 7, while corresponding thermal char-
acteristics are shown in Table 2. It can be seen in
Table 2 that the glass transition temperature (Tg1)
and melting temperature (Tm1) do not show any def-
inite trend with the change of blending temperature
or composition; they range between 60.9–63.4 and
175.8-176.8°C, respectively. Based on the crystallini-
ty (Xc1) of the PLA/EBA-GMA blends, as deter-
mined from the first heating scan, it was concluded
that, in the examined range, the blending temperature
does not significantly affect the crystallinity of the
injection molded products; similarly to the findings
of Liu et al. [20]. In contrast with the conclusions of
Oyama, here, the difference in crystallinity phase
structure does not have a clear relation with impact
strength [19].
In order to examine the crystallization behavior of
PLA in the blends, relative crystallinity (Xc2) was de-
termined from the second heating cycle (i.e., crystals
formed from the cooling cycle were examined). It
can be seen in Figure 8 that the relative crystallinity

(Xc2) shows a maximum curve as a function of in-
creasing blending temperature suggesting two op-
posing effects that affect the crystallization of PLA.
The increase in the crystalline ratio when the pro-
cessing temperature is increased from 220 to 240 °C
is associated with the decreasing molecular weight
of PLA due to accelerated degradation. Further in-
crease in the blending temperature to 260 °C leads,
however, to noticeably lower crystallinity. At this el-
evated temperature, crystallization of PLA chains is
assumed to be restricted by the facilitated compati-
bilization reactions between the carboxyl or hydrox-
yl end groups of the PLA chains and the epoxy groups
of EBA-GMA.
The trends observed in the cold crystallization tem-
peratures (Tcc1) (derived from the first heating cycle)
and in the temperatures of crystallization (Tc) during
cooling also support this theory. It can be seen in
Table 2 that at 15.0 wt% EBA-GMA content and an
elevated processing temperature of 240 °C, the Tcc1
of the blends shifts to a lower temperature while the
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Figure 7. DSC curves of the PLA/EBA-GMA blends.

Table 2. Results of DSC analyses.
Blending temperature

[°C]
EBA-GMA content

[wt%]
Tg1
[°C]

Tm1
[°C]

Tcc1
[°C]

Xc1
[%]

Tc
[°C]

220
10.0 61.0±0.8 175.8±0.1 87.1±2.2 34.4±1.1 93.9±0.3
12.5 62.1±1.3 176.1±0.3 87.5±0.7 28.2±3.1 93.0±0.1
15.0 61.8±1.0 176.8±0.5 88.8±0.9 25.2±0.8 93.3±0.2

240
10.0 61.3±0.6 175.8±0.2 85.9±1.3 36.2±3.0 94.4±0.5
12.5 61.2±0.5 176.5±0.6 86.5±0.7 27.1±1.2 93.3±0.4
15.0 63.4±0.2 175.8±0.3 85.2±0.3 35.4±3.4 95.0±0.1

260
10.0 61.7±0.2 175.8±0.2 87.3±0.9 28.3±0.8 93.3±0.2
12.5 62.3±0.9 176.3±0.4 87.7±2.2 25.9±2.2 93.3±0.7
15.0 60.9±0.8 176.1±0.9 87.2±0.6 26.6±1.2 93.2±0.2



Tc shifts to a higher temperature, both indicating in-
creased nucleation efficiency of the PLA/EBA-GMA
interphase [3, 31]. At a higher processing tempera-
ture of 260°C, however, Tcc1 and Tc fall back to sim-
ilar values as measured for the blends processed at
220°C. It is proposed that even though the short poly-
mer chains can form crystals more readily than long
chains, due to the intensified PLA–EBA-GMA com-
patibilization reactions at 260°C, the motion of these
shorter PET chains becomes increasingly restricted,
accompanied by increasing Tcc1 and decreasing Tc
values [3, 31].
The DSC results further reinforce the assumption
that the outstanding impact strength of the 15.0 wt%
EBA-GMA containing blend, when processed at
260 °C, is mainly related to the intensified PLA-
EBA-GMA compatibilization reactions that allow
excellent toughening efficiency.

3.6. Structure of the EBA-GMA phase
Compatibilization reactions are almost always asso-
ciated with cross-linking of the terpolymer, and in
the case of cross-linking, an increase in the glass
transition temperature (Tg) of the elastomer can be
expected [25]. The thermally stimulated depolariza-
tion current (TSDC) method was used to determine
the Tg of the EBA-GMA phase in the blends pro-
duced at different blending temperatures. The ob-
tained results are shown in Figure 9. The Tg of the
elastomer shows a minimum curve as a function of
blending temperature, likely as a result of two ef-
fects. The changes in Tg are, on the one hand, related
to the particle size of the dispersed phase; the finer

dispersion results in depression of the Tg [32]. On
the other hand, the Tg of the elastomer increases with
the degree of cross-linking.
It can be seen in Figure 9 that at a given blending
temperature, the Tg increases with increasing EBA-
GMA ratio parallel as the particle size increases, as
also observed by SEM imaging (Figure 6). When the
blending temperature was increased from 240 to
260°C, the Tg increased at all EBA-GMA ratios, sug-
gesting the formation of cross-links in all cases. The
results of the TSDC study confirmed our hypothesis
that increasing the compounding temperature im-
proves interfacial compatibility and parallels the
cross-linking of the elastomer. Consequently, a sig-
nificant increase in impact strength can be achieved,
but only when the interparticle distance can be re-
duced below the critical value. The latter can be
reached by increasing the EBA-GMA content or by
improving the dispersion of the elastomer phase.

4. Conclusions
Toughening of PLA by EBA-GMA was found to be
increasingly efficient when the blends were processed
at elevated temperatures. The notched Izod impact
resistance and elongation at break of the PLA/EBA-
GMA blend significantly improve, even though the
harmful effects of accelerated thermal and hydrolyt-
ic degradation of PLA at elevated processing tem-
perature have not been compensated by CE addition.
On the contrary, it is proposed that the short-chain
PLA molecules formed in situ during high-tempera-
ture thermomechanical processing play a key role in
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Figure 8. Relative crystallinity (Xc2) of the PLA/EBA-GMA
blends derived from DSC second heating curves.

Figure 9. Glass transition temperature (Tg) of the EBA-
GMA phase in the PLA/EBA-GMA blends de-
rived from TSDC curves.



enhanced toughening efficiency. Namely, low-mol-
ecular-weight PLA chains have a higher number of
functional end groups and increased mobility which
allows the rapid formation of toughening enhancer
interphase between the PLA and the reactive elas-
tomer, which provides a significant improvement in
the impact strength. According to this theory, a sim-
ilar beneficial effect on the toughening efficiency
can be expected when the processing-induced PLA
degradation is accelerated in the presence of humid-
ity, e.g., by omitting the drying step of PLA pellets
before melt processing.
At EBA-GMA contents lower than 15.0 wt%, the in-
tense PLA degradation during high-temperature
blending resulted in reduced mechanical perform-
ance, i.e., decreased impact strength, tensile strength
and modulus. At 15.0 wt% EBA-GMA, however, the
elongation at break increased, and the notched Izod
impact resistance improved by approx. 250% only
by applying a high blending temperature of 260 °C
instead of 240 °C or below. Decreased flowability
(MFI) of the melt accompanied by stabilized dis-
persed droplet size (as observed during SEM exam-
ination) indicated intensified compatibilization reac-
tions between the components. Facilitated interphase
nucleation accompanied by restricted crystallization
ability (as obtained from DSC analyses) and increased
degree of elastomer cross-linking (as found by TSDC
measurements) provided further evidence for effi-
cient reactive compatibilization on the PLA/EBA-
GMA interphase. As a result, raising the blending
temperature allows the production of high-impact-
resistant (a > 20 kJ/m2) PLA blends at reduced
(15.0 wt%) elastomer content, i.e., at a lower cost.
This recognition may contribute to the widening of
the application fields of this biopolymer.
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1. Introduction
Natural rubber (NR) is not used as an engineering
product unless it is cross-linked and reinforced with
fillers. Aside from achieving appropriate perform-
ance characteristics for end-use applications, incor-
porating a filler is a simple, effective, and generally
inexpensive method for enhancing the properties of
rubber products [1–4]. Various types of filler have
been applied in rubber composites, with carbon
black and silica being the most widely used fillers in
the rubber industries [1, 2].
Recently, the use of sepiolite as filler in rubber com-
posites has been the subject of research due to the
unique structure of sepiolite, allowing for the

enhancement of mechanical, thermal, and barrier
performance of composites [5–7]. Sepiolite, a natu-
rally occurring material, is a hydrous magnesium sil-
icate with the conceptual unit cell formula of
Si12Mg8O30(OH,F)4∙(H2O)4∙8H2O. It is a 2:1 phyl-
losilicate structural family having a fibrous morphol-
ogy with a length of about 0.2–4 µm. The structure
of the sepiolite has a tunnel-like micropore channel
and has silanol groups (Si‒OH) at the edges of the
tunnel, allowing for effective adsorption and im-
proved interaction with the rubber matrix [8, 9].
It has been reported that incorporating sepiolite by
milling technique enhanced the properties of the
composites, such as curing, mechanical, thermal,
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swelling, flammability, and morphological proper-
ties [5]. Di Credico et al. [10] have prepared NR/se-
piolite composites by using the latex-compounding
technique and found that this approach provided
more uniformity of sepiolite distribution in the rub-
ber matrix. The dynamic mechanical properties of
NR/sepiolites were greater than those of composites
prepared using the conventional milling approach.
However, the mechanical properties, i.e., tensile
and curing properties, were not reported. Recently,
Hayeemasae et al. [7] have investigated the effect of
sepiolite addition procedures (mill and latex mixing
approaches) on the properties of the NR/sepiolite
composites. They have discovered that the conven-
tional milling method improved composite proper-
ties due to better rubber–filler interactions attributed
to the nature of sepiolite, which does not swell in
water like other types of clay.
To our best knowledge, the effect of vulcanizing
agents on the properties of NR/sepiolite composites
has not been reported. Since the sepiolite contained
Si‒OH groups on its surface, determining the best
vulcanizing agents for this composite is of interest.
In this study, the NR/sepiolite composites containing
three different vulcanizing agents, namely, sulfur,
peroxide, and phenolic resin, were prepared. Ther-
momechanical and tensile properties were investi-
gated using temperature scanning stress relaxation
(TSSR) and tensile test. The microstructure changes
were investigated using small-angle and wide-angle
X-ray diffraction (SAXS, WAXS). The dispersion of
sepiolite filler was examined by using a scanning
electron microscope (SEM), and Fourier-transform
infrared spectroscopy (FTIR) was used to clarify the
interaction between NR and filler. The possibility of
properties enhancement for various composites was
discussed.

2. Experimental setup
2.1. Materials
NR-graded STR 5L was supplied by Chalong Con-
centrated Natural Rubber Latex Industry Co., Ltd.,
Songkhla, Thailand. Zinc oxide (ZnO, 99%) was
purchased from Global Chemical Co., Ltd., Samut
Prakan, Thailand. Stearic acid was purchased from
Imperial Chemical Co., Ltd., Bangkok, Thailand. Se-
piolite clay, having the main compositions of [wt%];
SiO2 (55%), Al2O3 (15%), Fe2O3 (3%) with traces
of water, was produced by Guangzhou Billion Peak
Chemical Technology Co., Ltd., Guangzhou, China.

The sulfur (S, 99%) cross-link agent and its acceler-
ator, dibenzothiazole disulfide (MBTS, 96%), were
supplied by Siam Chemical Co., Ltd., Samut Prakarn,
Thailand, and Shanghai Rokem Industrial Co., Ltd.,
Shanghai, China, respectively. Dicumyl peroxide
(DCP, 40%) crosslinker and its coagent, triallyl iso-
cyanurate, (TAIC, 98%), were purchased from
Wuzhou International Co., Ltd., Shenzhen, China, and
Sigma-Aldrich, Inc., Missouri, USA, respectively.
Phenolic resin cross-link agent containing methylol
content of 6.0–9.0% (HRJ-10518) and its catalyst,
stannous chloride (SnCl2, 98%), were supplied by
Schenectady International Inc., New York, USA, and
KemAus, New South Wales, Australia, respectively.

2.2. Rubber composite preparation 
NR and NR/sepiolite composites with various vul-
canizing agents, including sulfur (S), peroxide (P),
and phenolic resin (Ph), were prepared using a lab-
oratory-size internal mixer (Plastograph EC, Braben-
der GmbH & Co., Duisburg, Germany) with a mix-
ing chamber of 55 cm3. The chemical ingredients
listed in Table 1 were added in the order shown in
Figure 1. The NR with and without stearic acid and
ZnO were initially mixed for 3 min in an internal
mixer at a rotor speed of 60 rpm and 40 °C of mixer
temperature. It should be noted here that stearic acid
and ZnO were used as activators for the S cross-link
system. After that, the sepiolite filler was added to
the mixture and mixed for 5 min. Next, the curing
promotor (MBTS, TAIC, or SnCl2) was fed to the
mixing chamber and allowed to mix for 1 min. Fi-
nally, a curing agent (S, DCP, or Ph) was added to
the mixture and mixed for 1 min. After completion
of the mixing with a total mixing time of 10 min, the
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Table 1. Compound formulations for NR and its composite
compounds.

Chemicals
Quantity

[phr]
S-Sep 10 P-Sep 10 Ph-Sep 10

NR 100 100 100
Stearic acid 1
ZnO 3
Sepiolite clay 0 and 10 0 and 10 0 and 10
MBTS 1.5
S 1.5
TAIC 1.5
DCP 1.5
SnCl2 1
Phenolic resin 10



rubber compounds were then cross-linked through
compression molding (SLLP-50, Siam Lab, Non-
thaburi, Thailand) at 160 °C, following their respec-
tive curing times (t90) to obtain 1 mm thick cross-
linked sheets. The NR composite containing 10 phr
sepiolite samples cross-linked with sulfur, peroxide,
and phenolic resin systems were noted as S-Sep 10,
P-Sep 10, and Ph-Sep 10, respectively, while their
unfilled counterparts were indicated as S, P, and Ph,
respectively.

2.3. Rubber composite characterization
2.3.1. Curing properties
The curing characteristics of rubber compounds were
determined using a moving die rheometer (MDR
3000 Basic, Montech, Buchen, Germany) at 160 °C.
The minimum torque (ML), maximum torque (MH),
torque difference (MH ‒ ML), scorch time (tS1), and
cure time (t90) parameters were reported.

2.3.2. Fourier-transform infrared spectroscopy
(FTIR)

Attenuated total reflectance–Fourier-transform in-
frared (ATR-FTIR) spectra of all samples were char-
acterized using a Spotlight 200i spectrometer (Perkin
Elmer, Inc., Massachusetts, USA). Each spectrum
was recorded with resolutions of 4 cm‒1 from 4000
to 400 cm‒1.

2.3.3. Thermomechanical properties and
cross-link density

The thermomechanical properties and cross-link
density of NR and its composites were measured
using the temperature scanning stress relaxation
(TSSR) meter, (Brabender, Duisburg, Germany). The

dumbbell-shaped test specimens (ISO 527, type 5A)
of NR composites and neat NR were placed in the
heating chamber and stretched for 50% at 23 °C.
After 2 hours, the specimens were subjected to a
nonisothermal test at a heating rate of 2 °C/min until
the specimens were ruptured.
The apparent cross-link density (ν) can be estimated
from the maximum slope in the initial part of the
stress temperature curve using the Equation (1) [11]:

(1)

where R is the universal gas constant, λ is the nom-
inal strain ratio, and κ is the temperature coefficient
of stress which can be defined as the derivative of
mechanical stress (σ) as a function of temperature
(T) as Equation (2) [11]:

(2)

where, from the theory of rubber elasticity, the σ is
directly proportional to the absolute T, and this rela-
tionship can be shown as Equation (3) [11]:

(3)

were, ρ denotes the mass density, R is the universal
gas constant, λ signifies the extension ratio (λ = L/L0,
where L and L0 are the final and initial length of the
sample, respectively), and Mc is the average molar
weight of the elastically active network chains,
which is inversely proportional to the ν of the net-
works according to the following correlations (Equa-
tion (4)):

(4)

By combining Equations (2) and (3), the value of ν
at constant strain can be finally calculated from the
slope of stress versus temperature as previously ex-
pressed in Equation (1).

2.3.4. Tensile properties  
The tensile properties, including stress at 100 and
300% strains, tensile strength, and strain at break of
the composites with and without sepiolite filler, were
determined at 500 mm/min according to ISO 37
(Type 2) using universal testing equipment, LR5K
Plus (Lloyd Instruments, West Sussex, UK). The
dumbbell-shaped test specimens with a thickness of
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Figure 1. Sequence of chemical addition.



2 mm and an overall length of test specimens of
75 mm were used in this study.

2.3.5. Microstructural properties
Microstructural changes, i.e., distribution of sepiolite
filler in the cross-linked samples and crystallization
during stretching, were investigated using small-/
wide-angle X-ray scattering, SAXS/WAXS measure-
ment. Moreover, SAXS and WAXS measurements
were performed at the BL1.3W:SAXS/WAXS, Siam
Photon Laboratory, Synchrotron Light Research In-
stitute, Nakhon Ratchasima, Thailand. The WAXD
and SAXS data were taken during continuous
stretching at a 500 mm/min crosshead speed. The
SAXSIT data processing program was employed to
normalize and rectify all WAXD and SAXS data.
The degree of crystallinity [%] corresponding to the
(200) plane was estimated using the Equation (5) [12]:

Crystallinity [%]  (5)

where Ac denotes the area below the 200 crystalline
peaks and Aa denotes the amorphous halo area. The
average crystallite sizes corresponding to (200)
planes were estimated from the Scherrer equation
[13] (Equation (6)):

Crystalline size (6)

where K is equal to 0.89, λ is the wavelength, β is
the half width at half height, and θ is the Bragg
angle.
Structural changes, e.g., dispersion of cross-link net-
work structures in NR and distributions of the filler
in the composites with different vulcanizing agents,
were analyzed by using SAXS measurements. Two-
dimensional (2D) SAXS images were background
corrected and then integrated to obtain the scattering

intensity (I) as a function of the scattering vector (q).
The q is defined as Equation (7):

(7)

where λ is the wavelength and 2θ is the scattering
angle.

2.3.6. Morphological properties
Scanning electron microscopy (SEM) (Quanta 400,
Thermo Fisher Scientific, Brno-Cernovice, Czech Re-
public) was used to analyze the dispersion of se-
piolite clay filler in the NR matrix containing various
vulcanizing agents. The samples were fractured in
liquid nitrogen before sputter coating with gold to
minimize electrostatic charge buildup during testing.

3. Results and discussion
3.1. Curing properties
The curing characteristics of NR and its composite
compounds with various cross-link agents are dis-
played in Table 2. It was seen that the ML, the indi-
rect indicator of a compound viscosity, MH, the mod-
ulus of fully cross-linked composites, and MH – ML,
the distinction between the shear moduli of cross-
linked and uncrosslinked composites, increased with
the incorporation of sepiolite clay filler. Because the
sepiolite has a high aspect ratio and surface area [9],
the high surface area of the filler provides a more fa-
vorable surface for the filler to interact with the poly-
mer chains for interacting with the rubber molecules.
Physical interactions between rubber chain segments
adsorbing on filler surfaces served as additional
cross-links in composites, restricting the rubbery
matrix chain mobility. Consequently, the stiffness of
the composites has been enhanced [14]. Aside from
the difference between the shear moduli before and
after cross-linked and composites, MH – ML can be
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Table 2. Minimum torque (ML), maximum torque (MH), torque difference (MH ‒ ML), scorch time (tS1), and cure time (t90)
of NR and its composites with different vulcanizing agents.

Sample Curing parameters
ML

[dN·m]
MH

[dN·m]
MH ‒ ML
[dN·m]

tS1
[min]

t90
[min]

S 3.90±0.01 17.12±0.03 13.22±0.02 1.59±0.00 06.04±0.01
S-Sep 10 4.10±0.01 18.36±0.06 14.26±0.06 2.97±0.11 09.44±0.07
P 3.09±0.02 21.65±0.03 18.56±0.01 0.60±0.03 11.82±0.01
P-Sep 10 3.61±0.01 23.61±0.02 20.00±0.02 0.71±0.03 14.47±0.03
Ph 3.73±0.01 20.82±0.02 17.09±0.01 0.93±0.50 16.03±0.03
Ph-Sep 10 3.80±0.05 22.51±0.02 18.71±0.02 0.88±0.03 15.91±0.08



determined the relative cross-link density of rubber.
The relative cross-link density of rubber composites
increased with the incorporation of sepiolite filler. In
the composite, the increase of cross-link density has
resulted from good rubber–filler interactions [15, 16].
tS1 and t90 indicate the commencement of vulcaniza-
tion and the time required to achieve 90% of the MH
value, respectively [17]. Except for the phenolic resin
system, tS1 and t90 of NR composites cross-linked
with sulfur and peroxide systems were longer than
those of the neat cross-linked NR counterparts. Such
observation can be attributed to the small fraction of
chemical cross-links being absorbed in the structural
tunnels of sepiolite [6, 18]. Considering the compos-
ite cross-linked with the phenolic resin system, both
tS1 and t90 were slightly reduced, implying that the
curing reaction occurred faster when the sepiolite
was added. This decrease was probably attributed to

the competitive interaction between phenolic resin
with rubber chains (cross-link reaction) and phenolic
resin with sepiolite filler, as will be discussed later.

3.2. Fourier-transform infrared spectroscopy
(FTIR)

Figure 2 depicts the FTIR spectra of pure sepiolite
and NR/sepiolite composites with different vulcan-
izing agents in the wavenumber range of 400–
4000 cm–1 (Figure 2a), 3000–4000 cm–1 (Figure 2b),
and 400–1200 cm–1 (Figure 2c). For comparison, the
spectra of their unfilled counterparts were also includ-
ed. From Figure 2a, the characteristic peaks at ap-
proximately 428, 469, and 535 cm–1 in pure sepiolite
were particularly assigned to Si–O–Si bending vibra-
tion, whereas the broadband centered at 1031 cm–1

corresponded to the stretching of Si–O [19]. The
band at 3690 and 3627 cm–1 were ascribed to the
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Figure 2. FTIR spectra of NR and its composites with different vulcanizing agents in the wavenumber range of a) 400–
4000 cm‒1, b) 3000–4000 cm‒1, and c) 400–1200 cm‒1.



OH groups in the octahedral sheet and the OH stretch-
ing vibration in the external surface of sepiolite, and
the broad peak centered at 3450 cm–1 in the range of
3600–3200 cm–1 was attributed to OH stretching of
the zeolitic water in the sepiolite channels [19, 20].
For the NR cross-linked with sulfur (S), peroxide (P)
and phenolic resin (Ph), the important characteristic
peak of cross-linked NR was found at 837 cm–1,
which was associated with the out-of-plane bending
vibration of C–H in the –CH=CH– group of cis-1,4-
unit [6, 21]. With the exclusion of the Ph sample, all
NR cross-linked with other systems did not exhibit
a peak in the bands between 4000 and 3000 cm–1

(Figure 2b). The peak at 3330 cm–1 found in the Ph
sample was attributed to –OH vibration of phenolic
resin [22]. Up on the addition of sepiolite to the NR,
the peak assigned to the OH stretching of sepiolite
(3690 cm–1) and –OH stretching from the zeolitic
water (3296 cm–1) were observed in all composites,
indicating the presence of sepiolite dispersion in the
rubber matrix. The phenolic resin cross-linked com-
posites (Ph-Sep 10) caught the attention since they
showed two peaks at 3430 and 3300 cm–1, while
these two peaks were not found in the composites
cross-linked with peroxide (P-Sep 10) and sulfur
(S-Sep 10) systems. When compared to those Ph, P,
and S-Sep 10 samples, it was more likely that the
–OH groups in Ph-Sep 10 had different chemical en-
vironments, indicating the probability of a hydrogen
bonding (H-bond) between the –OH groups of the
phenolic resin and the –OH groups of the sepiolite
filler.
Considering the peak at 428 cm–1 in different com-
posites (Figure 2c), a significant change was found
in the spectrum of the Ph-Sep 10 compared to those
of P-Sep 10 and S-Sep 10. The Ph-Sep 10 had a
shoulder and broad peak at 428 cm–1, whereas the
others had simply a single sharp peak. Additionally,
the broad peak at 1082 cm–1 due to C–O stretching
in phenolic resin found in the Ph sample was also
sharpened in Ph-Sep 10. These findings revealed that
the O–Si–O and C–O present in the Ph-Sep 10 had
different chemical environments when compared with
those of P-Sep 10, S-Sep 10, Ph, and pure sepiolite.
The OH group of phenolic resin (–CH2OH) in the
cross-linked precursor might chemically react with
the silanol group (–SiOH) located at the edges sur-
face of sepiolite. It is widely accepted that many
silanol groups (–SiOH) are located along the margins
of the sepiolite structure [8, 9], whereas the phenolic

resin contains a hydroxyl (–OH) as a functional
group. These two groups can interact with one other
at molding temperatures (160°C) via chemical bond-
ing between silanol groups (–SiOH) located at the
sepiolite edges and the OH group of phenolic resin,
resulting in a Si–O–C bond, whereas hydrogen bond-
ing is possible at low temperatures. According to the
reports [22, 23], the peak for the Si–O–C bond ap-
pears at 1085 cm–1, which may merge with the broad
peak at 1082 cm–1 in this study. The presence of both
the Si–O–C bond and the hydrogen bond was previ-
ously reported in composites composed of NR/clay
nanocomposites [22], epoxidized natural rubber-
(ENR-) silica [23], and ENR-sepiolite [24]. The
presence of additional hydrogen bonding at low tem-
peratures would result in the improvement of various
properties. These hydrogen bonds would not affect
the rheometer torque at vulcanization temperature
because they exhibited temperature-dependent be-
havior, i.e., they disintegrate at elevated tempera-
tures [25]. As a result, the t90 of Ph and Ph-Sep 10
were almost comparable. Figure 3 depicts a possible
interaction between the phenolic resin and sepiolite
through the formation of hydrogen bonding and the
Si–O–C bond. In addition to the cross-link reaction,
these interactions would serve as an extra cross-link-
ing point, resulting in faster scorch and cure times.

3.3. Thermomechanical properties and
cross-link density

Figure 4 illustrates the normalized force curves of
NR and its composites with different vulcanizing
agents as a function of temperature obtained from
temperature scanning stress relaxation (TSSR) meas-
urement. At temperatures of 30–50 °C, the initial
normalized force of all samples increased slightly
due to the entropy effect [26, 27]. A slight reduction
of force at 50–100 °C was probably due to the de-
tachment of physical bonding among rubber mole-
cules or between rubber and filler. At temperatures
above 100 °C, the force abruptly decreases toward
zero due to chain scission, and cleavage of network
bridges between rubber molecules caused by ther-
mo-oxidative reaction occurs [28]. Depending on the
cross-linked systems, the force at any given temper-
ature of cross-linked NR was shifted to a higher tem-
perature. In the case of sulfur cross-linked NR, the
decrement of force was found at a lower temperature
than those of peroxide and phenolic systems due to
lower bonding dissociation energy of the cross-linked
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generated by the sulfur system, i.e., monosulfidic
(C–S–C; 285 kJ/mol), disulfidic (C–S–S–C;
268 kJ/mol), and polysulfidic (C–S–Sx–C;
252 kJ/mol) [29, 30]. In contrast, the C–C bonds
generated from peroxide and phenolic systems pro-
vide a bear bonding energy of 344 kJ/mol, having
higher dissociation energy than those of sulfidic
cross-links [29, 31]. Therefore, the rubber cross-
linked with the sulfur system had a more readily net-
work bridge breakdown at elevated temperatures
than peroxide and phenolic systems.
Moreover, the incorporation of sepiolite slightly shift-
ed the force reduction toward higher temperatures

compared to their unfilled counterparts at 120–
170°C. This was attributed to the sepiolite acting as
a thermal insulator and as the mass transport barrier
to the volatile products generated during decompo-
sition [32]. The parameters obtained from TSSR
measurement in terms of initial stress (σ0) and the
temperature at which the force ratio was reduced to
10, 50, and 90% (T10, T50, and T90) concerning the
initial force value [11], are shown in Table 3.
Table 3 shows that T10, T50, and T90 of the NR were
enhanced by adding sepiolite due to the thermal in-
sulator characteristic of the filler, as previously
mentioned. Furthermore, the sepiolite filler may
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Figure 3. The probable mechanism of interactions between phenolic resin and sepiolite filler.

Table 3. Initial stress (σ0), the temperature at which the force
ratio was reduced to 10, 50, and 90% with respect
to the initial force value (T10, T50, and T90), and
cross-linked density (ν) of NR and its composites
with different vulcanizing agents.

Sample
TSSR parameters

σ0
[MPa]

T10
[°C]

T50
[°C]

T90
[°C]

ν
[mol/m3]

S 0.23 121.30 150.50 218.00 74.68
S-Sep 10 0.23 127.10 153.30 215.00 76.33
P 0.35 133.90 247.20 271.90 74.60
P-Sep 10 0.30 136.60 244.30 281.10 77.22
Ph 0.35 144.70 234.70 284.60 75.11
Ph-Sep 10 0.44 146.40 237.30 284.10 99.03

Figure 4. Normalized stress-temperature curves of NR and
its composites with different vulcanizing agents.



also adsorb some rubber chains, thereby retarding
softening of the composites. It should be noted here
that the T50 value in the P-Sep 10 was lower than in
its unfilled sample, which was most likely due to
poor dispersion and/or weak interaction between
rubber and filler, as discussed later in the morpho-
logical properties section.
Considering σ0 and cross-link density (ν) of various
samples, a significant improvement of both σ0 and
ν was observed in the Ph-Sep 10. Compared to their
counterparts, σ0 and ν for the phenolic resin cross-
linked NR/sepiolite composite were improved by
about 25 and 30%, respectively, while other sys-
tems showed only a minor improvement. This vast
improvement surely suggested the establishment of
an additional bonding network between the phenolic
and sepiolite fillers, retarding the motion of the rub-
ber chains and strengthening the materials. It should
be noted that the cross-link density of pure NR with
various vulcanizing agents ranged from 74 to
75 mol/m3, which was extremely low. As a result,
the initial cross-link density obtained from these
three systems can be assumed to be comparable and
worthy of further comparison. 
Figure 5 shows the time-dependent normalized stress
(F/F0) of NR and its composites with different vul-
canizing agents during isothermal stress relaxation.
This is an alternative approach to evaluating the rub-
ber–filler interaction. Moreover, strong interaction be-
tween filler particles and rubber chains usually retard-
ed the stress relaxation rate [7, 33]. Figure 5 shows
that all composite samples showed a linearly de-
creasing trend of stress over time. A decrease in steep
stress was observed in the S-Sep 10 and P-Sep 10
samples, implying that the molecular relaxation was

very fast in these two samples. A lower stress relax-
ation rate was observed in the Ph-Sep 10, implying
the stronger interaction between rubber and filler
presented in this sample. This could be due to the
formation of physical/chemical bonding between
phenolic resin-NR and sepiolite filler, as shown in
Figure 3.

3.4. Tensile properties
Figure 6 illustrates a typical stress-strain relationship
for the pure NR and NR composites with various
curing processes. Comparing to their unfilled coun-
terparts, incorporating sepiolite into the NR en-
hanced the stress at given strains, and the strain
where the steep increase of stress occurred was
found at much lower strains. This finding revealed
that introducing sepiolite increased the stress of NR,
lowering the point of strain at the stress upturn.
The tensile properties in terms of 100% modulus
(M100), 300% modulus (M300), tensile strength
(TS), and elongation at break (EB) are listed in
Table 4. The incorporation of sepiolite filler en-
hances the M100 and M300, which could be due to
the hydrodynamic effect arising from the inclusion
of rigid particles. The incorporation of sepiolite filler
reduced the mobility of the rubber chains, resulting
in more rigid, stiffer, and harder composites [34].
Additionally, an increase in the cross-linking density
created by rubber–filler interactions was also another
reason for the increase of the modulus [15], as pre-
viously suggested by MH – ML.
Likewise, the TS of the NR was found to increase with
the addition of sepiolite. Masa et al. [6] have ascribed
this improvement to a needle-like shape of sepiolite
with a high aspect ratio, which offered considerable
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Figure 5. Normalized stress during isothermal stress relax-
ation of NR and its composites with different vul-
canizing agents.

Figure 6. Representative stress-strain curves of NR and its
composites with different vulcanizing agents.



Fsurface area to contact with the rubber, allowing for
efficient stress transfer. Moreover, the rubber chains
that possess linear chains can fit into the tight chan-
nels in the structure of sepiolite, causing a high in-
teraction between sepiolite and NR [35].
It is worth highlighting that a massive increment in
tensile modulus and TS was again noticed in the
Ph-Sep 10 sample. The improvement of M100 and
M300 in Ph-Sep 10 was about 43 and 69%, respec-
tively, and the TS was about 78% compared to that
of its unfilled sample, while the other vulcanizing
agents (S-Sep 10 and P-Sep 10) showed only a slight
improvement that was less than 35%. Such signifi-
cant improvements noticed in the Ph-Sep 10 were at-
tributed to a strong interaction between sepiolite and
rubber due to the presence of phenolic resin, which
resulted in improved stress transfer efficiency be-
tween the rubber matrix and the filler, resulting in
greater modulus and TS. On the other hand, a slight
improvement in the other vulcanizing agents could
be attributed to the physical interaction between rub-
ber and sepiolite filler. As a result of total cross-link
density enhancement, the composites showed stiffer
vulcanizates, limiting the deformation of the com-
posites. Therefore, the EB of the composites was re-
duced.

3.5. Morphological properties
Scanning electron microscopic (SEM) analysis was
performed to understand better the dispersion of se-
piolite in an NR matrix comprising various vulcan-
izing agents. Figure 7 shows the micrographs of cryo-
fractured surfaces of NR/sepiolite composites with
various vulcanizing agents as observed through the
SEM technique. The cross-link agents were discov-
ered to have significantly impacted the dispersion of
sepiolite filler (lighter dispersed phases) in the rubber

matrix (darker background). The smallest size,
from 0.25 to 6.00 µm, with the most homogeneous
dispersion, was observed in the Ph-Sep 10 sample
(Figure 7c), which was slightly better than that of the
S-Sep 10 (Figure 7a).
The use of phenolic resin was presumably advanta-
geous because the OH group in the phenolic resin
may interact with the silanol groups (–SiOH) found
on the sepiolite edges filler, as revealed by FTIR,
causing homogeneity in sepiolite dispersion through-
out the rubber matrix. This would almost certainly
result in a significant improvement in the thermome-
chanical properties and mechanical properties of
Ph-Sep 10. Although the sepiolite dispersion in
S-Sep 10 and Ph-Sep 10 was slightly different, the in-
crease in TS of Ph-Sep 10 was nearly double that of
S-Sep 10 compared to their unfilled counterparts.
This significant improvement could only be achieved
through strong interaction between filler and rubber.
On the other hand, several agglomerates with the size
of about 0.50–20.00 µm with the poorest dispersion
were seen in the P-Sep 10 sample (Figure 7b). Such
large aggregation found in the P-Sep 10 would sure-
ly destroy adhesion between rubber and filler, which
may cause a reduction of mechanical properties, such
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Figure 7. SEM micrographs of a) S-Sep 10, b) P-Sep 10, and c) Ph-Sep 10.

Table 4. Tensile properties in terms of 100 and 300% mod-
ulus (M100 and M300), tensile strength (TS), and
elongation at break (EB).

Sample Tensile properties
M100
[MPa]

M300
[MPa]

TS
[MPa]

EB
[%]

S 0.66±0.03 1.29±0.10 10.42±0.01 766±19
S-Sep 10 0.70±0.07 1.67±0.01 14.04±2.08 688±80
P 0.63±0.01 1.72±0.04 8.21±0.81 497±12
P-Sep 10 0.78±0.04 2.08±0.09 11.02±0.68 490±11
Ph 0.61±0.02 1.49±0.14 11.90±0.14 606±14
Ph-Sep 10 0.87±0.01 2.52±0.08 21.19±0.72 588±13



as TS and EB of the composite samples. Poor dis-
persion of sepiolite in P-Sep 10 was probably attrib-
uted to part of the sepiolites being reaggregated dur-
ing the vulcanization process. The related mecha-
nism of this reaggregation is not clear at the moment.
To clarify the aggregation of sepiolite during vulcan-
ization, further investigation is required. However,
similar behavior has been found in sulfur-
crosslinked rubber/clay nanocomposites, and it was
suggested that because of some organic cations were
being ejected because of a probable reaction between
the intercalant and vulcanizing agents [36, 37].

3.6. Microstructural properties
Figure 8 shows representative two-dimensional (2D)
wide-angle X-ray scattering (WAXS) photographs
of the composite sample (Ph-Sep 10) before (0%
strain) and after deformation to 400% strain. Since
no strain-induced crystallization occurs, no reflec-
tion spot was found for the sample before stretching
(Figure 8a). When the strain-induced crystallization
took place while stretching, various reflection spots
were noticed due to the highly oriented crystal of NR
induced by the stretching (Figure 8b). The most in-
tense spots corresponded to different planes, i.e.,
(200), (201), and (120). Among various intense re-
flection spots, the variation in crystallography cor-
responding to the (200) plane was investigated to
evaluate the influence of sepiolite addition and types
of cross-link agents on the microstructures of NR.
Figure 9 shows the degrees of crystallinity corre-
sponding to the (200) planes of various cross-linked
NR and composites. The crystallinity of all samples
increased with increasing strain, proving that the
crystallization of the NR was caused by deformation-
induced crystallization. It is also seen that incorpo-
rating sepiolite filler increased the crystallinity of NR
in all cases, depending on their dispersion. A signifi-
cant enhancement of crystallinity was observed when

the NR composites were cross-linked by sulfur
and phenolic resin. As previously demonstrated in
Figures 7a and 7c, good sepiolite filler dispersion in
S-Sep 10 and Ph-Sep 10 significantly improved the
crystallinity of NR due to high numbers of interfacial
interactions (physical and/or chemical) between the
NR chains and the filler. The presence of interfacial
interactions would prevent the NR chain from mov-
ing, favoring alignment of the NR chains along the
stretching direction, and resulting in more crystallini-
ty [22, 38]. At the same strain, the crystallinity of Ph-
Sep 10 was greater than that of S-Sep 10 due to the
better interaction between rubber and filler phases.
On the contrary, these interactions would be very
limited in NR composites with poor filler dispersion
(Figure 7b), preventing the rubber chains from align-
ing and crystallizing. Thus, the overall crystallinity
of P-Sep 10 is not higher than that of unfilled rub-
bers. A reduction of crystallinity in NR composites
with poor dispersion was also reported [38].
One may argue that less complexity in peroxide
would provide a better change in crystallization
compared to other systems. However, the addition
of sepiolite makes the systems more complicated.
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Figure 8. 2D WAXS images of the composite sample a) before and b) after stretching.

Figure 9. Degree of crystallinity at various strains in the NR
and its composites with different vulcanizing
agents.



The introduction of filler in NR changes the stress
field, increases the local strain of the chain, and leads
to local heterogeneities [39]. Thus, the changes in
various properties were more complicated even in a
less complex peroxide system. In addition, the stain
at which the crystallization took place was found at
the lower strain in the composites, thus lowering the
strain where the stress upturn occurred in the stress-
strain curves when the unfilled samples were com-
pared (Figure 6). This was probably attributed to the
addition of the filler enhanced the network chain
density, reducing then the distance between the
cross-link points and shortening some rubber chains.
These shorter chains are responsible for enhancing
stain-induced crystallization at a small strain. Fur-
thermore, the physical interaction between the filler
and rubber chains is sufficient for improving the
strain-induced crystallization of the NR [40]. The
highest ability of strain-induced crystallization was
observed in the Ph-Sep 10, where the highest TS was
achieved. The strong rubber–filler interaction caused
by the phenolic resin and sepiolite filler could clarify
this phenomenon.
Considering the NR samples containing various vul-
canizing agents, it was found that the type of cross-
links formed in the rubber matrix has a significant
effect on the crystallization process during stretch-
ing, although their cross-link densities (Table 3)
were comparable. This suggested that the type of
cross-link formation and distance between two
cross-link points, as circled in Figure 10, could in-
fluence the strain-induced crystallization behavior.
As previously suggested in the vulcanized NR with
varied sulfur cross-link types (mono-, di- and poly-
sulfidic) [41], short monosulfidic, or disulfidic link-
ages could better restrict the movement of the rubber
chains compared to long polysulfidic linkages, ac-
celerating, and enhancing the crystallization process.
Therefore, the short and rigid structure of cross-links
induced from the peroxide system (Figure 10b) may

better constrain the NR chain mobility, facilitating
the orientation of the chains and thus enhancing the
crystallization process during stretching. The highest
crystallinity was found in the peroxide system, while
the lowest crystallinity was observed in the sulfur
system. It was reported that the NR cross-linked with
peroxide exhibited a higher degree of crystallinity
than the NR cross-linked with sulfur due to the per-
oxide system producing a more homogeneous net-
work structure than the sulfur system [42].
Figure 11 displays the variation of crystalline size cor-
responding to the (200) plane at various strains in the
NR and its composites with different vulcanizing
agents. The crystallite size varied from approximate-
ly 60 to 130 Å, depending on the strains and vulcan-
izing agents. All the unfilled samples and composites
showed a fluctuation in crystalline size with the vari-
ation in strains. It is believed that the strain-induced
crystallization process involves two competing
processes. Stretching, on the one hand, resulted in
crystallite generation and crystallite growth, while
on the other hand, declined crystallite formation and
disappeared the generated crystallites. These events
are thought to occur in a rubber matrix at random but
more or less correlatively [42]. These two phenomena
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Figure 10. Cross-link formation from a) sulfur, b) peroxide and c) phenolic resin systems.

Figure 11. Variation of crystallite size at various strains in
the NR and its composites with different vulcan-
izing agents.



may result in the fluctuation in crystallite size during
stretching. However, the changes in crystalline size
were very small in the Ph-Sep 10. Such observation
was probably attributed to the homogeneity of filler
dispersion with strong rubber–filler interaction. To
prove the homogeneity of filler dispersion in various
samples, the small-angle X-ray scattering technique
was applied.
Small-angle X-ray scattering (SAXS) measurements
of all samples were performed to investigate the

structures of the cross-link distribution and filler dis-
tributions [43]. A plot of the scattering intensity (I)
against the scattering vector (q) of NR and its com-
posites containing various vulcanizing agents is
shown in Figure 12. Figure 12a shows that the scat-
tering intensities of all unfilled NR with various vul-
canizing agents showed a strong upturn in the low q
region due to the heterogeneous network structures
in the vulcanizates created by cross-linking network
structures [44, 45]. Since the variation of scattering
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Figure 12. Correlation of the scattering intensity I with the scattering vector q for the a) unfilled NR samples and b) sulfur,
c) peroxide, and d) phenolic resin cross-linked NR and their composites.



intensities of all unfilled samples were not signifi-
cantly different, it can be assumed that the structure 
of cross-link networks with varied vulcanizing agents 
was almost similar. In the case of composites, there 
was a clear difference in scattering intensity between 
cross-linked NR and cross-linked composites. The 
SAXS intensity patterns for cross-linked composites 
displayed higher intensity than those of cross-linked 
counterparts (Figure 12b–12d). Therefore, the dif-
ference in the pattern of SAXS for cross-linked com-
posites should be attributed to the presence of sepi-
olite filler. The presence of sepiolite altered the local 
electron density, which SAXS can detect. Notably, 
the scattering intensity of P-Sep 10 was substantially 
higher than that of the corresponding unfilled sample 
(Figure 12c), owing to poor sepiolite dispersion in 
the NR matrix, as evidenced by SEM (Figure 7), 
which causes high electron density fluctuation. 
In contrast, the scattering intensity of the compos-
ites cross-linked with sulfur and phenolic resin 
(Figures 12b and 12d) remained nearly unaltered 
after the filler was added. Such phenomenon was at-
tributed to the homogeneous dispersion with the 
smallest dimensions of sepiolite in the rubber matrix, 
as previously confirmed by SEM investigation. The 
SAXS results matched well with those obtained 
from the SEM observation.

4. Conclusions
In this study, composites of NR filled with sepiolite
were prepared. The influence of several vulcanizing
agents, including sulfur, peroxide, and phenolic
resin, on the properties of the NR composites was
investigated. Compared to other vulcanizing agents,
the phenolic resin improved thermomechanical
properties with the lowest stress relaxation rate. The
highest tensile stress and TS were also achieved
when the phenolic resin was used as a crosslinker.
The enhancement was about 69% for tensile stress
at 300% strains and about 78% for the TS. Such sig-
nificant improvement was attributed to the homo-
geneity of small sepiolite dispersion with strong ad-
hesion between rubber and filler through the assis-
tance of phenolic resin, as suggested by FTIR. Such
strong interaction facilitated the strain-induced crys-
tallization process in the NR. The phenolic resin was
the best vulcanizing agent for preparing NR com-
posites containing sepiolite as filler.
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1. Introduction
The textile industry generates a large amount of
waste, leading to waste accumulation, greenhouse
gas emissions, and environmental pollution. Textile
wastes are often classified as pre-consumer (fibers,
yarns, fabrics, and mixed fiber/yarn/fabric with chem-
icals), post-consumer (discarded garments), and in-
dustrial waste (technical textiles, carpets, durries,
conveyor belts, industrial ropes, drive belts, medical
textiles). Most of these discarded textiles can be re-
cycled but are landfilled or incinerated due to the
cost involved [1]. Textile waste can be valorized de-
pending on its type, form, and usability. A recent re-
view on the valorization potential of textile wastes
is presented elsewhere [2]. Textile wastes could be
valorized for numerous applications, including tex-
tile manufacturing, energy generation [3], building

materials [4], packaging film [5], paper [6], and com-
posites [7]. Textile waste includes fiber/yarn/fabric
of cotton, cellulose (viscose, flax, hemp, kapok, rami),
wool, polyester (PET), nylon-6, acrylic, and poly -
propylene.
Recently, viscose-rayon has been gaining much at-
tention as a raw material for green textiles [8]. It is
a manmade regenerated cellulosic textile produced
from the wet spinning process of natural sources like
woods [9, 10] that are later converted into yarns.
Yarns are further used in textile weaving, hand-knot-
ted carpet weaving, home furnishing, and industrial
textile applications [9, 10]. In the textile weaving
processes, a huge amount of cut viscose-rayon yarns
waste is generated [11, 12], which is either inciner-
ated or landfilled [1, 13]. A few research articles
have been reported on the valorization potential of
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viscose-rayon for energy production [14], reinforce-
ment in building materials [4], reinforcement in
polymer composite [15], and extraction of nanocel-
lulose (NC) [16]. Viscose-rayon consists of pure
alpha-cellulose and hence possesses numerous sur-
face hydroxyl groups, which are reactive and interact
strongly with the polar polymer matrix; otherwise,
the presence of lignin and hemicellulose as in native
cellulose fibers resulted in weak interactions with a
polar matrix like nylon [20].
Nylon-6 is a synthetic polymer extensively used in
textile production [17], packaging [18], composites
[19], and many other applications [3, 20–23] due to
its excellent mechanical and thermal properties,
transparency, and resistance to chemicals [24]. Con-
sequently, an enormous amount of nylon waste is
generated annually, which needs urgent attention.
Packaging and composite waste of nylon often con-
tain multi-layered components [25], which makes re-
cycling or valorization cumbersome. However, a few
research articles on nylon textile waste valorization
are reported for applications like insulation material
[21], building material [20], energy [23], and filtra-
tion membrane [22] due to the simplicity and purity
of nylon-6 in textile waste. The industrial-grade of
nylon-6 is often reinforced with cellulosic-based
fibers like flax, hemp, hardwood [19], nano/micro-
fibrillated cellulose (NFC/MFC) [26], and cellulose
nanocrystals (CNC) [27] to enhance the mechanical
properties of composites. The tensile strength in-
creased by 23.82% with the addition of fibers, and
lower crystallinity was observed with the addition of
NFC/MFC and CNC. Apart from cellulosic fillers,
graphene has been previously added to the recycled
nylon-6 matrix to enhance the tensile strength of the
films at a lower concentration of 2 wt% [28]. In an-
other study impact strength of recycled nylon-6 was
improved by 55.5% with the addition of Hytrel (elas-
tomer) [29]. However, for packaging applications,
both mechanical and barrier properties (like oxygen
transmission rate, OTR, and water vapor transmis-
sion rate, WVTR) of pure nylon-6 were targeted by
blending with nanoclays like montmorillonite [30]
and Cloisite 30B [31], which increased oxygen bar-
rier by 2.8 times. With the continuous trend of sus-
tainability, green fillers are favored. In addition, waste
management practices leading to waste-to-wealth
and circular economy are the prime concern of many
counties [32]. Nylon-6 is used as a packaging mate-
rial where an oxygen barrier is required, but it absorbs

water and loses its barrier properties because it is hy-
groscopic. Therefore, it is a sandwiched layer for
packaging applications [18]. Inorganic materials
such as nanoclay have enhanced water and oxygen
barrier properties of nylon-6 [30]. The barrier prop-
erties of nylon-6 textile waste can also be enhanced
using bio-based nanomaterials like nanocellulose,
but it is never reported and explored. Due to the pres-
ence of polar groups in nylon-6, it is expected to
have higher compatibility with the hydroxyl groups
of cellulose [20], along with good dispersion. Thus,
compatibilizers or coupling reagents are not needed
for composites.
In the present study, powdered nanocellulose was in-
corporated (derived from viscose-rayon textile waste)
in the nylon-6 matrix (obtained from nylon textile
yarn waste) to produce nanocomposite films. A de-
tailed raw material analysis of nylon textile waste
was conducted, revealing a few nucleating agents,
plasticizers, and antioxidants in nylon textile yarn
waste. Nanocomposite films containing a variable
amount of nanocellulose were characterized for their
morphological (field emission scanning electronmi-
croscopy, FESEM; atomic force microscopy AFM),
chemical (FTIR), thermal (TGA, DSC), mechanical
(universal testing machine, UTM), and barrier prop-
erties (WVTR, contact angle). This work empha-
sized the importance of nanocellulose extraction
from viscose yarn waste and used it as a green filler
for the nylon matrix. In addition, nylon yarn textile
waste was proposed as a cheap alternative to expen-
sive industrial-grade nylon-6 for various appropriate
applications.

2. Materials and methods
2.1. Materials
Nylon scrap yarn waste was collected from Kusum-
gar Corporates Pvt. Ltd. (Textile Mill, Vapi, Gujrat,
India), and the viscose-rayon yarn waste was obtained
from a local yarn vendor (Bhadohi, Uttar Pradesh,
India). Sulphuric acid (97% pure) and acetic acid
(98% pure) were purchased from Avantor Perform-
ance Materials India Limited (India).

2.2. Sample preparation
2.2.1. Extraction of nanocellulose from

viscose-rayon yarn waste
The acid hydrolysis technique was adopted from
elsewhere [16] to extract nanocellulose from viscose
yarn waste. First, the viscose yarn was cut into small
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fibers, washed thoroughly with hot water, and dried.
The 64 wt% H2SO4 solution was prepared and cooled
in an ice bath. 1 g of viscose yarn was slowly added
to 20 ml of cold 64 wt% H2SO4 solution under stir-
ring to avoid the decomposition of viscose yarn. Fur-
ther, heating was done at 40 °C in an oil bath placed
over a hot plate magnetic stirrer. The hydrolyzed
sample was collected after the reaction time of 30 min-
utes and appeared white, suggesting no over degra-
dation of nanocellulose, which would otherwise turn
dark yellowish [16]. The suspension was immediate-
ly cooled by adding 400 ml of cold deionized water
to stop the reaction, and the pH was also increased
from 1 to 3. A turbid supernatant of nanocellulose sus-
pension was formed and kept for settling down for
over 48 hours that was later drained and collected.
To eliminate the free excess acid from the nanocel-
lulose, a semi-permeable membrane was used for
dialysis against deionized water for 72 hours until a
neutral pH was attained. Finally, the nanocellulose
sample was ultrasonicated, refrigerated at –40°C, and
further lyophilized at –70 °C to obtain nanocellulose
powder.

2.2.2. Fabrication of neat nylon and nylon
nanocomposite films

Nylon yarn waste was washed thoroughly with hot
water to remove any surface impurities and later
dried and stored at 23 °C and 50% RH. Neat nylon
and nanocomposite films were developed using acetic
acid as a green solvent by the solution casting method.
0.4 g of nylon yarn was dissolved in 27 ml of acetic
acid (1.5% w/v). The stirring was done for 45 min-
utes at 80°C using a temperature-controlled hot plate
magnetic stirrer. The nanocellulose powder derived
from viscose yarn waste was dispersed into nylon
acetic acid solution under continuous stirring for
5 minutes with a concentration of 0% (neat, control),
0.1, 0.5, 1, and 2 wt%. The resulting solution was
then cast into 90 mm diameter glass Petri dishes
using a surface leveler to obtain films of uniform
thickness. The solvent was evaporated in a hot air
oven at 50±3°C for 12 hours, and films were peeled
off from the Petri dishes. Before physical, chemical,
and mechanical testing, the prepared nylon nano -
composite films were stored at 23 °C and 50% RH
in a regulated environment [33]. All prepared films
will be denoted as Neat Nylon (nylon film with 0%
nanocellulose), Nylon-0.1% (nylon film with 0.1%
nanocellulose), Nylon-0.5% (nylon film with 0.5%

nanocellulose), Nylon-1% (nylon film with 1% nano -
cellulose), and Nylon-2% (nylon film with 2% nano -
cellulose) throughout the text.

2.3. Characterization
2.3.1. Fourier transform infrared spectroscopy

(FTIR)
Attenuated total reflection Fourier-transform in-
frared spectroscopy or ATR-FTIR was conducted to
determine the chemical composition of nylon yarn
waste, viscose yarn waste, nanocellulose, and nano -
composite films, using Perkin Elmer, C91158 spec-
trophotometer (Chicago, USA). FTIR spectra were
collected between 4000 and 500 cm–1 wavenumbers
with a resolution of 4 cm–1 and averaged over
16 scans. The spectra were baseline corrected and
normalized for comparative analysis to determine
the changes in chemical content.

2.3.2. Field emission-scanning electron
microscopy (FESEM)

The variation in surface and cross-section morpholo-
gies of nylon yarn waste, viscose yarn waste, nano -
cellulose, and nanocomposite films was inspected by
Field Emission Scanning Electron Microscopy
(MIRA3 LMH Tescan, USA), operating at an accel-
erating voltage of 5 kV. The cross-sections were ob-
tained by cryo-fracturing in liquid nitrogen. Each
sample was sputter-coated with a thin gold layer (2–
10 nm) using glow discharge plasma to improve
conductivity and picture clarity [34].

2.3.3. Atomic force microscopy (AFM)
The nanoscale’s topography of nanocellulose pro-
duced from viscose waste was further studied with
atomic force microscopy (AFM, Bruker Dimension
Icon AFM, USA). A dilute suspension of nanocellu-
lose was probe sonicated and drop cast over a glass
slide. The glass slide was dried overnight at ambient
conditions, and images were obtained in Scan Assist
mode using silicon nitride tips. The diameters of
nanocellulose were analyzed using Nanoscope analy-
sis software.

2.3.4. Differential scanning calorimetry (DSC)
The thermal behavior of nylon yarn waste and all
fabricated nylon-based nanocomposite films was
studied using differential scanning calorimetry (TA
Instruments, New Castle, DE, USA, DSC 25) under
a constant nitrogen gas flow. Double heating cycles
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with an intermediate cooling cycle were performed
on each 5 mg weight sample (sealed in aluminum
pans). To erase the thermal history, samples were
heated from 0 to 250 °C at 10 °C/min during the first
heating cycle and maintained at 250°C for 2 minutes
before being cooled to 0°C at 10°C/min. The sample
was then heated a second time at 10 °C/min from 0
to 250 °C. Three measurements were taken for each
sample. The thermogram’s second heating cycle was
used to determine the glass transition (Tg), melting
point (Tm), and melting enthalpy (Hm). The cooling
cycle was used to measure the temperature of melt
crystallization (Tmc). Equation (1) was used to cal-
culate the total crystallinity (Xc) of nylon yarn waste
and nylon-based nanocomposite:

(1)

where the melting enthalpy of the generated crystals
in the nylon-6 is ∆Hm, while the theoretical enthalpy
value for a 100% crystalline nylon-6 is ∆H0

m (190 J/g)
[35], and α is the weight fraction of nanocellulose
content in nanocomposite films.

2.3.5. Thermogravimetry analysis (TGA)
The thermal degradation behavior of samples was
studied using thermogravimetric (TA Instruments,
New Castle, DE, USA, TGA 55). The sample weight
of around 5 mg was heated from 25 to 600°C at
10°C/min (ASTM E1131). The testing was conduct-
ed in a nitrogen gas atmosphere with a 20 ml/min
gas flow rate.

2.3.6. Thickness and mechanical properties of
films

A digital micrometer (Lorentzen & Wettres, Stock-
holm, Sweden) was used to measure the thickness of
the neat nylon and nanocomposite films. Each sam-
ple was measured at five different locations and re-
ported as a mean with a standard deviation.
Mechanical properties such as tensile strength and
percentage elongation at break were determined
using the Universal Testing Machine (INSTRON
3365, Integrated System Solutions, Bengaluru, India).
Rectangular strips of dimension 10×40 mm2 were
cut by a cutting die and tested with a primary grip sep-
aration of 20 mm at a 1 mm/min crosshead speed.
Each sample was replicated three times.

2.3.7. Water contact angle and water vapor
transmission rate (WVTR) of films

The surface wettability of films was measured by the
sessile drop test method using a contact angle ana-
lyzer (DSA25 KRÜSS GmbH, Germany). A droplet
volume of 5 μl was placed on films using a microsy-
ringe. The measurements were repeated three times
per sample.
As described in ASTM E96/E96M-16, the desiccant
method was used to calculate the WVTR of all sam-
ples. Around 10 g of dried silica gel was placed in
glass vials with an opening mouth area of 2.27 cm2.
The developed films were securely sealed on top of
the glass vials. The glass vials were then placed in a
desiccator with a saturated sodium chloride solution
to maintain a relative humidity of 75%. The desic-
cators were then sealed with paraffin wax and kept
in a 25 °C oven. The weights of the cups were taken
at the start and every 24 hours for a total of 10 days.
Each sample was replicated three times. The slope
[g/day] of the curve drawn between weight and days,
divided by transfer area, i.e., 2.27 cm2, was used to
calculate WVTR [g/(m2·day)].

2.4. Statistical analysis
With the help of statistical software SPSS ver. 26,
the experimental data were statistically analyzed to
estimate the analysis of variance (IBM Corporation,
Armonk, USA). The Tukey post hoc test (p ˂ 0.05)
was used to see if there were any significant changes.
Small alphabets in superscripts were assigned next
to the values. Different letters in the respective col-
umn indicate a significant difference in values con-
sidering a 95% confidence level.

3. Results and discussion
3.1. The threshold concentration of

nanocellulose in nylon films
The nylon films with varying concentrations of nano -
cellulose were prepared and placed over the printed
white logo on black paper, presented in Figure 1. All
films appeared to be transparent, smooth, and with-
out cracks. As the concentration of nanocellulose in-
creased, the films became slightly cloudier. At 2 wt%
nanocellulose, the film appeared white, brittle, and
developed cracks. The brittle nature of the film
might be due to increased bonding between the hy-
droxyl groups of nanocellulose and amine group of
nylon, leading to arresting of nylon’s crystallization
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into the amorphous form and thus resulting in dis-
rupted internal bonding between the nylon polymeric
chains leading to cracks [36]. Therefore, nanocellu-
lose up to 1 wt% was selected as a threshold concen-
tration of filler in nylon films, and Nylon-2% was
not characterized further.

3.2. The thickness of the films
The thickness plays a crucial role in a polymer’s
physical and functional properties. Table 1 indicates
the thickness of the nanocomposite films. It can be
observed that all films were uniform and varied in

thickness in the range of 48–53 µm. No significant
differences in thickness were determined for all
films. The thickness of the films was also aligned
with the thickness observed in the FESEM images
performed on the cross-section of the films (will be
shown later).

3.3. Fourier transform infrared spectroscopy
FTIR was used to analyze raw fiber waste, fabricated
nanocellulose, and nanocomposite films. Figure 2a
shows the absorption bands for viscose-rayon yarn
waste and extracted nanocellulose; a broad peak
around 3400 cm–1 (–OH stretching), 2920 cm–1(CH2
symmetrical and asymmetrical stretching), 1642 cm–1

(C=O stretching), 1432 cm–1 (CH2 symmetric bend-
ing), 1372 cm–1 (C–H bending), 1150 cm–1 (C–O–C
asymmetric stretching), 1020 cm–1 (C–O stretching),
895 cm–1 (C–O–C stretching) and 670 cm–1 (C–H
bending), as described previously [16, 37–43]. Simi-
larly, the characteristics peaks of nylon yarn waste
(Figure 3a) shows a broad peak around 3400 cm–1

(–OH stretching), 3291 cm–1 (N–H stretching bond),
2925 cm–1 (CH2 asymmetric stretching), 2853 cm–1
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Figure 1. Photographs of solvent cast nylon-nanocellulose films showing (a) neat Nylon film, (b) Nylon-0.1% film,
(c) Nylon-0.5% film, (d) Nylon-1% film, and (e) Nylon-2% film.

Table 1. The thickness of neat nylon and nylon nanocom-
posite films.

The mean and standard deviation are used to express the data.
aDifferent letters in the same column indicate significant differences
(p < 0.05). (There are no significant diffences.)

Sample Thickness
[µm]

Neat nylon 48±2.74a

Nylon-0.1% 54±5.48a

Nylon-0.5% 49±4.18a

Nylon-1% 53±2.71a

Figure 2. FTIR plots of viscose yarn and nanocellulose in the wavenumber of (a) 4000 to 600 cm–1 and (b) magnified at
1300 to 700 cm–1.



(C–H stretching), 1633 cm–1 (C=O (amide-I) stretch-
ing), 1534 cm–1 (N–H (amide-II) deformation),
1367 cm–1 (CH2 wagging), and 1261 cm–1 (CH3
bending), 1025 cm–1 (C–O stretching) and 695 cm–1

(C–H bending), as reported in previous literature [44].
From Figure 2a, the appearance of new peaks at 874
and 811 cm–1 was only observed in the nanocellulose
sample representing C–O–SO3 group vibration, at-
tributed to the presence of sulfonate esters on the
nanocellulose surface during sulphuric acid hydrol-
ysis [45, 46]. Several other bands related to sulfonate
esters were also reported in the literature ranging
from 1350 to 750 cm–1 [45]. Due to the increase in
the surface area of nanocellulose compared to vis-
cose, it was expected that the peak intensity around
3330 cm–1 should be higher for nanocellulose be-
cause of more free hydroxyls (–OH) at the surface.
Rather a decrease in the 3330 cm–1 peak was visible
in the nanocellulose sample. A similar observation
was noted qualitatively in the case of nanocellulose
extracted using sulphuric acid [16]. This decrease in
peak intensity results from converting a few surface
hydroxyls of nanocellulose with sulfonyl groups,
thereby reducing the overall hydroxyls present on
the surface. Moreover, the intensity of several nano -
cellulose peaks (1432 and 1371 cm–1) was higher than
viscose. The higher peak at 1110, 1055, and 995 cm–1

might be due to higher C–O–C ether linkages that
were developed after acid hydrolysis and thereby re-
sulted in an increased crystallinity of nanocellulose
[47] (Figure 2b). The spectra were normalized on cel-
lulose ring-related bands (1200 to 850 cm–1).
The crystallinity index was calculated for viscose-
rayon and nanocellulose from the peak intensity

ratio of 1373/2900 cm–1 [48]. The crystallinity index
for viscose and nanocellulose was 1.48 and 2.82,
respectively. The increased crystallinity of nanocel-
lulose compared to viscose fiber is in line with the
previous studies [16], as sulphuric acid degrades the
amorphous part of cellulose and thus increases the
crystallinity of cellulose.
To compare the chemical composition of nylon yarn
waste and nylon films, the spectra were normalized
at 1168 cm–1 [49, 50]. From Figure 3a, a broad peak
around 3460 cm–1 (–OH stretching) was observed in
nylon yarn waste, which is usually absent or very
weak in the spectrum of industrial-grade nylon pel-
lets [51]. It indicates the presence of additives like
talc powder (as a nucleating agent) or phenols (an-
tioxidant) in the nylon yarn that is usually added to
enhance the mechanical properties and thermal sta-
bility, respectively, during the manufacturing process
of nylon fibers for textile application [52]. The pres-
ence of phenols in nylon yarn waste was further con-
firmed by a peak at 750 cm–1. Hot water washing of
nylon yarn before film formation might remove the
extra talc on the surface of the yarn and lead to a re-
duction in the peak of 3400 cm–1 in the neat nylon
film. Similarly, solvent processing of nylon yarn at
80 °C completely oxidized the antioxidant present,
and hence peak at 750 cm–1 was absent in films. Peaks
at 17201 and 1740 cm–1 (C=O stretching) in nylon
yarn indicated the presence of plasticizers that are
often added to nylon during the processing of nylon
yarn to avoid runnability issues and to provide elas-
ticity to yarn [17]. It is also observed that peak in-
tensity at 3300 cm–1 (hydrogen-bonded N–H stretch-
ing) increased for neat nylon film compared to nylon
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Figure 3. FTIR spectra of (a) nylon yarn and neat nylon film and (b) neat nylon and nylon nanocomposite films containing
nanocellulose.



yarn, which is attributed to solvent processing pro-
viding easy mobility to polymeric chains leading to
new hydrogen bond formation. In contrast, a reduc-
tion in the peak intensity at 695, 1198, 1367, 1418,
2925, and 2850 cm–1 for neat nylon film was evident
compared to the nylon yarn waste. This observation
is attributed to the conversion of α-crystalline form
(stable) of nylon to γ-crystalline form (metastable)
that was mediated through solvent processing [51].
As the concentration of nanocellulose in the films
was very low (≤1%) and the limitations of FTIR to
sense the material up to a few microns deep inside
the film [53], the prominent characteristic peak of
nanocellulose (1200 to 900 cm–1) was not visible in
the nano composite films (data not shown). From
Figure 3b, with the addition of nanocellulose in the
nylon films, a continuous increase of broad peak at
3460 cm–1 was observed, attributed to the formation
of new hydrogen bonds with the OH groups of cellu-
lose and amide groups of nylon [51]. At the maxi-
mum concentration of nanocellulose in the film (1%),
the peak intensity at 3460 cm–1 increased abruptly,
possibly due to the increased hydrogen bonding be-
tween the nanocellulose and the nylon that reorient-
ed the original hydrogen bonding in the nylon poly-
meric chain [51].

3.4. Field emissions-scanning electron
microscopy

FESEM was used to analyze the surface morphology
and cross-section of fiber waste, nanocellulose, and
prepared nylon nanocomposite films. Figure 4a and
Figure 4c illustrate the surface of the viscose and
nylon yarn waste (as received), respectively. From
the surface of viscose yarn, fine longitudinal lines or
striations of a single viscose fiber are visible. The
flower-like surface of viscose fiber is due to the
shape of the spinneret used in the wet spinning of
viscose fibers. In contrast, the nylon yarn waste
showed a uniform rod-like surface appearance with
few impurities at the surface that might be talc pow-
der (Figure 4d), which were absent from the viscose
yarn (Figure 4b). The diameter from FESEM images
was observed as 35.71±9.42 µm for nylon yarn and
11.47±4.01 µm for viscose-rayon yarn.
Nanocellulose was extracted using viscose-rayon
yarn waste by acid hydrolysis. The FESEM of
nano cellulose was performed by drop-casting the
nano cellulose water suspension onto the glass plate.
The nanocellulose appeared as small aggregates

(Figure 5a) with irregular shapes (Figure 5b). The
irregular shapes of nanocellulose were due to strong
swelling treatments by NaOH in the wet spinning
process of viscose-rayon fiber from wood and had
already been reported in past research [16]. At high-
er magnification, nanocellulose aggregates’ diame-
ter appeared to be less than 100 nm (Figure 5b).
The FESEM images of all the nylon films are shown
in Figure 6. The surface image of the neat nylon film
(Figure 6a) was smooth and had a uniform structure
without any visible impurities, cracks, or agglomer-
ation. With the addition of nanocellulose, the struc-
turing of the surface (Figure 6b–6d) was observed
when compared to neat nylon. This surface structur-
ing could be due to the reorientation of hydrogen
bonds in nylon polymeric chains due to the formation
of new hydrogen bonds between nylon and nano -
cellulose (as seen previously) [51]. In the FESEM of
cryo-fractured cross-section images, the thickness of
all the films was around 50 μm (Figure 6e–6h). At
higher magnification (Figure 6i), minute pores were
observed in the neat nylon film due to solvent evap-
oration during the casting process. A few nanocel-
lulose clusters were visible (marked with arrows) in
the nanocomposite film at a low concentration of
nanocellulose (0.1 and 0.5 wt%) (Figure 6j–6k),
showing a better dispersion of nanocellulose in the
nylon matrix. As the concentration of nanocellu-
lose was increased to 1 wt% in the films, the pores
were not visible (Figure 6l). These pores were
closed due to the hydrogen bonding between
nanocellulose and nylon and nanocellulose as a
filler material that filled the pores, thus forming a
denser structure required for high-barrier packag-
ing applications.

3.5. Atomic force microscopy
The AFM micrograph of nanocellulose extracted
from viscose-rayon yarn waste after 30 min of the
hydrolysis reaction was performed on a 2×2 μm2

sample size. It was observed that nanoparticles of
irregular shape were present (Figure 7) and had an
average diameter size of 65.03±10.15 nm. As previ-
ously reported in the literature, due to the many hy-
droxyl groups and high surface area [1, 54, 55], the
drying process leads to agglomeration of nanocellu-
lose during the AFM analysis, hence diminishing the
specific surfaces by forming strong hydrogen bonds
[56]. The TEM has seen similar fragmented forms
in the literature [57].
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3.6. Differential scanning calorimetry
The crystallization behavior of nylon yarn waste and
nylon films was investigated by DSC with first cool-
ing and second heating curves, as shown in Figure 8.
For nylon yarn waste, Tm close to 219°C signifies the
presence of nylon-6 in the yarn waste [51]. The higher
Tmc of nylon yarn waste (186°C) than the pure nylon-
6 (180°C) [58] might be attributed to the presence of
nucleating agents in the yarn like talc powder, boron
nitride, or any organic phosphates (as seen previous-
ly). From Figure 8a, fully developed melt crystalliza-

tion peaks (Tmc) were observed for different samples
during the cooling cycle. Clearly, the crystallization
of nylon yarn occurred in a broad temperature range
(Tonset = 193.75°C, Tendset = 176.17°C), whereas the
crystallization of neat nylon and other films occurred
in a narrow temperature regime (Tonset = 191.94–
193.38 °C, Tendset = 178.5–177.16°C), which signifies
the effect of solvent processing favoring the crystal-
lization of nylon by providing more mobility to the
polymeric chains. A similar observation reported the
effect of solvent processing on crystallization [36].
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Figure 4. FESEM image of (a) viscose-rayon yarn waste, (b) viscose-rayon yarn waste magnified, (c) nylon yarn waste, and
(d) nylon yarn waste magnified.
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Figure 6. FESEM images of nylon- nanocellulose composite films illustrating the surface morphology of (a) neat nylon film,
(b) Nylon-0.1% film, (c) Nylon-0.5% film, (d) Nylon-1% and cross-section morphology of (e) neat nylon film,
(f) Nylon-0.1% film, (g) Nylon-0.5% film, (h) Nylon-1% film, and magnified cross-section of (i) neat nylon film,
(j) Nylon-0.1% film, (k) Nylon-0.5% film, (l) Nylon-1% film.

Figure 5. FESEM image of (a) nanocellulose and (b) magnified image of nanocellulose.



Figure 8b reflects the glass transition temperature and
melting peaks of nylon yarn and nylon nano composite
films. Two melting peaks were observed, indicating
γ-crystalline form and α-crystalline form, which were
in line with previous DSC studies of nylon yarns [59].
Various thermal characteristics are summarized in
Table 2. With the increasing concentrations of
nanocellulose in nylon films, a slight decrease in Tmc

was observed, whereas the Tg of films increased.
Consequently, the crystallinity of films was also de-
creased with the increasing nanocellulose. Similar
observations were reported when CNFs were incor-
porated into the nylon-6 matrix [51]. These effects
are attributed to the strong interactions between hy-
droxyl groups of nanocellulose and the polar amide
groups of nylon, which restricted the movement of
nylon polymeric chains due to increased hydrogen
bonding [51, 60] (seen previously from FTIR).

3.7. Thermogravimetric analysis
Figure 9 shows the weight loss curve of nylon yarn
waste, neat nylon film, and nylon nanocomposite
film (Nylon-1%). A 5 wt% residue was obtained for
nylon yarn waste at 600°C, confirming the presence
of inorganic substances like talc in the nylon yarn
(mentioned previously). In contrast, the residues for
neat nylon film and Nylon-1% film were less than
1.5 wt%, confirming the removal of talc from the
yarn’s surface during the washing of the fibers. Some
fluctuations were also visualized in the temperature
range of 150–200 °C for nylon waste (marked with

P. K. Mishra et al. – Express Polymer Letters Vol.17, No.2 (2023) 196–210

205

Figure 8. DSC curves of nylon yarn and nylon films during (a) first cooling and (b) second heating.

Table 2. DSC analysis for nylon yarn and nylon nanocomposite films.

The mean and standard deviation are used to express the data.
a,b,c,d,Different letters in the same column indicate significant differences (p < 0.05).

Sample Tmc
[°C]

Tg
[°C]

Tm
[°C]

∆Hm
[J/g]

Xc
[%]

Nylon yarn waste 186.17±0.76b 54.00±0.30a 219.50±0.50b 60.17±0.76d 31.67±0.38c

Neat nylon 187.54±0.13c 53.68±0.25a 222.19±0.18d 62.33±0.72e 32.80±0.24d

Nylon-0.1% 187.47±0.13c 54.70±0.31a,b 221.49±0.25d 59.73±0.45c,d 31.47±0.21b,c

Nylon-0.5% 187.13±0.12b,c 55.73±0.14b,c 220.36±0.14c 58.39±0.43c 30.78±0.35b

Nylon-1% 186.71±0.52b,c 56.48±0.11c,d 219.77±0.18b,c 55.32±0.66b 29.41±0.23a

Nylon-2% 185.08±0.22a 57.39±0.16d 218.76±0.13a 53.39±0.43a 28.68±0.40a

Figure 7. AFM image of nanocellulose extracted from vis-
cose-rayon yarn waste.



arrow), which might be due to the release of some
plasticizers from the nylon yarn. The film with nano -
cellulose showed an early degradation compared to
neat nylon, which might be due to less thermal sta-
bility of cellulose when compared to nylon-6 [51].
In addition, a higher concentration of nanocellulose
(1 wt%) might lead to an increased reorientation of
hydrogen bonds, which result in the conversion of a
fraction of α-crystalline form (stable) to γ-crystalline
form (metastable) and consequently became less
thermally stable.

3.8. Thickness and mechanical properties of
films

The effect of nanocellulose on the film’s mechanical
properties, like tensile strength and elongation at
break, was determined and presented in Table 2.
With the addition of nanocellulose in the nylon films
(up to 0.5 wt%), tensile strength decreased com-
pared to neat film. However, the tensile strength re-
mained similar to neat film at a maximum concen-
tration of nanocellulose (1 wt%). The decrease in
tensile strength (at low filler content) might be at-
tributed to a few aggregates of nanocellulose in the
nylon matrix, which were unable to disperse in the
matrix due to the lower shear generated in response
to the lower viscosity of the suspension. Although
nanocellulose powder was freeze-dried to avoid the
formation of aggregates and produce a porous,
weakly bonded material [61], a few agglomerates
might still be present in the powder. A similar case
was observed where large agglomerates of micro-
crystalline cellulose (MCC) in PLA (polylactic acid)
reduced the tensile strength of the composite [62].
Whereas, at higher filler concentration (1 wt%),

higher suspension viscosity was achieved, leading
to higher shear required to break the nanocellulose
aggregates and disperse them uniformly in the ma-
trix. In addition, for Nylon-1% film, the higher hy-
drogen bonding between cellulose and nylon, as ob-
served from FTIR, might also be the reason for
maintaining the higher tensile strength, similar to
neat film. When comparing modulus (stiffness), the
modulus decreased with the addition of nanocellu-
lose when the concentration was 0.1 and 0.5 wt%.
A decrease in stiffness of about 30.78% was ob-
served, however, the modulus increased drastically
to 1121 MPa when the concentration of nanocellu-
lose was 1 wt% in nylon-6 matrix. This high modu-
lus was in-line with the tensile strength observed at
1 wt% of nanocellulose. It can be seen that by
adding a small amount of nanocellulose, the film’s
elasticity increased, and the strength and stiffness
decreased, showing ductile behavior. However, at
high nanocellulose content (1 wt%), the elongation,
tensile, and modulus were like that of the neat nylon
film. Although, it should be noted that the differ-
ences in tensile strength, elongation at break, and
modulus for films were insignificant when consid-
ering standard deviation (Table 3).

3.9. Barrier properties: water contact angle
and water vapor transmission rate of films

The water contact angles of the films were deter-
mined and presented in Figure 10. The contact angle
decreased from 60.38° to 48.38° with the addition of
nanocellulose. The nanocellulose being hydrophilic
[63] has increased the surface wettability of the nylon
films. One more reason for the decrease in contact
angle could be the reorientation of the hydrogen
bond at the surface of the nanocomposite films, as
previously discussed in FTIR; and hydrogen bonding
being highly polar [64] can have a lower contact angle
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Table 3. Mechanical properties of neat and nanocomposite
films.

The mean and standard deviation are used to express the data.
aDifferent letters in the same column indicate significant differences
(p < 0.05). (There are no significant diffences.)

Sample
Tensile

strength
[MPa]

Elongation at
break
[%]

Modulus
[MPa]

Neat nylon 20.43±2.03a 10.81±5.45a 1411±34a

Nylon-0.1% 13.79±4.43a 17.93±5.70a 1040±25a

Nylon-0.5% 13.95±1.67a 11.81±2.13a 976±128a

Nylon-1% 19.05±1.89a 10.82±1.09a 1121±151a

Figure 9. TGA curve for nylon yarn waste and nylon films.



with the water; hence the affinity of films towards
water also increased.
The WVTR of the nylon films incorporated nanocel-
luloses were determined and presented in Figure 10.
WVTR of the nanocomposite films significantly de-
creased compared to neat film. WVTR was de-
creased from 162.72 for neat films to 72.54 g/(m2·day)
for Nylon-1% films. Similar results were achieved
when nanoclay was added to the nylon matrix [58].
The decrease in WVTR of films is attributed to the
increased surface structuring and dense cross-section
of films (from FESEM images), leading to higher
tortuosity for water vapors. The tortuous path created
for moisture transfer by nanocellulose inside the
nylon polymer matrix delays the transfer rate of
water vapors. A similar observation was observed
when CNC was incorporated in PLA [65] and PHB
(polyhydroxy butyrate) [66] films. The nanocompos-
ite film from textile yarn waste might create a new
opportunity for application in packaging where a
high barrier is required. Nevertheless, due to the
water-sensitive nature of nylon-6 [18], the nanocom-
posite films should be sandwiched between the lay-
ers of water-insensitive polyolefins (PP or PE) for
preparing multi-layered packaging [18] in order to
take complete advantage of the engineered proper-
ties of developed films.

4. Conclusions
A high-water vapor barrier nylon nanocomposite
films were successfully prepared using the solvent
casting method utilizing acetic acid as a green solvent.
Nanocellulose powder as a green nanofiller was ex-
tracted from the viscose-rayon textile yarn waste by
acid hydrolysis and later introduced into the nylon
matrix obtained from nylon textile yarn waste.

Nanocellulose strongly interacted with the nylon ma-
trix by forming new hydrogen bonds. In addition,
nanocellulose also reoriented a few existing hydro-
gen bonds of nylon, as determined through FTIR and
DSC. Consequently, nanocomposite films appeared
dense with structuring at the surface (from FESEM),
which increased the tortuosity for water vapors, and
hence a maximum of 55% reduction in WVTR was
noted for nylon films containing 1 wt% nanocellu-
lose. However, the surface wettability of films was
increased with the incorporation of nano cellulose.
The tensile strength and elongation at break of
nanocomposite films were changed with the addition
of nanocellulose. The tensile strength decreased by
32.5%, elongation at break increased by 65.86%, and
modulus decreased by 30.78% when 0.1 wt% of
nanocellulose was added. However, at higher con-
centrations (1 wt%), the mechanical properties were
similar to that of neat nylon films. The raw material
analysis of nylon textile waste revealed the presence
of around 5 wt% inorganic matter (TGA) that acted
as a nucleating agent for nylon matrix (DSC).
Nanocellulose did not act as a nucleating agent for
the nylon matrix; rather, the crystallinity of nylon
films decreased with the introduction of nanocellu-
lose (DSC). The presence of plasticizers and antiox-
idants in nylon textile yarn waste was also evident
from FTIR. Nevertheless, with nearly the same ther-
mal properties as industrial-grade nylon-6, the pre-
consumer nylon textile yarn waste could be a cheap
alternative to expensive nylon-6 for various applica-
tions. Finally, the developed high-barrier nylon
nanocomposite films may find an application where
a low WVTR is required for packaging. More rigor-
ous studies on the barrier properties of multi-layered
packaging materials incorporating the developed
nanocomposite film as a sandwich layer will be con-
ducted in our future research.
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1. Introduction
The problem of the size dependence of the funda-
mental mechanical properties of materials does not
exist in physics and technical applications. However,
when we move into the nanoscale world. We see that
many important characteristics of the products do
depend on their size. One of the intriguing phenom-
ena of this kind is the size dependence of the elastic
modulus of polymeric nanofibers obtained by elec-
trospinning from polymer solutions [1–3]. This effect
is especially important for the use of nanofibers as a
reinforcing component in critical applications in
modern technology. This behavior is similar to the

analogous effect known for metal and oxide nano -
wires. For these objects, it was assumed that the con-
cept of surface tension is the dominating mechanism
of increasing the modulus [4, 5]. Structure analysis
has shown that nanowires can be really treated as a
composite of a core-shell structure with cover layers,
which penetrate deep into the bulk of a wire depends
on its size [6, 7]. This is also applied to polymer fibers,
which have a different structure of the volume and
outer shell [8–10], which is mainly due to the diffu-
sion process of evaporation of a solvent during their
formation from a polymer solution [11]. Indeed,
evaporation of the solvent leads to the formation of
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a thin glassy [12] or gel-like [13] film skin on the
free surface of the polymer solution, which ensures
the formation of the fiber shell.
The primary explanation for the increase in the elas-
tic modulus of ultrathin fibers seems obvious due to
their very large relative surface area. However, this
approach was rejected [14] due to the fact that a quan-
titative estimation based on real values of surface
tension did not give a reasonable agreement with the
experimental data. Meanwhile, in these calculations,
the surface tension was considered as a single char-
acteristic of a surface, like in different liquids. How-
ever, it is well known that surfaces demonstrate visco -
elastic properties [15], and this is especially impor-
tant for nanoscale objects [16]. Surface elasticity was
considered in continuum mechanics of surface/inter-
face layers [17] and was used in constructing the
core-shell model of nanowires [18] since nano-size
fibers are important not only for organic but also for
inorganic objects. In the latter publication, the nu-
merical results have demonstrated the applicability
of this model (including two fitting factors related to
the surface – the inhomogeneity degree constant and
the surface layer thickness) for the elastic modulus
of ZnO and Si nanowires in bending and tension
loading modes.
The core-shell model has also been used to explain
the increase in the elastic modulus for thin fibers due
to the deformation and orientation of molecular ag-
gregates within the fiber [19]. This approach shifted
the responsibility for the increase in the elastic mod-
ulus to the structure of the central part of the fiber.
The purpose of this work is to formulate a simple phe-
nomenological theory based on the two-cylinder core-
shell model for fitting experimental data obtained for
various polymer nanofibers and explaining the de-
pendence of the total elastic modulus of ultra-fine
fibers on their diameter due to the elastic properties
of the surface layer associated with its curvature.

2. Theory
Let’s start with the simplest model and imagine a
fiber in the form of a cylindrical core of the diameter
d and the elastic (Young) modulus of Ed, and a shell
with an elastic modulus of ED and a thickness δ =
0.5(D – d) (D is the total fiber diameter as shown in
Figure 1). The core and shell are believed to obey
Hooke’s law and ED >> Ed.
The apparent modules of the core-shell fiber E is de-
fined by the Equation (1):

(1)

where ε = const is the deformation and the force, F,
is the sum of the forces acting in at the core and the
shell (Equation (2)):

(2)

Substituting Equation (2) into Equation (1), we ar-
rive at the Equation (3):

(3)

which can be written as Equation (4):

(4)

Then, as a first approximation, we assume that the
shell thickness weakly depends on the fiber diame-
ter, i.e. δ = const, and δ/D << 1. In this case, the E(D)
dependence is expected to be Equation (5):

(5)

The results of comparing the curve calculated by
Equation (5) with experimental data for various
polymer nanofibers are included in Figure 2 (blue
dots line), which presents the general picture of our
approach. (A more detailed analysis of the experi-
mental data is given below.) Despite the fact that for-
mula (5) indicates an increase in the elastic modulus
with decreasing fiber size, the predicted effect is
rather weak and does not allow one to describe the
experimental data (except poly(vinyl alcohol)
(PVA), Figure 2d).
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Figure 1. Two-component core-shell model of the cross-sec-
tion of a fiber.



The model considered above does not fully take into
account the structure of the shell and, in particular,
its anisotropy: macromolecules in the shell have a
higher orientation than in bulk since in the process
of spinning the fiber and evaporation of the solvent,
a polymer-enriched surface layer with more pro-
nounced viscoelastic properties is formed. In addi-
tion, side groups attached to the polymer backbone
can also be ordered due to the surface effect. There-
fore, the elasticity of the shell must be characterized
by several elastic moduli, and this complicates the
consideration of the core-shell model in the general
case. To simplify further consideration, we replace
the shell with an elastic surface and use the phenom-
enological approach based on the analysis of the
general expression for the surface energy. At the
same time, we continue to assume that the elasticity
of the core is described by Hooke’s law.
Consider again a thin cylinder having an elastic sur-
face. The cross-section of fiber was shown in Figure 1.
The elastic properties of the shell (surface layer) will
be determined based on the surface energy. The ini-
tial length of the cylinder is L, and its deformation
is ε = ∆L/L, where ∆L is the elongation of the cylin-
der. Accordingly, the radius of the cylinder R = D/2
decreases and is equal to R – ∆R, ∆R > 0. The vol-
ume of the cylinder is assumed to be constant. Then
∆R is found from the volume conservation equation
V = πR2L = π(R – ∆R)2L(1 + ε), (Equation (6)):

(6)

Change in the surface area of the cylinder in exten-
sion is Equation (7):

(7)

where A0 = 2�RL is the initial surface area of the
cylinder.
Let us accept that the bulk elastic modulus of the
cylinder is Ed. The change of the elastic energy in
extension therefore is Equation (8):

(8)

Then we write the energy of the shell by analogy
with the energy of the lipid layer as the sum of two
terms [22–24], Equation (9):

(9)

Here the first term depends only on the area of the
surface and is associated with a change in the energy
due to its stretching, and the second term reflects the
curvature of the surface and depends on the principal
curvature values, C1 and C2. For a straight cylinder
of radius R, C1 = 1/R, C2 = 0.
Upon small elongation of the cylinder, the change of
the surface term in Equation (9) is written in the fol-
lowing form (Equation 10):

(10)

where γ is the surface tension and μ is the elastic
modulus of stretching of the surface. Since the radius
of curvature of the shell is much larger than the
width of the shell, the expression for the second term
in Equation (9) can be expanded in a series with re-
spect to the curvature (Equation (11)):

(11)

where C = C1 + C2 is the total curvature of the sur-
face. Here we introduce additional moduli κ, K and
KG, resulting from the change of curvature [20–22].
Obviously, in our case of uniaxial tension, the last
term in Equation (11) is equal to zero (C2 = 0) and
C = C1.
Now consider the change in the energy Fcurve, Equa-
tion (11), due to extension. The total curvature after
deformation is C = 1/(R – ∆R), therefore Equa-
tion (12):

(12)

The total change in the energy ∆Ftot, of the cylinder
due to extension is determined by the sum Equa-
tion (13):

(13)

Finally, we can find the effective modulus of elas-
ticity as Equation (14):
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(14)

Thus, when a straight cylinder is stretched, the ef-
fective modulus does not depend on the curvature
moduli κ and KG. It is interesting to note that surface
tension makes a negative contribution to the elastic
modulus. Comparing the formula of Equation (14)
with Equation (5) we can conclude that when γ = 0
and K = 0 we come to our previous model with μ =
4δ(ED – Ed). Thereby, the additional input into the
elastic modulus of the nanofibers includes two terms
proportional to 1/R and 1/R3, respectively. Besides,
it is reasonable to assume that μ – γ > 0. The final
fitting can be presented as Equation (15):

(15)

where the coefficients K1 and K2, in accordance with
Equation (9), have the following physical sense
(Equations (16) and (17)):

(16)

(17)

i.e. K1 is mainly determined by the stretching mod-
ulus of the surface and K2 – by the curvature elastic
modulus.

3. Experimental and discussion
We examined five available sets of experimental
data for the E(D) dependences, which were found in
current publications. The size dependences of the
elastic modulus E(D) were described for: poly(2-acryl -
amido-2-methyl-1-propanesulfonic acid) (PAMPS)
[23], Nylon-66 (PA66) [24], polypirrol (PPy) [25],
poly(vinyl alcohol) (PVA) [26], polyacrylonitrile
(PAN) [27]. The nanofibers were obtained by the
electrospinning technique using different polymer-
solvent systems.
Experimental data on the E(D) dependencies are al-
ways obtained and presented in original publications
with a wide scatter. We have shown the fields of ex-
perimental data and usually have used averaged points
for calculations unless otherwise stated. Fitting equa-
tion constants will be found by the standard RMS
procedure after presenting them in linearized log-log
coordinates. In some cases, we presented fitting lying
in the experimental field but not as the averaged

curves (that will be noted separately). For compari-
son, we also presented the results of calculations for
the simplest two-cylinder model, which included
only elastic stretching moduli.
Figure 2 demonstrates the results of the comparison
of the dependences calculated by Equation (15) with
the experimental data for various polymer nanofibers
(red dash lines), and Table 1 collects the obtained
values of the constants K1 and K2.
The analysis of Figure 2 shows that Equation (5)
does not give satisfactory results, except for one case
of PVA (Figure 2d). In the latter case, the increase in
the modulus of this polymer occurs rather smoothly.
Indeed, the E(D) dependence for this polymer is ap-
proximated by a power law with the power is –0.7,
which is much less than in other cases. This result
can be explained by a very pronounced core-shell
structure of the PVA crystalline fibers with a rigid
anisotropic outer layer, observed in the original pub-
lication [26]. Thus, this structure is the most equiv-
alent to a scheme in Figure 1, and the influence of
surface curvature elasticity does not appear. It leads
to the zero-value of the 1/D3 term in Equation (15).
Then the latter equation also fits these data. The dif-
ference in the lines in this figure is explained by the
fact that when calculating according to Equation (5),
we took into account the free term.
For three polymers - PAMPS (Figure 2a). Nylon 66
(Figure 2b), and PPy (Figure 2c), the developed two-
term model (Equation (15)) provides quite a fairly
good quantitative agreement with experimental data.
The agreement of the theoretical model with exper-
imental data for PAN (Figure 2e) should be treated
as qualitative. The increase in the modulus with a
decrease in the fiber diameter occurs more sharply
than 1/D3. Perhaps this indicates the need to take into
account the higher terms in the expansion (Equa-
tion (10)).
Based on the results obtained, we assume that the
core-shell model and the concept of the outer surface
elasticity is a reasonable assumption about the strong
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Table 1. Values of the parameters used for fitting.

Polymer 4δ(ED – Ed)
[nm·GPa]

K1
[nm·GPa]

K2·10–6

[nm3·GPa]
PAMPS 11 30 0.26
Nylon 185 200 8.5
PPy 110 250 2.0
PVA 800 1100 0
PAN 100 800 20



increase in the elastic modulus of electrospun nano-
size polymer fibers with a decrease in their diameter.
Of course, more experimental evidence would be
welcome.

4. Conclusions
In summary, we showed that the size dependence
of the elastic modulus of electrospun nanoscale
fibers from various polymers in all cases could be

quantitatively described in terms of a core-shell
model with a shell characterized by the stretching
and curvature elasticity. This model turns out to be
applicable to various polymer nanofibers and can be
considered as a universal physical explanation of the
phenomenon under discussion. The role of the shell
(surface layer) was estimated on the base of a phe-
nomenological consideration of the change in the
surface free energy due to elastic deformation. This
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Figure 2. Comparison of the results of fitting by Equations (5) (blue dots) and (15) (red dash lines) with experimental data
for various polymers:  a) PAMPS [23]; b) Nylon 66 [24]; c) PPy [25]; d) PVA [26]; e) PAN [27]. Grey fields are
areas of spreading experimental results. All experimental data were reproduced with permission.



approach leads to a two-term equation describing the
size dependence of the elastic modulus of nanofiber.
The fitting parameters used in theory are reduced to
the surface stretching modulus and the surface cur-
vature elastic modulus.
The shell-core morphology is characteristic of all
fibers spun from polymer solutions by the wet or
dry-wet methods. The main reason for the difference
in the structure of the shell and core is the mutual
diffusion of the coagulant inside and the solvent out-
side the spinning jet/fiber. According to X-ray dif-
fraction data in transmission and reflection modes
[28], the shell is more ordered than the core, and the
final fibers show the dependence of mechanical
properties on diameter, increasing with decreasing
thickness.

Acknowledgements
We acknowledge funding from Ministry of Science and
Higher Education of the RF (Agreement # 175-15-2020-794.
The authors are grateful for permission to use experimental
data from Ref. [23, 24] to APS, from Ref. [25] to AIP, from
Ref. [26] to Elsevier., and from [27] to ACS.

References
[1] Reneker D. H., Yarin A. L.: Electrospinning jets and

polymer nanofibers. Polymer, 49, 2387–2425 (2008).
https://doi.org/10.1016/j.polymer.2008.02.002

[2] Xue J., Wu T., Dai Y., Xia Y.: Electrospinning and elec-
trospun nanofibers: Methods, materials, and applica-
tions. Chemical Reviews, 119, 5298–5415 (2019).
https://doi.org/10.1021/acs.chemrev.8b00593

[3] Arinstein A., Burman M., Gendelman O., Zussman E.:
Effect of supramolecular structure on polymer nanofi-
bre elasticity. Nature Nanotechnology, 2, 59–62 (2007).
https://doi.org/10.1038/nnano.2006.172

[4] Cuenot S., Frétigny C., Demoustier-Champagne S.,
Nysten B.: Surface tension effect on the mechanical
properties of nanomaterials measured by atomic force
microscopy. Physical Review B, 69, 165410 (2004).
https://doi.org/10.1103/PhysRevB.69.165410

[5] Chen C. Q., Shi Y. S. Zhang J., Zhu Y., Yan J.: Size de-
pendence of Young’s modulus in ZnO nanowires. Phys-
ical Review Letters, 96, 075505 (2006).
https://doi.org/10.1103/PhysRevLett.96.075505

[6] He J., Lilley C. M.: Surface effect on the elastic behav-
ior of static bending nanowires. Nano Letters, 8, 1798–
1802 (2008).
https://doi.org/10.1021/nl0733233

[7] Megelski S., Stephens J. S., Chase D. B., Rabolt J. F.:
Micro- and nanostructured surface morphology on elec-
trospun polymer fibers. Macromolecules, 35, 8456–
8466 (2002).
https://doi.org/10.1021/ma020444a

[8] Wang X., Xu Y., Jiang Y., Jiang J., Turng L-S., Li Q.:
Core/shell structure of electrospun polycarbonate
nanofibers. Polymer Testing, 70, 498–502 (2018).
https://doi.org/10.1016/j.polymertesting.2018.08.009

[9] Arinstein A., Zussman E.: Electrospun polymer nano -
fibers: Mechanical and thermodynamic perspectives.
Journal of Polymer Science Part B: Polymer Physics
49, 691–707 (2011).
https://doi.org/10.1002/polb.22247

[10] Stockdale T. A., Cole D. P., Staniszewski J. M.,
Roenbeck M. R., Papkov D., Lustig S. R., Dzenis Y. A.,
Strawhecker K. E.: Hierarchical mechanisms of lateral
interactions in high-performance fibers. ACS Applied
Materials and Interfaces, 12, 22256–22267 (2020).
https://doi.org/10.1021/acsami.9b23459

[11] Dayal P., Liu J., Kumar S., Kyu T.: Experimental and
theoretical investigations of porous structure formation
in electrospun fibers. Macromolecules, 40, 7689–7694
(2007).
https://doi.org/10.1021/ma071418l

[12] de Gennes P. G.: Solvent evaporation of spin cast films:
‘Crust’ effects. The European Physical Journal E, 7, 31–
34 (2002).
https://doi.org/10.1140/epje/i200101169

[13] Okuzono T., Ozawa K., Doi M.: Simple model of skin
formation caused by solvent evaporation in polymer so-
lutions. Physical Review Letters, 97, 136103 (2006).
https://doi.org/10.1103/PhysRevLett.97.136103

[14] Burman M., Arinstein A., Zussman E.: Do surface ef-
fects explain the unique elasticity of polymer nano -
fibers? Europhysics Letters, 96, 16006 (2011).
https://doi.org/10.1209/0295-5075/96/16006

[15] Miller R., Liggieri L.: Interfacial rheology. CRC Press,
Boca Raton (2019).

[16] Hamilton J. C., Wolfer W. G.: Theories of surface elas-
ticity for nanoscale objects. Surface Science, 603,
1284–1291 (2009).
https://doi.org/10.1016/j.susc.2009.03.017

[17] Ojaghnezhad F. H. Shodja M.: Surface elasticity revis-
ited in the context of second strain gradient theory. Me-
chanics of Materials, 93, 220–237 (2016).
https://doi.org/10.1016/j.mechmat.2015.11.003

[18] Yao H., Yun G., Bai N., Li. J.: Surface elasticity effect
on the size-dependent elastic property of nanowires.
Journal of Applied Physics, 111, 083506 (2012).
https://doi.org/10.1063/1.3703671

[19] Arinstein A.: Confinement mechanism of electrospun
polymer nanofiber reinforcement. Journal of Polymer
Science Part B: Polymer Physics, 51, 756–763 (2013).
https://doi.org/10.1002/polb.23246

[20] Helfrich W.: Elastic properties of lipid bilayers: Theory
and possible experiments. Zeitschrift Für Naturfor-
schung C, 28, 693–703 (1973).
https://doi.org/10.1515/znc-1973-11-1209

[21] Khokhlov A. R., Semenov A. N., Subbotin A. V.: Shape
transformations of protein-like copolymer globules.
The European Physical Journal E, 17, 283–306 (2005).
https://doi.org/10.1140/epje/i2005-10011-1

A. V. Subbotin et al. – Express Polymer Letters Vol.17, No.2 (2023) 211–217

216



[22] Subbotin A. V., Semenov A. N.: Spatial self-organiza-
tion of comb macromolecules. Polymer Science Series
A, 49, 1328–1357 (2007).
https://doi.org/10.1134/S0965545X07120085

[23] Shin M. K., Kim S. I., Kim S. J.: Size-dependent elastic
modulus of single electroactive polymer nanofibers.
Applied Physics Letters, 89, 231929 (2006).
https://doi.org/10.1063/1.2402941

[24] Burman M., Arinstein A., Zussman E.: Free flight of an
oscillated string pendulum as a tool for the mechanical
characterization of an individual polymer nanofiber.
Applied Physics Letters, 93, 193118 (2008).
https://doi.org/10.1063/1.3000016

[25] Cuenot S., Demoustier-Champagne S., Nysten B.: Elas-
tic modulus of polypyrrole nanotubes. Physical Review
Letters, 85, 1690 (2000).
https://doi.org/10.1103/PhysRevLett.85.1690

[26] Stachewcz U., Bailey R. J., Wang W., Barber A. H.:
Size dependent mechanical properties of electrospun
polymer fibers from a composite structure. Polymer, 53,
5132–5137 (2012).
https://doi.org/10.1016/j.polymer.2012.08.064

[27] Papkov D., Zou Y., Andalib M. A., Goponenko A.,
Cheng S. Z. D., Dzenis Y. A.: Simultaneously strong
and tough ultrafine continuous nanofibers. ACS Nano,
7, 3327–3331 (2013).
https://doi.org/10.1021/nn400028p

[28] Makarov I. S., Golova L. K., Vinogradov M. I., Levin
I. S., Gromovykh T. I., Arkharova N. A., Kulichikhin
V. G.: Cellulose fibers from solutions of bacterial cel-
lulose in N-methylmorpholine N-oxide. Fibre Chem-
istry, 51, 175–181 (2019).
https://doi.org/10.1007/s10692-019-10069-6

A. V. Subbotin et al. – Express Polymer Letters Vol.17, No.2 (2023) 211–217

217



1. Introduction
The search for environmentally friendly materials
has motivated a lot of investigations in academia and
industry. In this regard, biodegradable polymers have
stood out as an alternative material mainly to replace
synthetic polymers and in the production of materials

from renewable resources [1, 2]. However, with the
advancement in the production and use of biodegrad-
able polymers, new questions have arisen in the lit-
erature. The effective biodegradation of these mate-
rials when disposed of in a conducive environment.
The possibility of recycling increases their useful life
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in the market since many have a higher production
cost than conventional materials. And whether con-
taminants are generated during the biodegradation
process since many of them are processed with other
materials and additives.
Therefore, studying the biodegradation of both bio -
degradable polymers from renewable and synthetic
sources is extremely important [3, 4]. These studies
have proven that these polymers are indeed biode-
graded, but there is still a lack of information regard-
ing methods that allow ensuring the complete bio -
degradation of the majority of the biopolymers and
that they are suitable for disposal in certain biodegra-
dation media [5]. Siracusa [6] pointed out the diffi-
culty of ensuring that all synthetic biodegradable
polymers are suitable for composting, noting the
possible contamination of the environment by poly-
mer fragments. The author also highlighted the im-
portance of having the polymer entirely biodegraded.
Other polymers already in commercial use (in plastic
bags) and reported as 100% biodegradable did not
show the same results in biodegradation studies per-
formed in the laboratory and at home-composting
conditions. The polymers did not suffer total decom-
position, mainly at home-composting conditions, thus
alerting them to the unbridled use of this material
that is reported as suitable for biodegradation [7].
In this context, the concerns regarding the waste of
bio degradable polymers have to be the same raised
by the waste of petroleum-based thermoplastic poly-
mers. Considering the current limitations of the bio -
degradation process and the higher production cost
in comparison with those derived from petroleum,
recycling biopolymers has emerged as a prominent
research field. Despite being still little explored, re-
cycling biopolymers has been proven to be econom-
ically, ecologically, and technologically advanta-
geous. Some biodegradable polymers may present
more viable recycling steps than petroleum-based
polymers, making their use even more attractive [8].
However, it is noted that recycling is more beneficial
for biodegradable polymers with thickness above
1 mm, and when the polymer is thinner, it is more
profitable to recover it (proper collection) before it
is disposed of by composting rather than recycling be-
cause thinner polymers degrade more easily [8, 9].
Although numerous works that reported on recovery
by recycling, biodegradation test, or even toxicity
(such as ecotoxicity with plants) of biodegradable
polymers are observed [1, 4, 10–12], the composites

or nanocomposites produced with these polymers
have been very little considered [13, 14]. Commonly,
biodegradable polymers are processed with other
polymers (polymer blends) or reinforced with filler
or nanofiller, generating composites or nanocompos-
ites with enhanced properties [2, 15–25]. Few studies
address the effect of the addition of the nanofiller on
the polymer biodegradation property [4, 21, 26–32],
and even fewer studies have investigated what hap-
pens to the nanofillers after polymer biodegradation
[26]. Since most parts of the inserted nanofillers are
not biodegradable, studies about their destination
should be considered in the research of nanocom-
posites. Just as important, strategies for reusing these
nanocomposites or a part of them, such as the nano -
particles themselves, should also be considered.
Among the biodegradable polymers produced from
renewable resources and synthesized from microbial
fermentation is the family of polyhydroxyalkanoates
(PHAs). Poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate) (PHBV) is one of the copolymers of this family
with great prominence in the production of compos-
ites and nanocomposites [33–40]. Some of our pre-
vious studies have focused on the analysis of the ef-
fect of the introduction of filler and nanofiller on the
biodegradation of PHBV. Titanium dioxide (TiO2)
nanoparticles or glassy carbon (GC) were shown to
not affect the biodegradation of PHBV nanocompos-
ites [31, 41]. Nevertheless, the introduction of CNT
or graphite nanosheets (GNS) decreased the biodegra-
dation rate with increasing nanofiller content [26, 30,
42, 43]. The lower biodegradation rate was associ-
ated with changes caused on the material surface,
hydrophilicity, and exposure of the nanofiller to the
biodegradable material. Added to this, in our previ-
ous study [26], it was observed that with the biodegra-
dation of the nanocomposite films, the CNTs were
exposed and released into the reaction medium as
part of the biodegradation residues. PHBV/CNT 2%
nanocomposite films were biodegraded in a liquid
medium on a large scale for 20 was analyzed by field
emission scanning electron microscope. It was ob-
served that CNT was intact after the test, reinforcing
the importance of an adequate treatment of the waste
and indicating the possibility of recovery of these
CNT after the biodegradation process.
CNT used as reinforcement in biodegradable poly-
meric matrices has been largely reported in the sci-
entific literature [17, 22, 44–51]. However, the char-
acterization and reuse of the CNT after the process
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of biodegradation of these matrices have not been
investigated yet. Due to the chemical and structural
properties of CNT, it is expected that these properties
will be unchanged in the biodegradation process, en-
couraging their recovery for reuse in the same ma-
terial or in the production of other nanocomposites
and products. This process would close the life cycle
of this material and meet the principles of sustain-
ability in the development of products. Thus, the pres-
ent study carried out the characterization of CNT re-
covered in a biodegradation process of PHBV/CNT
nanocomposites to evaluate the preservation of their
properties and consequently provide crucial infor-
mation to evaluate their reuse. Furthermore, the re-
covered CNT was used in the production of PHBV
nanocomposites. The as-prepared PHBV nanocom-
posites with recovered CNT (PHBV/CNT-rec) were
characterized regarding thermal, morphological, and
electrical properties. The comparison with the prop-
erties of PHBV nanocomposite prepared with CNT
and CNT-rec pointed out the successful recovery
process of CNT and the use of these CNT to obtain
nanocomposites with similar properties.

2. Experimental
2.1. Materials
Multiwalled carbon nanotubes (CNT) were supplied
by CNT CO. Ltd. (Incheon, Korea). The CNT were
produced by chemical vapor deposition with a purity
of 93% (weight), diameter in the range of 10 to
40 nm, and length in the range of 5 to 20 μm. Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) was supplied
by PHB Industrial Ltd. (São Paulo, Brazil), with
15 mol% of hydroxyvalerate units and average mo-
lecular weight (Mw) of 230.000 g·mol–1. To prepare
the films, chloroform (CHCl3) from LabSynth (Di-
adema, Brazil) was used as a solvent.

2.2. Nanocomposites films preparation
Films of PHBV/CNT nanocomposites were prepared
by solution-casting according to the methodology
determined in previous works [25, 26, 52, 53]. PHBV
was solubilized in chloroform under heating, with
8% (w/v). A suspension of CNT in chloroform was
previously sonicated in an ultrasonic processor (VCX
750 Sonics, 750 W; 20 kHz) for 2 min. The solution
and suspension, PHBV and CNT in chloroform, were
sonicated for 1 min and then poured onto Petri plates.
The films were formed after the evaporation of the
chloroform overnight. PHBV nanocomposite films

were produced with 0, 1, and 2 wt% CNT and labeled
as PHBV, PHBV/CNT 1%, and PHBV/CNT 2%.

2.3. CNT recovery
The CNT recovered (CNT-rec) were obtained from
the biodegradation of films from the PHBV/CNT
2% nanocomposites following the methodology de-
veloped by our research group and previously report-
ed [26]. The films were incubated in a mineral solu-
tion with a microorganisms consortium previously
extracted from the soil at 32 °C with the agitation of
130 rpm for 20 days until complete biodegradation
of the polymer. The CNT released in the solution was
recovered in a centrifugation process and later washed
again (four times). After each centrifugation step, the
supernatant was discarded, and a volume of deion-
ized water was added to the suspension with the
CNT-rec. Aliquots containing the final mass of CNT-
rec with deionized water were frozen and then
lyophilized at –84 °C for 24 h in a Labconco Free
Zone 2.5 Plus Lyophilizer (Missouri, USA). CNT-rec
was used to produce new films, following the same
methodology of preparation of the nanocomposites
(Section 2.2). Nanocomposites films were produced
with 1, and 2 wt% CNT-rec labeled as PHBV/CNT-
rec 1% and PHBV/CNT-rec 2%.

2.4. Characterization of CNT
Pristine CNT and CNT-rec were analyzed in a field
emission gun scanning electron microscope (FEG-
SEM) model MIRA 3 (TESCAN, Brno, Czech Re-
public) operating at 20 kV. A transmission electron
microscope (TEM) JEOL JEM 1400Plus (JEOL,
Japan) was used to obtain images of the pristine CNT
and CNT-rec, operating at 80 kV. The nanofillers
were placed on carbon-coated copper grids.
Fourier transform infrared (FT-IR) spectroscopy was
performed using a Shimadzu IR Affinity-1 (Kyoto,
Japan), with 2 cm–1 resolution, to confirm the pres-
ence of impurities remaining or molecules adhering
to the CNT-rec surface. Pristine CNT and CNT-rec
were prepared onto potassium bromide (KBr) crystals.
Pristine CNT and CNT-rec were analyzed by Raman
Renishaw 2000 spectrometer (Renishaw, Old Town,
Gloucestershire, UK), coupled to an optical micro-
scope with an argon laser (514 nm).
The samples were submitted to X-ray diffraction in
a high-resolution X-ray diffractometer Philips X-Pert
MRD (Eindhoven, Netherlands), with Kα1 (1542 Å)
of a copper tube operating under 45 kV and 40 mA.
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The data were collected over a range of scattering
angles (2θ) of 10–40°, time per step of 20 s, and step
size of 0.02°.

2.5. Characterization of nanocomposites films
Differential scanning calorimeter (DSC) measure-
ments of PHBV/CNT and PHBV/CNT-rec nanocom-
posites were performed using a Netzsch model DSC
204 Phoenix (Selb, Germany). Samples were sealed
in an aluminum DSC pan and heated from room
temperature to 200 °C at 10 °C·min–1, and they were
kept at this temperature for 2 min. Posteriorly, sam-
ples were cooled to –20°C at 10°C·min–1, held at this
temperature for 1 min, and again heated to 200 °C at
10°C·min–1. Measurements were performed under a
nitrogen atmosphere with a flow rate of 50 ml·min–1.
The degree of crystallinity, Xc [%], was calculated
according to Equation (1):

(1)

where ∆Hm is the total melting enthalpy on second
heating, ϕPHBV is the weight fraction of PHBV in the
nanocomposite, and ∆H0

m is the theoretical melting-
heat value of 100% crystalline PHBV, which was
taken as 109 J·g–1 [54]. ϕPHBV was considered equal
to 0.99 and 0.98 for nanocomposites with 1 and
2 wt% nanofiller, respectively.
Thermogravimetric analyses (TGA) of PHBV/CNT
and PHBV/CNT-rec nanocomposites were performed
using Netzsch TG 209 F1 Iris® equipment (Selb, Ger-
many). Samples were heated at a rate of 20°C·min–1,
starting from 50 to 800 °C, under nitrogen flow.
DC conductivity of the nanocomposites was meas-
ured using the two probe method and equipment of
Keithley 2400 SourceMeter (Keithley Instruments,
Inc., Cleveland, OH, USA). The films had an aver-
age thickness of 40 µm, and the electrical contact
was gold/palladium thin film deposited by a Sputter
Coater SCD 050 Baltec (Scotia, NY, USA) on both
sides of the sample producing a metal–nanocompos-
ite–metal structure. The values were calculated using
Equation (2):

(2)

where σ is the electrical conductivity [S·cm–1]; i is
the electric current [A]; L is the sample thickness
[cm]; V is the voltage [V], and A is the electrical con-
tact area [cm2].

The cryogenically fractured surfaces of nanocom-
posite films were analyzed by FEG-SEM in TES-
CAN (model MIRA 3) equipment (Brno, Czech Re-
public). The samples were fractured in liquid nitrogen,
fixed in aluminum stubs with carbon tape, and cov-
ered with a thin layer of gold deposited by a Sputter
Coater SCD 050 BalTec (Scotia, NY, USA).

3. Results and discussion
3.1. Characterization of CNT
3.1.1. Morphology: FEG-SEM and TEM
FEG-SEM analyzes were performed to evaluate CNT
morphology and possible changes resulting from the
biodegradation process. The long length (Figure 1a),
homogeneity in diameter size, and surface integrity
of the nanotubes (Figure 1b) can be observed in the
micrographs of the pristine CNT.
In the same way, in Figure 1c, it is possible to ob-
serve the presence of CNT-rec in large quantities in
the residual recovered after the biodegradation test.
However, the residual still presents some regions of
CNT-rec with the PHBV matrix that had not been
fully degraded in the biodegradation process (indi-
cated in Figure 1c with arrows). In our previous work,
Silva et al. [26] also showed the great presence of
CNT in the final residue of the biodegradation of
PHBV/CNT 2% films, and in some regions, the pres-
ence of the PHBV matrix that has not been fully de-
graded. An area with several CNT-rec with part of
its length completely free from the matrix can be ob-
served in Figure 1c, whereas in Figure 1d, regions
of its length adhere to the polymer matrix (indicated
by arrows). In Figure 1d, free CNT-rec with diame-
ters similar to those of pristine CNTs (in the 30 nm
range) can be observed, indicating that despite the bio -
degradation process, the structure of the CNT is pre-
served. In this micrograph, one can also notice the
presence of CNT-rec with parts completely inserted
inside the matrix, as indicated by the white arrows.
The morphology of CNT-rec due to the biodegra-
dation process was further investigated by TEM.
Figure 2a–2c shows the TEM micrographs of the
original CNT, where it is possible to see CNT with
different lengths and diameters and the presence of
amorphous carbon (Figure 2a). These structures are
already expected since they are known to be formed
during thermochemical vapor deposition (TCVD). It
is also noted black spherical particles that corre-
spond to the metallic catalyst particles, which are the
main impurity arising from the process of obtaining
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the CNT. CNT agglomerates can also be observed
(indicated by arrows in Figure 2b). The presence of
CNT agglomerate (darker region), amorphous car-
bon, and metallic catalyst particles have already been
identified in our previous work [25]. In addition, the
micrograph with the highest magnification (Figure 2c)
shows some conical closed ends (indicated by the ar-
rows) that are typical of not oxidized CNT, and it is
believed that the formation occurs due to the pres-
ence of pentagonal rings inserted between the hexag-
onal rings that make up the graphite sheet [55].
In the micrographs, it is possible to notice the pres-
ence of residues from the biodegradation process
around the CNT-rec (indicated in Figure 2d with

arrows), probably the non-biodegraded PHBV and
residue from the biodegradation test, confirming what
was observed in the SEM micrographs (Figure 1).
Two factors may have caused the non-biodegrada-
tion of the PHBV still present in the CNT-rec: A pos-
sible antimicrobial activity of the CNT [56–59],
which hindered the biodegradation process of the
PHBV chains that were physically attached to the
CNTs; The period of time in which the test was per-
formed (20 days), which may not have been enough
to complete the action of the microorganisms.
In the analysis of the CNT-rec, black spherical par-
ticles are noted, which are also observed in the pris-
tine CNT, where they refer to the presence of the
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Figure 1. FEG-SEM images of (a, b) pristine CNT; (c, d) CNT-rec.



metallic catalyst particles used in the CNT produc-
tion method (Figure 2e). The arrow (Figure 2f) indi-
cates that the tip of the CNT-rec is closed; that is, it
has not been oxidized in the biodegradation process,
indicating that the structure of the CNT-rec has not
been damaged.

3.1.2. FT-IR spectroscopy
Figure 3 shows spectra of PHBV, CNT-rec, and pris-
tine CNT. In the PHBV spectra, the characteristic
bands of this neat polymer are verified, which are
present in other works in the literature [33, 60, 61].
FT-IR was used to characterize structural changes in
the CNT-rec from the biodegradation process com-
pared to the pristine CNT.
In the spectrum of CNT-rec, the broad band at
3450 cm–1 is more intense compared with pristine
CNT. This band is assigned to the OH stretching of
carboxylic groups (O=C–OH), and is related to the
water molecules that the impurities present in the
CNT-rec may have absorbed during storage [62].
Spectrum bands at 2926 and 2870 cm–1, observed in
pristine CNT and CNT-rec, are assigned to the
asymmetric and symmetric stretching of the meth-
ylene present in the hexagonal structure of CNT. The

identification of these bands in the CNT is related to
defects in the sidewalls of the nanotubes [63]. In the
spectrum of CNT-rec, some bands from the remain-
ing PHBV are observed, indicating the presence of
PHBV chains in this CNT after the biodegradation
process. In addition, another band characteristic of
PHBV is observed in the CNT-rec at 1454 cm–1 that
is assigned to asymmetric angular deformation of
methyl groups in the polymeric chain of PHBV [12,
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Figure 2. TEM images of (a–c) pristine CNT and (d–f) CNT-rec.

Figure 3. FT-IR spectra of the neat PHBV, pristine CNT, and
CNT-rec.



33, 60]. The remaining bands of PHBV in the spec-
trum of CNT-rec are in accordance with the results
from FEG-SEM and TEM, confirming the presence
of small amounts of non-degraded PHBV.
The FT-IR spectrum of CNT-rec also shows the
bands at 1650 and 1068 cm–1 that are characteristic
of the amide functional group I and can be assigned
to the presence of proteins since proteins have in-
tense transmittance bands at those wavenumbers.
The band at 1650 cm–1 refers to C=O stretching vi-
bration with a small participation of the C–C–N de-
formation, out-of-phase C–N stretching vibration,
and NH in-plane bend. And the band at 1068 cm–1

refers to NH2 deformation vibration [64, 65]. These
bands are additional indications of the presence of
protein adhered to the surface of the CNT-rec, being
a remnant of the biodegradation process. These pro-
teins are expected to be produced by the microor-
ganisms and released into the reaction medium.
Therefore, as observed in the morphological char-
acterizations, the existence of impurities adhered to
the CNT-rec is noted (as observed in TEM images,
Figure 2), which in this case indicates that the PHBV
did not biodegrade completely, remaining attached to
the CNT-rec, and also the residues of the biodegra-
dation process, which in this case, maybe protein
molecules.

3.1.3. Raman spectroscopy
Information about the degree of disorder of the crys-
tal structure can be obtained through Raman spec-
troscopy, an analysis widely used to characterize car-
bon materials [66]. All graphitic materials, including
CNT, exhibit a strong peak at 1580 cm–1 (G band),
which is the first-order mode attributed to symmetry
vibrations, known as E2g, associated with perfect
graphite [67–70]. Since most carbonaceous materials
exhibit significant disorders, other bands are ob-
served. A band near 1350 cm–1 called the defect band
(D1 band) is attributed to the A1g symmetry vibra-
tion mode of the graphite lattice, being caused by
structural defects and the presence of heteroatoms.
The band at 1620 cm–1 (D2 band) is assigned to
lattice vibration analogous to the G band, but this

vibration is from the graphene layers that are not
sandwiched between two graphene layers. The band
near 1530 cm–1 (D3 band) is assigned to the amor-
phous sp2-bonded carbon species, and this band is
presented in poorly ordered materials, organic mole-
cules, fragments, or functional groups. The band at
1150 cm–1 (D4 band) is assigned to sp3-sp2 mixed
sites at the edges of crystallites or C-C and C=C
stretching vibrations of polyene-like structures [68–
70]. Figure 4 presents Raman spectra (experimental
curve), their respective deconvolutions (fit peak
curve), and the cumulative peak curve for pristine
CNT and CNT-rec. The methodology used for de-
convolutions is described by Sadezky et al. [68]. The
combination of bands generated an R-square greater
than 0.99, being close to 1, which characterizes an
adequate fit (the theoretical curves and the values
were obtained using OriginPro 8.5 software.). The
bands discussed (G, D1, D2, D3, and D4) are detect-
ed in both samples, pristine CNT and CNT-rec.
To determine the degree of disorder in the structure
of CNT, the ratio between the relative intensities of
the D1 and G bands (ID1/IG) is usually calculated,
which is presented in Table 1. The ID1/IG ratio tends
to be higher for materials with higher defect density.
For the analyzed samples, the ID1/IG ratios are 1.25
for pristine CNT and 1.03 for CNT-rec, which sug-
gests that CNT-rec has fewer defects in its structure
compared with pristine CNT. However, since the
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Figure 4. Raman spectra and deconvolution for pristine
CNT and CNT-rec.

Table 1. Raman parameters calculated for pristine CNT and CNT-rec.

Sample
Intensity Area ratio

D1 G ID1/IG D1/All D2/All D3/All D4/All G/All
CNT 0.98 0.78 1.25 0.49 0.06 0.02 0.08 0.35
CNT-rec 0.82 0.79 1.03 0.44 0.06 0.05 0.09 0.36



presence of mineral salts is observed in the XRD re-
sults of CNT-rec, this impurity can have caused the
change in the D1 band intensity of CNT-rec (Table 1).
Therefore, the ratios between the areas of each band
and the total area (sum of all areas) are calculated to
correlate the organization of this CNT structure and
possible defects or impurities (Table 1). Thus, it can
be seen that the other bands that are also attributed
to defects and impurities (D2, D3, and D4) do not
have a significant decrease between CNT-rec and
pristine CNT; on the contrary, the ratio between
D3/all-area and D4/all area have an increase. This
result indicates that in the case of the D3/all area
ratio of the CNT-rec (which is higher when com-
pared to the ratio of pristine CNT), there is a great
number of defects and/or impurities that can be at-
tributed to the presence of organic molecules, frag-
ments or functional groups [68, 69], and the presence
of minerals [71]. Bar-Ziv et al. [71] relate the band's
appearance around 1500 cm–1 to the presence of
mineral matter observed in mineral-rich coal sam-
ples. The increase in the D3/all area ratio indicates the
presence of sp3-sp2 bonds or C–C and C=C stretch-
ing vibrations characteristic of polyene-like struc-
tures [68, 69] and the presence of ionic impurities
[68]. This result can indicate the presence of parts of
the PHBV chain in the CNT-rec. Cuesta et al. [72]
attribute the presence of this band to impurities and
thus would not be linked to the degree of disorder of
the material, which in this case is not a disorder of
graphite. That being so, in the Raman analysis, as in
the previous analyses, the presence of mineral salts
and PHBV as impurities in the CNT-rec are also ob-
served, but it is also observed that the biodegradation
process does not affect the CNT structure of the CNT-
rec, thus enabling its recovery after this process.

3.1.4. X-ray diffraction (XRD)
CNT X-ray diffractograms are characteristic of crys-
talline solids, which provide information regarding
structural changes and/or the presence of impurities.
Figure 5 shows the diffractograms of the pristine
CNT and CNT-rec. As can be seen, both curves show
peaks at approximately 2θ = 26.1°, which is charac-
teristic of graphitic structure on the walls of the car-
bon nanotubes, reflection from the 002 planes of
graphite [73, 74]. However, the intensity of this peak
in the CNT-rec curve is lower when compared with
that observed for the pristine CNT. This can indicate
that CNT-rec still has residues from the PHBV

matrix and the biodegradation process, as observed
in morphological analyses (Figure 1 and Figure 2)
and results of FT-IR.
CNT-rec diffractogram presents an unexpected peak
at 2θ = 24°, which can be associated with possible
residues from the biodegradation test, such as min-
eral salts. This peak is characteristic of potassium di-
hydrogen phosphate (KH2PO4) [75, 76], one of the
mineral salts used in the biodegradation test [26].
Even with the washings by centrifugation, some rem-
nant of this salt remained in the CNT-rec or in the
PHBV mass, which is observed in the micrographs,
and thus detected in the XRD. 
The presence of PHBV can also be noted in the
X-ray diffractogram of CNT-rec, where small eleva-
tions in the curve can be observed exactly in the
characteristic regions of the PHBV planes, which
are: 2θ = 13° referring to the 020 plane, a slight ele-
vation between 19–23° where it contains the 021,
101, and 11 planes, and a slight displacement, shoul-
der, at 26° that may be due to the 121 plane at 2θ =
25°. All these planes are presented and discussed in
our previous work [17]. These plans are characteris-
tic of the orthorhombic structure of PHBV [16, 53,
77]. Since PHBV appears as an impurity in CNT-rec,
these peaks do not appear as evident as when ob-
served in an XRD of its nanocomposite, but compar-
ing CNT-rec to pristine CNT may indicate the pres-
ence of PHBV.

3.2. Characterization of nanocomposites films
3.2.1. Differential scanning calorimeter (DSC)
DSC analyses are performed to determine the crys-
tallization and melting behaviors of PHBV and its
nanocomposites with CNT and CNT-rec. Figure 6
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Figure 5. XRD diffractometer curves of CNT and CNT-rec.



shows the DSC curves for the cooling (after the first
heating to eliminate the thermal history) and the sec-
ond heating of the PHBV, PHBV/CNT, and PHBV/
CNT-rec nanocomposites. The values of crystalliza-
tion temperature (Tc) obtained in the cooling and the
melting temperature (Tm), melting enthalpy (∆Hm),
and degree of crystallinity (Xc) obtained in the sec-
ond heating of PHBV and nanocomposites can be
observed in Table 2.
In the cooling curves (Figure 6a and Figure 6c), it can
be seen that for pure PHBV, the crystallization peak
occurs at a lower temperature than nanocomposites
with CNT and CNT-rec. This result suggests that both
the pristine CNT and the CNT-rec acted as nucleating
agents, providing the previous crystallization of the
PHBV matrix. The effect of the CNT nucleating agent
on the PHBV matrix is also observed in the DSC re-
sults of the PHBV/CNT films with the addition of 1
to 10% CNT [25, 52, 54]. When well dispersed, CNTs
increase the number of nucleation sites and, conse-
quently, increase the polymer crystallization rate [54,

78]. In the case of CNT-rec (Tc at ~75°C), this effect
is less pronounced than the pristine CNT (Tc at 90–
98°C), probably due to the lower actual concentra-
tion of CNT-rec. The characterizations of the CNT
(Section 3.1) reveal that the CNT-rec contained im-
purities from the biodegradation process; therefore,
the actual concentration of CNT in the PHBV/CNT-
rec may be lower than the added mass of CNT in the
PHBV/CNT nanocomposites.
In the curves of the second heating of pure PHBV
(Figure 6b and Figure 6d), a melting peak of 170 °C
and a small shoulder in the curve of 157 °C are ob-
served. For the PHBV/CNT and PHBV/CNT-rec
nanocomposites, it is possible to observe two melt-
ing peaks related to different lamella sizes of the
crystalline phase, related to the homogeneous and het-
erogeneous PHBV nucleation [39, 79]. The introduc-
tion of CNT and CNT-rec intensifies this bimodal
distribution due to its influence on the nucleation of
the crystals that can occur both in heterogeneous and
homogeneous nucleation, as already observed for the
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Figure 6. DSC curves of neat PHBV, PHBV/CNT 1%, and PHBV/CNT-rec 1%: (a) cooling and (b) second heating. Neat
PHBV, PHBV/CNT 2% and PHBV/CNT-rec 2%: (c) cooling and (d) second heating.



introduction of CNT and other nanoparticles in the
PHBV matrix [16, 39, 41, 54, 80]. Still, for the CNT-
rec nanocomposite, this first peak appears with
lower intensity when compared to the CNT pristine
nanocomposite, which again indicates a lower actual
nanofiller concentration in these films. The varia-
tions in the melting temperatures (Tm1 and Tm2) are
not significant when comparing all samples.
Table 2 also shows a decrease in the degree of crys-
tallinity with the addition and increase of CNT con-
centration. Although CNT acts as a nucleating agent,
when homogeneously dispersed in polymeric matri-
ces and higher concentrations, they can act as a phys-
ical barrier, due to their length, for the growth of
crystallites, hindering the crystallization of the poly-
mer [17, 81]. The PHBV/CNT nanocomposite has a
higher degree of crystallinity than PHBV/CNT-rec,
which may be related to the better distribution of
CNT in the matrix and the more real content of CNT
in the final material. The most significant decrease
in the degree of crystallinity (~ 40%) in PHBV/CNT-
rec nanocomposites compared to pure PHBV may
be related to impurities from the biodegradation
process, as proven in other analyzes (morphology,
FT-IR, Raman, and XRD). The contaminants, such
as salts and protein, present in CNT-rec act as a bar-
rier to the diffusion and folding of polymeric chains
in the crystalline phase during crystallization. In this
way, the PHBV matrix crystallization process is ham-
pered since the mobility of the chains is restricted,
and the PHBV/CNT-rec nanocomposites show a
lower degree of crystallinity [36]. Furthermore, in
the case of PHBV/CNT-rec nanocomposites, no sig-
nificant difference is observed between the different
concentrations, as in the case of PHBV/CNT nano -
composites, probably because the 2% mass of CNT-
rec does not correspond solely to CNT, but also im-
purities.

3.2.2. Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) determined the
thermal degradation behavior of neat PHBV and its
nanocomposites with CNT and CNT-rec in an inert
atmosphere (N2) (Figure 7). In the TGA curves of all
samples (Figure 7a and Figure 7b), it is found that
the thermal degradation occurred in a single step, re-
lated to the thermal degradation of the PHBV matrix,
which is proven by the curves of the first derivative
(DTG) (Figure 7c and Figure 7d). The thermal
degradation of the PHBV occurs by transesterifica-
tion and cis-elimination [82]. To determine the effect
of the introduction of the CNT and CNT-rec in the
thermal degradation of the PHBV matrix, the tem-
perature at 1% weight loss (T1%), the onset temper-
ature (Tonset), the temperature at the maximum weight
loss (Tmax), and the residual mass (RM) are shown in
Table 3.
In the T1%, an increase in the thermal stability in all
nanocomposites is observed after the introduction of
CNT. The increase in T1% is more evident for nano -
composites with 1 and 2% of pristine CNT. This in-
crease can be related to the decrease in the transport
of combustion gas during the polymer decomposi-
tion with the addition of CNT and causing the ab-
sorption of free radicals produced in the degradation
of the carbon surface [83]. A similar result is also re-
ported in our previous work [52] in PHBV/MWCNT
and PHBV/functionalized MWCNT nanocomposites
and by Lai et al. [83] with the addition of MWCNT
in PHBV nanocomposites.
However, the onset degradation temperature (Table 3)
does not show the same trend. The Tonset of PHBV/
CNT 1%, PHBV/CNT-rec 1%, and PHBV/CNT-rec
2% nanocomposites are almost the same as PHBV.
But a small decrease of 7 °C in the Tonset of PHBV/
CNT 2% nanocomposite is observed. The difficulty
of CNT dispersion can have caused this effect on this
concentration in the PHBV matrix. In the production
of PHBV/MWCNT nanocomposites, Lemes et al.
[25] observed that the increase of MWCNT concen-
tration does not improve the thermal stability in the
same proportion, and they attribute this result to the
difficulty of nanofiller dispersion. Although, in other
words, the increase in the thermal stability is ob-
served in PHBV nanocomposites with 0.5 wt% of
MWCNT, where the nanofiller act as a barrier to the
permeation of combustion gas in nanocomposites
with good dispersion of the MWCNT [52].
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Table 2. Thermal parameters evaluated from DSC for
PHBV, nanocomposites PHBV/CNT and nanocom-
posites PHBV/CNT-rec.

N/D = not determined

Sample Tc
[°C]

Tm1
[°C]

Tm2
[°C]

∆Hm
[J/g]

Xc
[%]

PHBV 60 N/D 170 87.07 79.9
PHBV/CNT 1% 90 163 171 72.71 67.4
PHBV/CNT-rec 1% 75 158 170 40.64 37.7
PHBV/CNT 2% 98 164 172 55.16 51.6
PHBV/CNT-rec 2% 77 159 171 42.47 39.8



Comparing the two nanocomposites with the content
of 2%, PHBV/CNT 2%, and PHBV/CNT-rec 2%, the
same behavior of decreased thermal stability is not
observed. PHBV/CNT-rec 2% may have maintained
the same temperature range as PHBV due to the ac-
tual content of CNT inserted being smaller in this
nanocomposite since, as previously observed, CNT-
rec contained not only CNT but also impurities. Thus,
in the case of PHBV/CNT-rec nanocomposites, the

non-variation of thermal stability may be related to
the presence of impurities from the biodegradation
process, such as the polymer itself.
In the Tmax results (Table 3), the addition of 1%
CNT causes a small decrease of 6 °C in the temper-
ature value for the nanocomposites with pristine CNT
and CNT-rec and of 4°C for the PHBV/CNT 2%.
This small decrease can be associated with CNT dis-
persion in the polymer; since not being well dis-
persed, the nanofiller does not act as a transport bar-
rier for combustion gases, as was expected [83].
With the addition of 2% CNT-rec, no significant
variation is observed compared to PHBV, which may
also be associated with nanofiller dispersion in the
matrix. In addition, the presence of PHBV in the
CNT-rec may have collaborated in not affecting
more expressively (impairing) the thermal stability
of the nanocomposite. Lai et al. [83] observe an in-
crease of 16 °C in Tmax for PHBV nanocomposites
with 2% of MWCNT and relate this increase to the
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Figure 7. Thermogravimetric curves of PHBV, nanocomposites PHBV/CNT and nanocomposites PHBV/CNT-rec. a) and
b) thermogravimetric curves; c) and d) first derivative curves. 

Table 3. Temperature at 1% weight loss (T1%), onset temper-
ature (Tonset), temperature of maximum weight-loss
rate (Tmax), and residual mass (RM) for PHBV,
PHBV/CNT, and PHBV/CNT-rec nanocomposites.

Sample T1%
[°C]

Tonse
[°C]

Tmax
[°C]

RM
[%]

PHBV 225 282 303 0,02
PHBV/CNT 1% 245 280 297 1,97
PHBV/CNT-rec 1% 230 280 297 1,08
PHBV/CNT 2% 242 275 299 3,11
PHBV/CNT-rec 2% 240 283 302 1,16



effective dispersion of the MWCNT, that act as a
barrier to thermal degradation of the polymer.
As expected, the RM value obtained for the PHBV
films is very close to 0% since, at this temperature,
it is expected that the entire polymer has already de-
graded. The RM of nanocomposite with 1 and 2%
pristine CNT show values well above the expected
value, close to the added CNT content for each nano -
composite, since this is supposed to be the residue
from the thermal degradation of the nanocomposites.
However, this value is proportional for both nano -
composites. In the previous work of this research
group [52], it was also observed an increase in RM
value compared to the content of CNT in PHBV/
MWCNT nanocomposites, being justified by the
more active surface of the pristine CNT, which pre-
vented the degradation of a small part of the poly-
mer. Meanwhile, for the PHBV/CNT-rec 1% and
PHBV/CNT-rec 2% nanocomposites, lower RM val-
ues are noticed compared to the content of CNT in
the PHBV/CNT-rec nanocomposites. The difference
in the RM value of the PHBV/CNT-rec 2% is even
greater. This effect may be associated with the real
content of CNT-rec that was added being lower since
the CNT-rec still contained impurities arising from
the biodegradation process as observed in the char-
acterization of CNT-rec and which may have suf-
fered thermal degradation.
Results obtained from the TGA analysis show that
even with impurities in the CNT-rec, the PHBV/CNT-
rec nanocomposites present suitable thermal stabili-
ty, and under some conditions, it is even better than
the thermal stability obtained by the addition of pris-
tine CNT. These results further support our claim
that the recovery and reuse of these carbon materials
after the biodegradation process of the films is a fea-
sible strategy.

3.2.3. Morphology
Cryogenically fracture surfaces of PHBV/CNT, and
PHBV/CNT-rec nanocomposites were analyzed by
FEG-SEM micrographs (Figure 8). The PHBV/
CNT 1% (Figure 8a) shows a smooth fracture sur-
face typical of a brittle and hard material; in addition,
it is possible to observe the presence of CNT in the
PHBV matrix (white arrows). On the other hand,
PHBV/CNT-rec 1% (Figure 8c) presents a slightly
rougher surface, characteristic of a material that suf-
fered some deformation before rupture. But in this
region of the micrograph, it is impossible to observe

the presence of CNTs, only possible impurities
(white arrows), which may be linked to a smaller
amount of nanofiller than the added content and the
nanofiller not being well dispersed in the polymer
matrix, due to the agglomerates.
PHBV/CNT 2% (Figure 8b) presents a rougher sur-
face than other nanocomposites, indicating that it
suffered a greater deformation before rupture. In com-
parison with the PHBV/CNT 1% nanocomposite, the
increase in the content of CNT may also have con-
tributed to the increase in roughness. CNT is present
in the PHBV matrix (white arrows) with good inter-
action between nanofiller and polymer. However, in
other works with this same CNT content, it is possi-
ble to observe the presence of a greater amount of
CNT well dispersed in the polymer [83] or to iden-
tify the nanofiller's poor dispersion in large areas ag-
glomerates [25]. Therefore, the micrograph of
PHBV/CNT 2% (Figure 8b) may indicate the het-
erogeneity of the nanocomposite and thus may not
represent regions that may contain the CNT poorly
dispersed in the polymer matrix. This would be in
agreement with the results observed in TGA, that the
poor dispersion impaired the improvement of the
thermal degradation temperatures of the nanocom-
posites.
A single CNT (white arrow) is observed on the frac-
ture surface of PHBV/CNT-rec 2% (Figure 8d), in
addition to a smooth surface, characteristic of a brit-
tle and hard material, and the presence of impurities
(white circles). Similar to the PHBV/CNT-rec 1%
nanocomposite, this result indicates that the amount
of CNT in the nanocomposite is lower. This is also
in agreement with the other characterizations that
stated the non-real content (being 2% in this nano -
composite) of the CNT and the presence of impuri-
ties (white circles).

3.2.4. Electrical conductivity
Electrical conductivity measurements are performed
to verify the influence of the addition of CNT (pris-
tine CNT and CNT-rec) to the PHBV matrix and the
possible consequences of the biodegradation process
on the electrical properties of CNT-rec. The values
were calculated using Equation (2) through the linear
portion of the I–V curves obtained from the equipment
and are shown in Table 4. The PHBV shows the be-
havior of an insulating polymer, as observed by the
electrical conductivity value (5.1·10–13 S·cm–1) [52].
The addition of CNT can turn the nanocomposite
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into a semiconductor or conductive material up to a
certain value (percolation threshold). The percentage

of CNT greatly influences the electrical conductivity
of the nanocomposite, so this property tends to in-
crease according to the increase in the percentage of
the nanofiller [84, 85].
As expected, the addition of 1% CNT to the PHBV
provides a significant improvement in the electrical
conductivity of the nanocomposite, an increase of
9 orders of magnitude, when compared to the values
of pure PHBV. The improvement in the electrical
property supposes that a conductive network of CNT
is formed in the polymeric matrix, thus allowing the
transport of electrons in the nanocomposite [85].
The electrical conductivity of PHBV/CNT-rec 1%
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Figure 8. FEG-SEM micrographs of (a) PHBV/CNT 1%, (b) PHBV/CNT 2%, (c) PHBV/CNT-rec 1%, and, (d) PHBV/
CNT-rec 2% nanocomposites.

Table 4. Electrical conductivity values of PHBV, nanocom-
posites PHBV/CNT, and nanocomposites
PHBV/CNT-rec.

*Value of the reference [52]

Sample Conductivity
[S·cm–1]

PHBV* 5.10·10–13

PHBV/CNT 1% 5.77·10–4

PHBV/CNT-rec 1% 4.18·10–11

PHBV/CNT 2% 1.42·10–2

PHBV/CNT-rec 2% 1.41·10–2



nanocomposite (4.18·10–11 S·cm–1) is lower by 7 or-
ders of magnitude compared to PHBV/CNT 1%
(5.77·10–4 S·cm–1) and an increase of 2 orders of
magnitude compared of pure PHBV. This result can
be justified due to the amount of residual PHBV and
impurities present in the CNT-rec, making the actual
mass of CNT-rec in nanocomposite less than that
mentioned, as already discussed and presented in
other analyses.
Within this context, it would be expected that the
electrical conductivity in the case of PHBV/CNT-
rec 2% nanocomposite would also be lower com-
pared to that of PHBV/CNT 2% nanocomposite due
to the lower real concentration of CNT-rec. Surpris-
ingly, there is no significant difference between the
electrical conductivity of the PHBV/CNT 2%
nanocomposite (1.42·10–2 S·cm–1) and the PHBV/
CNT-rec 2% (1.41·10–2 S·cm). This result indicates
that even with a concentration of less than 2% CNT,
this amount can be sufficient to reach the percolation
threshold in the PHBV/CNT-rec 2% film and thus
result in a conductivity value close to the film with
2% CNT. The increase compared to pure PHBV is
11 orders of magnitude for both PHBV/CNT-rec 2%
and PHBV/CNT 2%.
Therefore, electrical conductivity measurements of
PHBV nanocomposite reveal that the biodegradation
process does not compromise the electrical proper-
ties of CNT-rec, which corroborates with the results
of previous analyses that observed the integrity of
CNT-rec after the biodegradation process. Therefore,
it is possible to state that it is possible to obtain
nanocomposites with the same electrical properties
when using pristine CNT or CNT-rec.

4. Conclusions
The use of carbon nanotubes recovered (CNT-rec)
from the biodegradation of PHBV/CNT nanocom-
posites films to produce new nanocomposites with
PHBV matrix is viable and very promising. Since
the life cycle of this material can be closed in a rel-
atively short period, it is full of sustainable principles
of new material development. The methodology ap-
plied in this work shows that it is possible to recover
the CNT from the biodegradation of PHBV/CNT
nanocomposites; however, the CNT-rec still con-
tained impurities such as proteins, mineral salts, and
the PHBV matrix that were not fully biodegraded,
thus indicating that the CNT recovery process needs
to be improved. Despite that, it is found that CNT-rec

maintains its main structural characteristics. Compar-
ing the properties of PHBV/CNT and PHBV/CNT-
rec nanocomposites, it is noted that the effect of
these nanofillers on the matrix is very close, mainly
concerning the thermal and electrical properties of
the nanocomposites. In some cases, despite observ-
ing the same trend, the changes of the PHBV prop-
erties are less evident in the PHBV/CNT-rec, prob-
ably due to the lower accurate content of CNT-rec in
the nanocomposite since the nanofiller contains im-
purities arising from the biodegradation process. Re-
garding electrical conductivity, which can be consid-
ered a key property of the final application of the
nanocomposite, there is no significant difference be-
tween the PHBV/CNT and PHBV/CNT-rec nano -
composites. Therefore, the results reported herein
show that the recovery of the CNT from a nanocom-
posite is a feasible process that results in CNT with
similar properties to the original ones and that the
CNT recovered can be applied to produce new sam-
ples of the PHBV nanocomposite also with similar
properties of the original nanocomposite.
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