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Should the passive voice be forced indiscriminately?

Attila Balaské”

Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and

Economics, H-1111 Budapest, Miiegyetem rkp. 3., Hungary

I am an electrical engineer, English teacher and lin-
guist. I have been researching English grammar, pro-
nunciation and style for over thirty years. I have
written a book on English pronunciation and a three-
volume English grammar book. For the past seven
years, however, | have been focusing on the correct
use of scientific and academic English and have
proofread and corrected the English of a large num-
ber of manuscripts in polymer science.

Nowadays it is common practice that reviewers crit-
icise the English of papers as well, as they are also
asked by publishers. It is good because grammar and
vocabulary mistakes make it difficult or impossible
to understand the paper clearly, if at all. However, re-
viewers do not notice many actual grammar problems
such as dangling modifiers or the incorrect use of ar-
ticles. A far greater problem is that they often criticise
perfectly correct sentences. For some unimaginable
reason, many reviewers think that a scientific article
should be written in the passive voice and not contain
the words ‘I’, ‘we’, ‘my’ or ‘our’.

Nothing could be further from the truth. There is ab-
solutely no such rule. Actually, many style guides
and journals explicitly state that the passive voice
should not be overused. Some examples:

Elsevier: Writing Style Guidelines,

Springer: Concise writing,

APA Style Guide 6 Edition: APA Stylistics: Basics,
APA 7th Edition: The 17 Most Notable Changes.
Also, a language does not work like that. One cannot
make arbitrary rules in English. Could I say, for ex-
ample, that from now on ‘medical language’ means
everything in the past must be written in a future
tense and everything happening in the future must
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be written in a past tense? Because that is ‘medical

language’? (It would not lead to misunderstanding,

because the tenses would be used consistently.) No.

English is always the same, there is no such thing as

‘scientific English’, ‘medical English’, or ‘legal Eng-

lish’ grammar. Obviously, each field has its own ter-

minology but that is not grammar.

English is the same in different situations—grammar al-

ways works the same way. Let us see four examples:

— Areviewer requires that the passive is used in the
Abstract in sentences like ‘A new composite has
been developed’. instead of ‘“We have developed
a new composite’.

— Aresearcher gives a speech at a conference intro-
ducing his own research results and says ‘Good
afternoon ladies and gentlemen. A new composite
has been developed...’

— A child who has won a school contest goes home
to tell their parents the good news: ‘I am so happy!
The contest has been won!’

— A man confesses his love to a woman: ‘You are
loved’.

The passive voice works the same way in all four ex-

amples. How acceptable or unacceptable is the pas-

sive voice in these examples? Equally unacceptable.

The correct use of the passive and active voice is

governed by intricate rules in English. An article

written in correct English contains both the active
voice and the passive voice in the right places.

It is quite surprising that many reviewers try to force

authors who may be using both the active voice and

the passive voice correctly in their paper to use in-
correct English (only passive, without ‘I’ or “we’ or
even ‘our’) in the paper and thus significantly reduce
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the quality of the article. Well, it is not only surpris-  incorrectly. Nobody is. Publishers also have a respon-
ing, it is harmful, and reviewers should immediately  sibility in educating reviewers (through Guides for
stop doing this. After all, reviewers of scientific arti-  authors). Express Polymer Letters also encourages
cles are rarely linguists as well, and so they are by no  authors and reviewers to use both the active voice and
means qualified to order authors to use the passive  the passive voice correctly in manuscripts.
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Abstract. Solid polymer electrolytes based on polyvinyl alcohol (PVA)—chitosan (CS) polymer blend and Li—salt doped
blend electrolyte films are prepared using the solution cast technique. The Fourier transform infrared spectra showed that
the absorption peaks shifted in Li—salt doped polymer blend composites compared to pure blend films: indicating the chemical
modifications upon doping. From the UV-visible spectra, the spectral absorption response of Li* salt-doped polymer blend
composites showed a red shift in the absorption band. The optical band gap of the pure polymer blend decreased upon
doping. X-ray diffraction studies showed the dopant-dependent structural modification of pure polymer blend upon doping.
SEM images also showed the change in the surface morphology of the pure polymer blend upon doping. The termogravi-
metric analysis study revealed that the thermal stability of the pure polymer blend increases with Li,CO5 concentration. The
ionic conductivity of PVA-CS increases with Li-salt concentration, and the maximum conductivity of 7.70-107> S-cm™ is
observed for 15 wt% of Li,COj5 salt concentration. The transport property study revealed that the ions are the majority con-

ducting charge carriers in polymer blend composite.

Keywords: polymer blends and alloys, structural properties, electrical and transport properties

1. Introduction

Lithium—ion batteries have become a key source of
choice not only in the application of portable elec-
tronic devices (mobile phones, power banks, and
laptops) but also in hybrid electric vehicle applica-
tions. In the earlier days, liquid electrolytes were ex-
tensively used for battery applications, but these
electrolytes are associated with some disadvantages
or concerns like leakage and flammability leading to
safety hazards. However, this obstacle can be evaded
by replacing liquid electrolytes with solid polymer
electrolytes (SPEs).

In addition, these SPE materials also provide bene-
ficial properties such as high energy density, flexi-
bility and tunability of the properties of the host as
well as improved safety characteristics. Here it is ob-
served that desired chemical and physical properties
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of these SPEs can be obtained by doping/blending a
polymer with a suitable dopant/polymer. It is known
that the change in the property of a polymer com-
posite for SPE depends on the chemical nature of the
dopant/blend polymer, the type of polymer and the
way in which the dopant interacts with the host poly-
mer. As a result of these tunable properties, the poly-
mer and its composite—based solid polymer elec-
trolytes have become the most efficient and suitable
materials for the fabrication of solid—state batteries.
Owing to this, many researchers are focusing on poly-
meric blends and their composites for the fabrication
of batteries due to their ease of fabrication and high
performance, even at ambient temperatures. In par-
ticular, the polymers which are naturally occurring,
biocompatible and possessing optimal properties,
viz., mechanical, thermal, and high ionic conductivity
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properties (such as chitosan (CS) and methylcellu-
lose, etc.) are considered to be interesting materials
for blending [1, 2] and organic/inorganic fillers, plas-
ticization, copolymerization are enforced to modu-
late the ionic conductivity in these polymers. The re-
searchers also noticed that the polymer blending and
its composites—based solid polymer blend electrolyte
(SPBE) system possess great optical, mechanical,
thermal, and high ionic conductivity properties com-
pared to single polymer—based SPE system. To reach
this objective, many researchers proposed various
synthetic polymeric matrices, such as poly(acrylates),
polyvinyl alcohol, elastomers, polythiophenes, and
epoxy polymers, etc., as host materials and naturally
occurring polymers like chitosan, cellulose, and
starch, efc. are suggested polymers for the preparing
of solid polymer blend electrolyte films (SPBE) [3].
Among all the polymers, polyvinyl alcohol (PVA)
and chitosan (CS) based polymer blends and their
composites are proposed as the appreciable compos-
ite material for the preparation of blend electrolyte
systems [4]. The polymer blends and their compos-
ites exhibit higher charge storage capacity and pos-
sess dopant dependant structural, thermal, and elec-
trical properties. In general, the ionic conductivity
within a polymer electrolyte system is strongly in-
fluenced by the dopant (LiCl, LiClOy4, and Li,COs,
etc.) concentration and preparation methods. For ex-
ample, Salman et al. [2] reported the highest electri-
cal conductivity of 3.74-10°S-ecm™ in 40 wt%
LiBF4 doped chitosan—methylcellulose blend
biopolymer electrolyte and Shukur et al. [3] ob-
served the highest electrical conductivity of
2.06£0.39-1073 S-cm™! at room temperature for
11 wt% chitosan + 7 wt% PEO + 12 wt% NH4NO;3
sample with 70% ethylene carbonate (EC). Hence,
the understanding effect of doping on polymer blend
microstructure and modified physic—chemical
changes is the topic of current research.

It is also known that the ionic conductivity in poly-
mer/blend composites mainly depends on the pres-
ence of charge transfer (CT) complexes occurred due
to inter/intra—molecular interaction between the dopant
and the polymer. These charge complexes bridge the
gap between the neighbouring sites for efficient
charge transfer through the polymer backbone. Hence,
the ionic conductivity in polymers depends on the
chemical nature of the repeating units in the polymer
chain, the electronic structure, and the segmental
motion of the polymer backbone. Here the dopant
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makes the polymer backbone more flexible, which
helps to transfer mobile charge carriers from one
conducting site to another. In other words, the dopant
starts bridging between two localized sites of the
polymer in the form of a CT complex, which leads
to lowering the potential barrier between the two
sites and facilitates more and more mobile charge
carriers to transfer within the electrolyte systems. A
polymer blend is a homogeneous mixture of two or
more polymers, which can modulate the microstruc-
ture of the host material. The change in microstruc-
tural properties of polymer blends is depending on
the characteristic features of each polymer and the
blending concentrations. The main aim of polymer
blending is to prepare the blend materials which con-
quer unique structural, good thermal and high elec-
trical properties. When two or more suitable poly-
mers are mixed with a suitable volume of solvent,
inter/intramolecular interaction will take place, and
these chemical interactions will affect the physical
properties of the host or guest polymer. As a result,
one can expect the enhancement of other properties
in addition to electrical conductivity in the prepared
polymer blend and its composites [4—6].

Polyvinyl alcohol (PVA) is a vinyl polymer possess-
ing semicrystalline nature and also high 7, due to the
existence of a solid pyrrolidone group which is fa-
miliar with forming distinctive complexes with vari-
ous polymers and dopants. It has an excellent capac-
ity of charge storage, and it exhibits dopant—depen-
dent structural and electrical properties. The conduc-
tivity of PVA enhances due to the high rate of phys-
ical and chemical interactions through inter/ intra—
molecular interaction between functional groups of
PVA and the dopant. These interactions form charge
complexes and facilitate more and more ions transfer
from one conductive site to another; hence conduc-
tivity enhances in the polymer composites [7, 8].
Unlike PVA polymer, chitosan is a naturally occur-
ring polymer, and it comprises f—(1—4)-2—amino—
2—deoxy—D—glucosamine, which is a derivative of
chitin with a high degree of N—acetylation. Especial-
ly it is a copolymer of D—glucosamine and N—acetyl—
D—glucosamine, and it is a naturally occurring mu-
copolysaccharide. Chitosan polymer exhibits a few
eco—friendly properties such as nontoxicity, bio-
degradability, and excellent biocompatibility, and it
also has adhesiveness properties, efc. which came
from alkaline deacetylation of chitin [9—11]. Chi-
tosan is a semicrystalline polymer, and its degree of
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crystallinity is the function of the degree of deacety-
lation, and it can be degraded through enzymatic
hydrolysis. Since chitosan is a biodegradable poly-
mer, it drives it into technological applications such
as tissue engineering, drug delivery, electrochromic
devices, and membrane systems as a biomaterial,
and its antigenicity behaviour avail it as a biomater-
ial in biomedical applications [10, 12—14]. Khair et
al. [11] achieved the highest ionic conductivity of
about 8.91-1077 S-cm™! was achieved in 50 wt%
ammonium triflate (NH4CF3SO3) doped with chi-
tosan—based polymer electrolyte system at room
temperature. Hence PVA and chitosan are considered
congenial polymers for the blending process. Since
both the polymers are miscible to each other, the
ionic complexation takes place between chitosan and
PVA polymers through the hydroxyl groups of PVA
and amine groups of chitosan polymer [4—6]. In this
context, many researchers have paid great attention
to chitosan polymer/polymer blend composite as a
biological and technological active source [11, 15].
Hence in the present work, PVA and chitosan poly-
mer blend are used as a host, and Li,COj; as a dopant
for the preparation of blend composite and the mod-
ified optical, structural, morphological, thermal,
electrical, and transport properties of solid polymer
blend electrolyte (SPBE) system was intensively
studied using various techniques.

2. Experimental methods

2.1. Materials

The polymers polyvinyl alcohol (PVA), chitosan (CS)
and the dopant lithium carbonate (Li,CO3) salt used
in the present work are procured from M/s Sigma
Aldrich, Bangalore, India. Pure PVA—CS polymer
blend and Li,CO3;doped blend polymer composite
films are prepared using a standard solution casting
method. Here 0.8 gm of chitosan was gently added
to 40 ml of double distilled water containing 1% of
acetic acid under stirring (16 hours) to make 2%
(w/v) chitosan solution. 2 mg of PVA was dissolved
separately in 40 ml of double distilled water and
stirred for 1 hr at 40 °C, after getting homogeneous
solution the temperature is turned off again stirred
for 16 hours to make 5% (w/v) PVA solution.

The prepared 5% PVA solution and 2% chitosan so-
lution were mixed with a 50/50 ratio and again
stirred for 12 hours to get a homogeneous solution.
This homogeneous solution was poured into pure
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Petri plates and left to dry at room temperature to get
PVA—CS polymer blend film. Similarly, L;;COj3 salt—
doped PVA—CS polymer blend electrolyte films are
prepared by dissolving different concentrations of
Li,CO; (5, 10, and 15 wt%) separately in 10 ml dou-
ble distilled water and stirred for 30 min. Finally, dif-
ferent concentration of the salt—dissolved solution is
added to the 50/50 ratio of PVA—CS solution in sep-
arate beakers. The solution was again stirred for 6 h
and gently poured into a dry petri dish. The samples
are dried in a hot air oven for 24 h to get the free—
standing films.

2.2. Characterization techniques

Fourier transform infrared (FTIR) spectra were
recorded using an IR—Prestige 21FTIR spectropho-
tometer (Shimadzu, Kyoto, Japan) to identify the pos-
sible chemical modifications within the polymer
composite in the range 4004000 cm™! with a reso-
lution of 4 cm™ to analyze for pure and Li-salt doped
polymer composites (six samples). The optical ab-
sorption spectra of PVA-CS and Li-salt doped PVA-
CS polymer composites were obtained using an Ul-
traviolet (UV)—visible 1800 spectrophotometer
(Shimadzu, Kyoto, Japan) in the wavelength range
190-900 nm. X-ray diffraction (XRD) spectra were
performed by using the Rigaku Miniflex—600 (Tokyo,
Japan) benchtop X-ray diffractometer, where Cu—K,
generates the X-rays with A= 1.5406 A with the
glancing angle 26 range from 5-70° with the step size
of 0.02° and scanning rate 1o per min. The surface
morphology of prepared electrolyte films is observed
by Carl Zeiss scanning electron microscope (SEM)
(Carl Zeiss AG, Jena, Germany). Thermal properties
of the polymer blend electrolyte films are studied
using a universal TA—SDT Q600 instrument (Banga-
lore, India) in the temperature range of 25—600°C
with a scanning speed rate of 10 °C/min. The electri-
cal properties of the samples are measured using an
Agilent 4294 A precision impedance analyzer (Santa
Clara, California) with a frequency range of 40 Hz—
5 MHz using the two-probe method. Here the pre-
pared electrolyte films were sandwiched between two
silver (Ag) blocking electrodes (2.5 mm diameter)
with constant pressure to maintain better interfacial
contact between the electrode and electrolyte, and the
conductivity of pure and Li—salt doped polymer blend
electrolyte films were carried out at an ambient tem-
perature. Also, the temperature-dependent conductivity
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of the high-conducting solid polymer blend elec-
trolyte film is studied for different temperatures
using an Agilent 4294 A precision impedance analyz-
er (Santa Clara, California).

3. Results and discussions

3.1. FTIR

FTIR study is a powerful tool used to inspect the
chemical complexation between polymers and the
dopant. FTIR spectra of pure and salt—doped poly-
mer blends are shown in Figure 1, and the correspon-
ding band assignment is presented in Table 1. Pure
PVA-CS polymer blend exhibiting a broad band at
3290 cm™! is assigned to (~OH) stretching vibrations
related to PVA polymer. Another absorption band is
observed at 2923 cm™! which is concerned with
—CH, asymmetric stretching of PVA polymer. Peak
observed at 1647 cm™! related to amide I and III
groups of C=0 stretching vibrations of chitosan. The
peak corresponding to the N—H (deformation) bend-
ing of the -NH, group is located at 1557 cm™'. Nev-
ertheless, two more peaks are observed at 1417 and
1357 cm™!, which is assigned to the existence of

350
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3262 1338 oo
1557 1417
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2 200
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50 3280 141715762 000
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Figure 1. FTIR spectra of pure and Li,CO;3 (5, 10, and
15 wt%) doped PVA-CS polymer blend elec-
trolyte films.

carboxylic acid and CH, wagging. The peak located
at 1254 cm™! is related to C—H vibrations within the
polymer blend, and a weak absorption band is ob-
served at 1022 cm™!, which is attributed to the (C—N)
stretching peak of the PVA—CS polymer blend.

In a salt-doped polymer blend composite, the band
corresponding to a hydroxyl group (—OH) located at
3290 cm™! is shifted to a lower wave number and be-
comes shallow upon doping. The second peak ob-
served at 2923 cm™! is shifted to 2928 cm™! as well
a decrease in its intensity with an increase in salt con-
centration. In blend composite films, the peaks ob-
served at 1557, 1417, 1254, and 1022 cm™' exhibit
the change in their intensities upon doping. The mod-
ification in the observed band is mainly due to inter/
intra—molecular interaction between the dopant and
the functional groups of the polymer blend [2]. The
peak observed at 1375 cm™! for the pure polymer
blend is shifted to 1338 cm™' in the composite. The
changes in peak position and peak intensities in salt—
doped blend composites are mainly due to the com-
plexation of Li" ions and the oxygen or nitrogen
atoms of the hydroxyl or amine group of the polymer
blend. Here, the chemical interaction takes place be-
tween the hydroxyl group of PVA polymer with Li*
ion of Li,COj3 salt and also between amine groups
of chitosan with CO5;— of Li,CO3 salt [15, 16].

3.2. UV-visible studies

The UV—visible absorption spectrum is one of the
simple and effective methods used to study the band
structure and optical energy band gap (£,) in solid
materials. The UV—visible absorption spectra of pure
and Li—salt doped polymer blend electrolyte films
are displayed in Figure 2. In the above plot, the pure
polymer blend exhibits two absorption bands at 206
and 303 nm. The first peak observed at 206 nm is as-
signed to the n—n" transition formed due to the

Table 1. Peak positions and peak assignments of pure and Li—salt doped polymer blend composites.

Wavenumbers
[em™'] Peak assignments
PVA-CS Li,CO3 (15 wt%)
3290 3262 O-H stretching vibration
2923 2928 —CH, asymmetric stretching vibration
1647 - Amide I and III groups of C=0O stretching vibrations
1557 Increase in intensity N-H bending of -NH, group
1417 Increase in intensity Carboxylic group
1375 1338 Wagging of CH, vibration
1254 Decrease in intensity C—H vibrations
1022 Decrease in intensity C—N stretching peak
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Figure 2. UV-Visible absorption spectra of pure and Li—salt
doped blend composites.

unsaturated molecules within the polymer blend ma-
trix. The second peak observed at 303 nm is assigned
to m—7" transitions [5].

In blend composite films, the absorption bands and the
band edges are shifted towards higher wavelengths
with variant absorption intensities. Here the absorp-
tion band of the pure polymer blend observed at
206 nm suffered a slight shift towards a higher wave-
length (red shift) that provides delocalization of
charge carriers through polymer blend composite
chains. The absorption band observed at 303 nm dis-
appeared in the salt-doped blend composites. The
shift and disappearance of the absorption band and
enhancement in their intensities are attributed to the
formation of localized occupied states in the band
gap. These changes in peak position and intensities
are due to inter/intra—molecular hydrogen bonding
interactions between the functional groups of Li—salt
and PVA—CS polymer blend and suggest the forma-
tion of charge transfer complexes (FTIR results).
The observed modification in the absorption band
and band edge also reflects the absorption of radia-
tion is directly related to the number of absorbing
molecules within the samples [17, 18]. These
changes also affect the crystal structure of the blend,
which will ultimately affect the band structure and
optical energy band gap (Ey).

The absorption of light by the optical medium is de-
termined by its absorption coefficient (o), and is cal-
culated using Equation (1):

2.303A
o= T (1)

where A4 is the absorbance and d is the thickness of
pure and blend composite samples. It is well known

that the classical Tauc’s assertion, which relates the
absorption coefficient (o) and optical energy band
gap (Ej). Accordingly, the optical energy band gap
(E,) is determined by converting the obtained UV—
visible absorbance spectra into Tauc’s plot by using
a frequency—dependent absorption coefficient as rep-
resented by Mott and Devis equation [12] (Equa-
tion (2)):

hv—E,)
an =P =E) @

where B is a constant (band tail parameter) and ex-
ponent 7 is an empirical index that is equal to 2 for
indirectly allowed transitions, and in a quantum me-
chanical sense, this is responsible for the optical ab-
sorption. Linear behaviour of the plotted graph of
(ahv)"? versus the photon energy (/v) at room tem-
perature signifies the indirectly allowed transitions.
Further extrapolating the linear portion of the curve
on photon energy (/v) gives the optical energy band
gap (E,) values (Figure 3a). Using this method E,
values for pure and doped blend composites are es-
timated, and the variation of £, with dopant concen-
tration is given in Figure 3b.

From the Figure 3b, it is observed that in blend com-
posites, as the doping level increases, the £, value de-
creases (i.e. from 4.82 to 2.85 eV). This decrease in
E, values is mainly due to the presence of complexes
within the composite films, which arises due to the
interaction of dopant with polymer and also due to
the salt dissociation within the polymer blend.
Since the number of complexes within the blend com-
posite increases with dopant concentration, it leads to
a change in the microstructure of the PVA—CS poly-
mer blend; as a result, a decrease in optical energy
band gap (£,) is expected in blend composites. To un-
derstand the structural nature further, the optical acti-
vation energy of polymer blend composites is deter-
mined by using Urbach’s energy (£,) Equation (3):

=0, exp(%) 3)

where oy is a constant and £, is the activation energy
(energy that causes a conduction mechanism within
the system). The Urbach’s rule conveys the expo-
nential dependency of a(v) on photon energy (4v),
also the Urbach’s energy illustrates the disorder that
occurred within the electrolyte system and is gener-
ally understood by the width of band tail of localized
states in the forbidden gaps [18].
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Figure 3. a) Variation of (04v)"? with /v (photon energy) for pure and doped PVA—CS blend composite films, b) optical en-
ergy band gap (E,) vs. Li;CO3 doping concentrations.

The Urbach’s energy for pure blend composite is ob-
tained by plotting the graph of the exponential of

a(v) versus photon energy (Figure 4a) and by a fitted
curve of the linear region (Figure 4b). The estimated
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Figure 4. a) Variation of Ina with v (photon energy), b) linear portion of Ina. vs. /v, and ¢) activation energy (£,) vs. Li,CO3

doping concentrations.
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Table 2. UV—visible absorbance, optical energy band gap,
and optical activation energy values of pure and
salt-doped polymer blend composites.

Doping level, M | hyaxt | Amax2 | Medget | hedge2 | Eg E,
[wt%] [nm] | [nm] | [nm] | [nm] | [eV] | [eV]
0 206 | 303 | 248 | 354 | 4.69 | 0.21
5 242 - 472 - 2.99 | 0.70
10 247 - 528 - 291 | 0.75
15 251 - 540 - 2.85 | 0.81

E, values for different dopant levels and their varia-
tions with salt concentrations are shown in Figure 4c
and the same is tabulated in Table 2. From Figure 4c,
it is observed that the £, values increased with Li—salt
doping concentration. Here, the ion mobility percep-
tion is responsible for the variation of Urbach’s en-
ergy values in the case of doped polymer blend com-
posites. This dopant provides additional defect states
and forms complexes within the polymer blend ma-
trix; by increasing doping concentration increases
the density of localized states, which creates more
and more additional defects and extends the mobility
gap. Hence, the increased defects and complex for-
mation enhance the Urbach’s energy with an increase
in salt concentration in the polymer matrix.

3.3. X-ray diffractometer studies (XRD)

The XRD instrument is a known tool to examine the
crystal structure and yields appropriate information
on the degree of crystallinity of the samples. The ob-
served XRD pattern of pure and the salt-doped poly-
mer blend composite are given in Figure 5, and the
corresponding variations with salt concentration are
in Table 3. From Figure 5, it is observed that, in the
XRD pattern of pure PVA—CS polymer blend, a small

— 15 wt%
— 10 wt%
— Swit%
— PVA-CS

|
o

10 20 30 40 50 60
26[°]

Intensity [a.u.]

Figure 5. X-ray diffraction pattern of pure and Li—salt (5,
10, and 15 wt%) doped polymer blend composite.

peak is observed at 11.52° along with a broad peak
spotted at 19.62°. Here the first peak centered at
11.52° is the corresponding characteristic peak of chi-
tosan polymer, and another broad (highly intense)
peak observed at 19.62° represents the semicrystalline
nature of both PVA and chitosan polymers by com-
paring the diffraction peaks of pure and polymer
blend composites in Figure 5. Figure 5 shows a mod-
ification and shifts in the characteristic peaks. For
the Li—salt doped blend composites, it is observed
that the intensity of the diffraction peak (26 =
11.52°) increases with salt concentration.

Besides this, the intensity of the peak observed at
19.62° for pure polymer blend increases with salt con-
centration along with a slight shift towards the lower
20 value. This modification in peak position and a
slight shift in its position suggests that salt dissocia-
tion in the polymer matrix, as well as structural mod-
ification, takes place in the blend composites. These
structural modifications that take place within the
doped blend composite mainly arise due to the hy-
drogen bonding interaction between PVA—CS and
Li—salt (FTIR studies). These interactions lead to the
complex formation within the blend matrix whose
number increases with doping concentration, which
leads to the change of microstructural (crystalline/
amorphous) nature in blend composites [14, 19]. To
understand these structural modifications in the
blend composites with doping level further, the de-
gree of crystallinity (X.) has been estimated for pure
and doped blend composites using Hermans’ and
Weidinger formula (Equation (4)), [7, 8]:

AC
XC = m 100 [%] (4)

where 4. represents areas of sharp crystalline peaks,
A, is the area of amorphous halos. The observed
variations with doping concentrations are given in
Table 3. From the table, it is observed that the crys-
tallinity increases with an increase in Li,CO3; con-
centration in PVA—CS blend films; this is due to the
formation of hydrogen bonding between Li,CO3 and
polymer blend. The increased crystalline phase in
composites clearly shows the interaction between the
dopant and the polymer blend; these results are con-
sistent with FTIR results.

The average crystallite size of PVA-CS and PVA—
CS-Li,CO; composites is calculated using Scherer’s
Equation (5):
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PVA_%*SH:LPEZC% 206 d—spgcing P 1;{ Crystalol/inity, X.
%) [’ [A] [nm] [A] (%]
11.52 8.929 0.589 9.920
0 19.62 6.278 0.591 7.847 48
40.45 5.151 0.593 6.439
11.56 10.59 0.973 7.385
5 19.60 6.742 0.918 4.984 56
40.50 4.077 1.234 3.941
11.56 3.235 0.842 5.709
10 19.57 4.453 0.689 4.837 58
40.50 3.117 0.661 3.896
11.57 3.869 0.865 5.482
15 19.50 3.955 0.647 4.944 61
40.56 2.140 0.654 3.918
) surface of the polymer matrix can be observed, and
P= TCOSG (5) it increases with salt concentration which will be

where K= 0.9 is a constant, and it is related to the
crystallite shape and miller indices of the reflecting
crystallographic planes, A — wavelength, f — FWHM
(full width at half maximum) intensity of reflection
in radians and 0 — Bragg’s angle [20, 21].

The average inter—crystallite separation for pure and
Li—salt doped polymer blend composites is calculated
using equations in references [22-24], Equation (6):

__5A
Ry = 8sin0 (6)

The estimated crystallite size and inter—crystallite
separation are tabulated in Table 3; the calculated
crystallite size values show that it is increased with
salt concentration. The table shows that the average
crystallite separation in composites increases with
salt concentration. Hence from the XRD pattern, it
is clear that the microstructure of the pure polymer
blend is modified due to the addition of Li,COs.

3.4. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is employed
to determine the nature of dopant dispersion in the
polymer matrix. The observed SEM images of the
pure polymer blend and different Li,CO3 concen-
trations (10 and 15 wt%) are presented in Figure 6.
Figure 6a shows the smooth and homogenous sur-
face attributed to the amorphous phase of the pure
polymer blend, where the surface is clear, and there
is no sign of any clusters on the surface of the poly-
mer matrix. Figure 6b and Figure 6¢ shows the SEM
images of Li—salt (10 and 15 wt%) doped polymer
blend composites, here cluster formation on the

seen in Figure 6¢ [26].

This result indicates that the surface morphology of
pure polymer blend is affected by the Li—salt doping
and increases the surface roughness in doped polymer
blend composites; this indicates the structural mod-
ification occurred due to salt doping (XRD results)
[2, 22]. The increase in surface roughness with salt
concentration is due to complexes formed through
inter/intra—molecular interaction between functional
groups of the polymer host and the dopant.

3.5. Thermogravimetric analysis (TGA)

The thermal property of pure and doped polymer
composite films is studied using thermogravimetric
analysis (TGA), where the mass loss percentage,
phase transition, and decomposition temperature of
pure and composite films are studied. Observed TGA
graph of pure PVA-CS polymer blend and PVA-
CS-Li,COs3 (5, 10, and 15 wt%) composite films are
shown in Figure 7, and the mass loss values for pure
and salt—-doped polymer blend composite for differ-
ent temperatures are tabulated in Table 4. The TGA
curves (Figure 7) of pure and Li—salt doped polymer
blend composites exhibit three stages of weight loss
from 60-500 °C. The first stage of small weight loss
for PVA—CS polymer blend is in the range of 60 to
140 °C (mass loss percentage ~15%) and is assigned
to the elimination of moisture within the film. Here
the water molecules are bonded mainly to the amine
or hydroxyl groups present in the polymer blend,
which will easily be detached in this temperature
range.

The second stage of mass loss (rapid decrease in
mass loss = of 45%) is the degradation stage, which
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gaes 17

Figure 6. SEM images of a) PVA—CS polymer blend, b) PVA-CS-Li,CO; (10 wt%), and ¢) PVA—CS— Li,CO; (15 wt%).
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Figure 7. Thermogravimetric analysis of pure PVA—CS and
PVA-CS-Li,COs3 (5, 10 and 15 wt%) blend com-
posites.

begins at 220 °C and ends at 350 °C, where the struc-
tural modification takes place due to the decomposi-
tion of the polymer backbone chain. These structural
modifications affect the crystalline phase of the pure
polymer blend (XRD results), and the final degrada-
tion stage is between 360—480 °C (mass loss =35%)

891

Table 4. The weight loss percentage in pure and Li—salt doped
polymer blend composites.

X Weight loss
L12C03 [%] T(]
[wt%] [°C]
100°C | 200°C | 300°C | 400°C | 500°C

0 10.55 | 15.89 | 34.12 | 71.56 | 93.35 124

5 14.88 | 23.05 | 4534 | 64.04 | 78.20 145

10 22.07 | 34.47 | 5198 | 63.93 | 77.09 162
15 22.09 | 34.27 | 5230 | 62.47 | 77.02 170

and is related to the decomposition of residues left
within the pure blend [22, 23]. In blend composites,
the first stage of mass loss (=12%) is observed be-
tween 70—150°C, which is due to the evaporation of
moisture present in the composite films. The second
stage (degradation) occurs between 260-390°C
(mass =25% for 15 wt%, Li,CO3), which is due to
the chain scission of the polymer backbone and split-
ting of bonds between dopant and polymer backbone,
and the final degradation stage occurs between 400—
500°C (mass loss =20%). Also, from the table, it is
observed that the mass loss values of composite films
decrease compared with the pure polymer blend film.
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That is compared to the mass loss of pure blend, and
in Li—salt (15 wt%) doped polymer blend composite,
first stage mass loss decreases from 15 to 12%, for the
second stage of mass loss varies from 40 to 25% and
the final degradation stage decreased from 35% to
20%. These results show that the thermal stability of
the polymer blend films increases with doping. This
indicates the increase of thermal stability of the doped
blend composite films due to the chemical degrada-
tion process via chain scission in the polymer back-
bone. Hence from the TGA graph, it is observed that
the thermal stability of the PVA—CS polymer blend
is increased after adding Li,COj salt [24].

3.6. Impedance analysis studies

The impedance analysis is one of the familiar tech-
niques used to study the charging and transport phe-
nomenon in conducting and conjugated polymer
composites. Figure 8a shows the observed Cole—Cole
plot of the PVA—CS polymer blend and Li,COs3
doped polymer blend electrolytes. The Cole—Cole plot
of pure polymer blend and doped samples comprises
a broad semi-circle or oblique region at the high-fre-
quency window and a tail (linear region) at the low—
frequency region. Here, the semi-circle corresponds
to the bulk conductivity of the polymer electrolytes,
and the linear region attributes to double—layer ca-
pacitance at the electrode/electrolyte interface.

The semi-circle arises due to the parallel combina-
tion of bulk capacitance and bulk resistance of the
electrolyte films [25, 26]. From the plot, it is ob-
served that the semi-circle decreases with an increase
in Li—salt concentration and the low-frequency linear
region appeared as a spike which inclined at an angle
less than 90° along the real axis. The variation in the
plot indicates the decrease of resistance for charge
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— z
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0.0 6.0-10 1.2-10° 1.8-105 2.4-105 3.0-10°5 3.6-10°
a) z

104

carriers in the electrolyte films, which is due to the
ion migration through the free volume of the poly-
mer electrolytes.

To understand the ionic conduction in the polymer
electrolytes, the relaxation time (1) of polymer blend
electrolyte films is calculated using the relation (Equa-
tion (7)):

1

TT®

(7

where ® = 2mf.x, here foax is relaxation frequency
(maximum frequency of the imaginary part of imped-
ance peak) displayed in Figure 8b. Here, no relaxation
peaks are observed for the pure polymer blend. This
is because the experiment was conducted in the fre-
quency range 40 Hz—5 MHz, and the relaxation peaks
of these samples lay below 40 Hz, which is due to the
hindrance in mobile charge carriers within the matrix.
For salt-doped polymer blend electrolytes, the relax-
ation peaks appear and shift towards a higher frequen-
cy region with an increase of dopant concentration up
to 15 wt%. From Figure 9, one can clearly observe
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0.028

0.026

5 6 7 8 9 10 M

Li,CO, [wt%]

12 13 14 15

Figure 9. Variation of relaxation time of Li—salt doped
PVA-CS polymer blend electrolyte.
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Figure 8. a) Cole—Cole plot, and b) imaginary part of impedance vs. logf, of pure and Li—salt doped blend polymer electrolyte

system.
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Figure 10. Fitted graph of a) PVA-CS, b) Li,CO5 (5 wt%), ¢) Li»CO; (10 wt%), and d) Li»CO5 (15 wt%).

that the t value is decreased upon doping; as a result,
surging of mobile charge carriers takes place within
the electrolyte films. Hence such mobile charge car-
riers are responsible for the conduction mechanism
within the doped polymer blend electrolytes [27].

Figure 10 shows the Cole—Cole plot of experimental
data and equivalent circuit-fitted data using electro-
chemical impedance spectroscopy (EIS spectrum an-
alyzer) for pure PVA-CS, and different concentra-
tions of Li—salt (5, 10, and 15 wt%) doped polymer
blend electrolytes. From Figure 10 it is observed that
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the fitted impedance data is in good agreement with
the experimental impedance data.

The Cole—Cole plot for a high—conducting polymer
blend electrolyte (Li,COs, 15 wt%) is studied for dif-
ferent temperatures (Figure 11a). From Figure 11 it
is observed that there is a significant decrease in the
size of the semi—circle with an increase in tempera-
ture. This shows the decrease in the resistive nature
of the polymer blend electrolyte system. At higher
temperatures, the semi-circle relatively disappeared;
as a result, the ionic resistance of the polymer blend

. 3
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25100 - 323K
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Figure 11. a) Cole—Cole plot, and b) imaginary part of impedance (Z") versus logf, of Li—salt (15 wt%) doped PVA-CS

blend electrolyte for different temperatures.
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electrolyte system falls to a very small value at high
temperatures. The decrease in resistance at high tem-
peratures is related to the concept that, as temperature
increases, the polymer backbone chain becomes more
flexible, which promotes the segmental motion of
polymer chain segments within the blend electrolyte
system and increases the disassociation of salt within
the polymer matrix [27, 28]. So that the ionic mobility
increases with temperature, hence the enhancement
of ionic conductivity in doped polymer blends.
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The logical reason for the increase of conductivity
in doped polymer blend electrolytes compared to a
single polymer—based SPBE system is that the poly-
mer blend electrolytes have more capacity for salt
disassociation within the blend matrix. Since more
disassociation of salt within the polymer blend ma-
trix facilitates maximum ionic movement, hence
conductivity enhances [22]. Figure 11b shows the re-
laxation peak of mobile charge carriers for different
temperatures. The relaxation peaks are observed for
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Figure 12. Fitted graph of Li,CO5 (15 wt%) for different temperatures, a) 303 K, b) 313 K, ¢) 323 K, d) 333 K, e) 343 K,

and f) 353 K.

894



R. N. Sagar et al. — Express Polymer Letters Vol.17, No.9 (2023) 883-899

0.028 '\

0.026

Relaxation time, T [us]

0.024

303 313 323
Temperature [K]

Figure 13. Variation of relaxation time of Li—salt (15 wt%)
doped PVA—CS polymer blend electrolyte for dif-
ferent temperatures.

high—conducting polymer blend electrolytes exhibit-
ing enhancement in conductivity at different temper-
atures. Whereas at low temperatures, the relaxation
peaks are appeared because of immobile charge car-
riers and for high temperatures, the relaxation peaks
are observed due to the formation of defects caused
by the temperature. Figure 12 exhibits the Cole—Cole
plot of experimental and the equivalent circuit-fitted
data using electrochemical impedance spectroscopy
(EIS spectrum analyzer) of the high conducting
(LipCOs, 15 wt%) polymer blend electrolyte film for
different temperatures. From the Figure 12 it is clear-
ly observed that the fitted impedance data is in good
agreement with the experimental impedance data of
the prepared polymer electrolyte film. Figure 13
shows the variation of the relaxation time of ions with
respect to temperature; here, it is observed that the t
value decreased with an increase in temperature.

3.7. Electrical properties

The ionic conductivity in SPEs depends on the mo-
bility and concentration of the charge carriers. By
using the measured dielectric parameters, the ac—
conductivity of the polymer blend and Li,CO; doped
polymer electrolyte films are calculated using the
Equation (8):

0, = 27fe € tand (8)

where f'is the applied frequency, &y the permittivity
in free space, ¢, the dielectric constant, and tand is
the dielectric loss [18]. The frequency—dependent
ionic conductivity of pure and Li,CO3; doped poly-
mer blend electrolytes are depicted in Figure 14.
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Figure 14. Variation of logoc,. with the frequency of
PVA-CS and Li-salt doped polymer blend.

From Figure 14 it is observed that the conductivity
of pure polymer blend is relatively low, and it en-
hances with an increase of frequency. The increase
of conductivity is attributed to the fact that when an
alternating field is applied across the electrodes, the
flexibility of bonds increases, in turn, makes the poly-
mer chains flexible. As a result, a significant increase
in the mobility of ions within the electrolytes is ex-
pected, which leads to an increase in ionic conduc-
tivity and is apparently observed at higher frequency
regions. From Figure 14 it is observed that two dis-
tinct regions are observed over the measured fre-
quency range. One is the low—frequency plateau re-
gion that tends to approach dc—conductivity at zero
frequency, and the other is the high—frequency dis-
persion region which is attributed to ac—conductivity
[29]. The conductivity is relatively poor at the
plateau region which is due to the electrode polar-
ization; here, the mobility of ions is hindered be-
cause of the accumulation of mobile charge carriers
at the electrode/electrolyte interface. Whereas as the
frequency increases, the bonds present in the poly-
mer blend matrix rotate along with the frequency,
which facilitates the segmental motion of polymer
chains. As a result of this, the ions are adequately en-
ergized to move from one conducting site to another,
which leads to the enhancement of conductivity at
higher frequency regions. The ionic conductivity also
enhances with an increase of dopant concentration
which is attributed to the fact that the interaction be-
tween functional groups of dopant and the polymer
blend creates the void between the nearest localized
states, resulting in the lowering of the potential bar-
rier within them. As a result, more and more ionic
transfer took place between these localized states [30],
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and hence the enhancement of ionic conductivity is
observed in polymer blend electrolytes. The maxi-
mum ionic conductivity obtained is 7.70-10 S-cm™!
(15 wt%, Li,CO3).

The highest conducting polymer blend electrolyte
is studied with different temperatures as a function
of frequency, which is depicted in Figure 15a. The
variation of ionic conductivity with frequency fol-
lows Jonscher’s universal power law (Equation (9)):

Gac = Gdc + AO‘)S (9)

where o4 is the DC conductivity is obtained by ex-
trapolating the low—frequency region to the y—axis
(logoy), 4 is the pre—exponential factor, and s the fre-
quency exponent factor ranging from 0 to 1. From
Figure 15 it is observed that the conductivity increas-
es with an increase in temperature as well as frequen-
cy. The increase in ionic conductivity with tempera-
ture is interpreted in terms of the hoping mechanism,
polymer chain segmental motion, and local structural
relaxation [22, 31]. As temperature increases, the
complex sites within the electrolyte system increase,
enabling ions to jump from one conducting site to an-
other. Hence the conductivity increases with temper-
ature, and the highest dc—conductivity is observed at
353K, ie. 6= 1.42-102 S-cm™'. Figure 15b shows
the Arrhenius plot (dc—conductivity vs. temperature
inverse) of Li,CO3 (15 wt%) doped PVA—-CS poly-
mer blend electrolyte system. After 303 K, the ob-
served sudden increase in conductivity is attributed
to the transition of the polymer crystalline/semicrys-
talline phase to the amorphous phase upon doping
[32]. As a result, ionic motion (an interchain hoping
mechanism) takes place in the doped electrolyte

896

system; thus, the highest dc—conductivity is observed
at 353 K.

3.8. Transport properties

The transference numbers corresponding to the ionic
(tion) and electronic (Z) transport for Li,COj;
(15 wt%) doped polymer blend electrolyte film has
been investigated using Wagner’s polarization tech-
nique. According to the method, the highest conduct-
ing polymer blend electrolyte was sandwiched be-
tween two silver electrodes under the fixed dc—voltage
of 1 V and the corresponding dc polarization current
was measured as a function of time for the 15%
Li,CO3 doped PVA-CS polymer. Figure 16 shows
the observed variation of polarization current with
time. From this figure, it can be seen that the initial
large current li is the contribution of both ions as
well as electrons. Then as time proceeds, the current
decreases and reaches a steady state after a few

6

" —m— PVA-CS-Li,CO, (15 wt%)

IS
o L
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w
Janl
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Figure 16. Variation of polarization current with time for
Li,CO3 doped PVA—CS polymer blends compos-
ite film.
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minutes of polarization, and at the steady state, the
current conduction is due to electrons alone /;.

The ion transport number is said to be the ratio of
any particle/ion transference number to total conduc-
tivity, and for electronic transference, the number is
the ratio of electron/hole transference number to
total conductivity. The corresponding ionic (#;) and
electronic (¢.) transference numbers are calculated
using Equations (10) and (11):

(o=t (10)

)

where /; is the initial current and /¢ is the final cur-
rent. The observed total ion transference number in
Li,CO3 (15 wt%) doped polymer blend composite
film is 0.95, and the ions transfer number is 0.05;
this shows the ions play a major role in the conduc-
tion mechanism within the blend electrolyte, com-
pared to electron’s contribution for conduction.
From the observed results, it is concluded that the
ions are the majority charge carriers in Li,COj; doped
polymer blend composite. Hence this kind of blend
electrolyte film is suitable for the fabrication of en-
ergy storage device applications [32, 33].

3.9. Diffusion coefficient

To understand the ionic mobility, the total ionic mo-
bility in the SPE system can be divided into cationic
and anionic mobility. It is difficult to determine the
exact mobility of charge carriers in the polymer elec-
trolyte system because most of them are bounded to
ion pairs. These can be estimated by using the fol-
lowing equations, the diffusion coefficient and mo-
bility of ions in polymer electrolyte are calculated
using (Equations (12) and (13)):

kTo

D="7 (12)
ne
M= (13)

where £ is the Boltzmann constant, 7 the tempera-
ture, ¢ the ionic conductivity, # is the number mole-
cules present [cm™], and e is the charge of an elec-
tron. The diffusion coefficients (D and D_), cationic
(1), and anionic (p_) mobility for PVA—CS+Li,COj3
polymer electrolyte system is determined using equa-
tions described in the literature [34] and are listed in
Table 5. From Table 5, it is observed that the cationic
mobility and diffusion coefficients are high com-
pared to that of anions. From these results, it affirms
that the ionic conductivity is strongly influenced by
cationic motion and the diffusion coefficient of
cations within the electrolyte system [32, 35]. Hence
the ionic conduction in Li,CO3; doped polymer blend
electrolyte is mainly due to cations. The increase in
mobile charge carriers within the electrolyte films
causes increases in the ionic conductivity of the elec-
trolyte films.

4. Conclusions

In this study, the pure and Li-salt doped polymer
blend composites are prepared by the solution cast
method. From FTIR studies, the inter/intra—molec-
ular interaction between Li,CO5 and PVA-CS takes
place due to the collegial effect of hydrogen bonds
in polymer blend and Li,COj3, and forms charge
transfer complexes within the electrolyte films. XRD
studies confirm the structural modifications that take
place after doping Li,COs, and it is clearly shown
that the crystallinity in composites is gradually in-
creased compared to a pristine polymer blend. The
SEM images shows the formation of clusters at high-
er Li,CO; (10 and 15 wt%) concentrations,, which
increases the surface roughness of the blend. In TGA
studies, the increase in mass loss percentage with
temperature confirms the increased thermal stability
of the PVA-CS polymer blend due to doping. From
the impedance analysis, it is confirmed that the mo-
bility of charge carriers increases, and the relaxation
time of mobile charge carriers decreases with
Li,COj3 concentration. The ac—conductivity study re-
vealed that the conductivity of the blend increases
with the doping level; the highest conductivity is
achieved for 15 wt% of Li,CO;5 concentration. The

Table 5. Transference number, ionic mobility, and diffusion coefficient of 15 wt% Li,CO; doped PVA-CS polymer elec-

trolyte.
. . H+ . D+ D_
Weight ratio t - [em?- V1571 [em?- V1571 [em?-s71] [em?-s7!]
Li,CO3 (15 wt%) 0.96 0.04 7.164-1077 0.253-1077 1.426-10°° 0.023-10°°
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transport properties reveal that the ionic transference
number is more than the electronic transference
number within the blended composite.
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Abstract. Spent coffee grounds (SCGs), the main by-product in the coffee industry, were proposed as a starting material to
fabricate both ultraviolet (UV) shielding material and nanocomposite based on polyvinyl alcohol (PVA). The extract using
low SCGs concentration (0.25 wt%) contains a significant amount of UV-absorbing substances. The UV shielding film from
5 wt% PVA solution and SCGs extract (1 g SCGs/200 ml water) could shield most of the radiation in UV-B and UV-C
regions and maintain 63% transmittance at 550 nm. The SCGs after washing were ball milled and the ultrasonic liquid
processor was applied to synthesize SCGs nanoparticle. The effects of ultrasonic amplitude and hexadecyltrimethylammo-
nium bromide (CTAB) on the particle’s hydrodynamic diameter were investigated. The particle’s size of 148 nm was obtained
with 50% ultrasonic amplitude. Fourier-transformed infrared spectroscopy (FTIR) results confirmed the presence of hydroxyl
groups (—OH) on the SCGs-based nanoparticle’s surface. The tensile strength of PVA-SCGs nanocomposite was significantly
improved. However, the presence of CTAB in the nano solution could not show a better tensile result. The organic compounds
contained in the SCGs extract and even in the nano SCGs solution could enhance thermal oxidation stability for both UV
shielding films and nanocomposites.

Keywords: nanomaterials, polymer composites, reinforcements, spent coffee grounds, UV filter

1. Introduction

Coffee has become one of the most popular bever-
ages in many countries and massive waste including
spent coffee grounds (SCGs) has been generated by
the industry [1, 2]. Because of their low economic
value, SCGs are often discarded as waste and it
might affect human health and the environment [3].
The SCGs composition is highly varied because of
different brewing methods and types of coffee. The
main SCGs’ components include carbohydrates,
lignin, lipids, and protein [4-6]. Even after brewing,
many bioactive phenolic compounds were found in
SCGs [7-9]. These findings have made the popular
waste material from the coffee industry become a
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potential source of natural antioxidant compounds.
In a recent study, many products from SCGs could
be utilized by extracting in water and hydrothermal
liquefaction [10]. Many substances including poly-
phenol, polysaccharide, ketone, acid, ester efc. could
be detected. Therefore, SCGs were considered as a
bioresource that can be utilized for many applica-
tions. With high nutrient content, SCGs have been
applied as a bio-fertilizer in agriculture [11, 12].
Properties of caffeine and other components from
coffee could be applied in sunscreens [13—15] or
solar cells [16]. Polyvinyl alcohol (PVA), a water-sol-
uble polymer, was widely used in many applications
because of its biocompatibility [17, 18]. Therefore, a
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combination of PVA and UV-absorbing substances
in instant coffee had been proposed to form an envi-
ronmentally friendly material that could shield lights
in the UV region [19]. The fabricated films showed
good transparency and thermal stability. The com-
ponents of caffeine, chlorogenic acid, and melanoidin
were assigned for the high performance of the PVA-
based UV shielding films.

On the other hand, approximately 50 wt% of the
SCGs were cellulose and hemicellulose [5]. There-
fore, with the high demand for bio-degradable com-
posite, many studies attempted to recycle SCGs as a
bio-filler in plastic [20—22]. In the study by Catado
et al. [23], the properties of pectin filled with SCGs
were investigated to apply as food packaging mate-
rials. Although the hydrophobization and the reduc-
tion of water uptake were achieved, the mechanical
properties were reduced with the addition of SCGs.
SCGs also contain a significant amount of oil (more
than 15%) [24, 25]. The oil extracted from SCGs
could be utilized for bio-diesel production [26]. From
another viewpoint, oil remaining in SCGs might af-
fect the mechanical properties of the composite.
SCGs after oil extraction could improve the mechan-
ical and thermal properties of the formed composites
[27,28]. Leow et al. [29] also reported the enhance-
ment in Young’s modulus of epoxy resin by adding
SCGs or oil-extracted SCGs. However, the tensile
strength was significantly decreased because of poor
interfacial compatibility between the hydrophilic
SCGs-based fillers and the hydrophobic epoxy ma-
trix. Although SCGs have been utilized as green
fillers in many studies, less research reported nano-
material from SCGs. In the nanotechnology field, the
use of SCGs as a reducing agent to prepare silver or
gold nanoparticles has been investigated [30-32]. In
another study, lipid was removed from roasted coffee
beans using n-hexane, and the components that re-
mained in the solid residue were utilized to synthe-
size cellulose nanofibers (CNF) [33]. The coffee
beans based-CNF was then applied to fabricate com-
posites with PVA. Although the interaction of CNF
and PVA had been discussed, the mechanical prop-
erty of the composite was not reported. In other ap-
proaches, carbon dots could be synthesized from cof-
fee bean shells [34] or SCGs [35]. Lee et al. [36]
reported particles prepared directly from SCGs with
the ability to improve the tensile strength of PVA-
based composite. There was no oil-extraction step
needed and the popular ball mill technique was
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applied to reduce the size of SCGs particles. How-
ever, the rather large average size of 240 nm and
broad size distribution was obtained.

To the best of our knowledge, there is no report of
the ability to fabricate stable SCGs nanoparticles
under ultrasonic irradiation. Besides, the preparation
of the SCGs particles included the washing steps to
remove the water-soluble substances which might be
still valuable in many cases. A simple approach and
methodology to further utilize all SCGs components
are still developing. In this study, green nanoparticles
and nanocomposites based on SCGs formed with the
assistance of an ultrasonic liquid processor shall be
presented. Instead of instant coffee, the ability to
reuse the extract from SCGs that were discarded dur-
ing the washing step in the previous article [36] as
green UV filters shall be confirmed and discussed.

2. Experimental section

2.1. Materials

PVA (hydrolysis degree: 85-90%, viscosity: 20.5—
24.5 mPa-s) was purchased from Shanghai Aladdin
Bio-Chem Technology Co. Ltd (China). Hexadecyl-
trimethylammonium bromide (CTAB) (>98%) was
the product of Sigma-Aldrich (Merck, USA). SCGs
were collected from a local coffee shop. The caffeine
standard was obtained from the Institute of Drug
Quality Control — Ho Chi Minh City (IDQC-HCMC)
(Viet Nam). The chlorogenic acid standard was sup-
plied by Acros Organics (Thermo Scientific, United
Kingdom).

2.2. Methods

The fabrication methods were summarized in Figure 1
which includes the preparation of UV shielding films
and PVA-based nanocomposites.

Preparation of UV shielding films

The collected SCGs were washed with cold distilled
water to remove dust and impurity. The product was
dried in the oven (80 °C) for 24 h. The dried SCGs
were weighed (x [g] from 0.1 to 30 g) and put into an
Erlenmeyer flask containing 200 ml of double dis-
tilled water. The mixture was boiled and stirred for
10 min. Then, the obtained mixture was filtered, and
the solution was placed into centrifuge tubes. The cen-
trifugation at 5000 rpm for 10 min was applied. The
aqueous SCGs extract was collected and directly used
for the next step. PVA powder was weighed and added
to the extract. For the UV shielding film fabrication,
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Figure 1. Fabrication scheme for UV shielding and nanocomposite samples.

the PVA concentration was fixed at 5 wt% which is
similar to the previous report [19] for comparison.
The mixture was stirred at room temperature until a
clear, homogeneous solution was obtained. The poly-
meric solution was poured into a Teflon petri dish.
The solvent was gradually evaporated at 40°C to
form PVA-based UV shielding (PUV) films. The
samples were marked as PUV-x, where x is the mass
[g] of SCGs used in 200 ml H,O in the extraction
step.

Preparation of nanoparticle solution and
PVA-based nanocomposite

The remaining solid obtained after aqueous extrac-
tion from the above procedure was further washed
with boiled distilled water until there was no change
in the solution color. This step was conducted to re-
move water-soluble substances that remained in the
extracted SCGs. The solid after washing was again
dried in the oven (80 °C) for 24 h to obtain a dry pow-
der. The powder was put into a cylindrical ceramic
ball mill (speed: 225 rpm) for 40 min. Then, the fine
powder was mixed with double distilled water (con-
centration: 1 wt%). The samples with CTAB were
prepared in a similar method. Instead of water, the
CTAB solutions (concentration: 60 or 250 mg/100 ml
H,0) were mixed with the ground SCGs before
moving to the next step.

The mixtures in a 50 ml centrifuge tube were placed
into an ultrasonic liquid processor (Net power output:
500 Watt, frequency: 20 kHz, vibra-Cell VC505,
Sonics & Materials, Inc., USA). A standard probe
equipped with a replaceable tip (diameter: 13 mm,
amplitude set at 100%: 126 um) was used. The preset
sonication amplitude parameter varied at 30, 50, and
70%. The sonicated mixture was filtered using a qual-
itative filter paper (Grade 101, Pore size: 20-25 um,
Hangzhou Special Paper Industry Co., Ltd., China)
or a glass fiber filter (GF/A, pore size: 1.6 um, di-
ameter: 47 mm, Whatman, United Kingdom) to obtain
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an aqueous solution contained nanoparticles. PVA
was added into the SCGs nano-solutions to form ho-
mogenous mixtures with varied polymer concentra-
tions (3, 5, 8, or 10 wt%). The PVA-nano SCGs so-
lutions were dried in a silicone mold in ambient
conditions to form PVA-based nanocomposite (PNC)
films. The nanocomposite samples were named
PNC-y, where y is the PVA concentration in the
nano-solution.

2.3. Characterization

UV-Visible spectroscopy was applied to measure the
absorbance of the SCGs extract and characterize the
transmission of the PUV films. The spectra were ob-
tained using a double-beam spectrophotometer
(V730, Jasco, Japan). The scanning mode was ap-
plied, and the spectra were achieved in the wave-
length region of 250 to 700 nm.

To determine the particle size, the dynamic light
scattering (DLS) technique was applied using the
equipment of Zetasizer Pro (Malvern, United King-
dom). The backscatter system (detector angle of
173°) and the measuring temperature of 25 °C were
set. The sample was equilibrated for 60 s before con-
ducting the measurement. The zeta potential values
were determined using the same equipment with dis-
posable folded capillary cells. Each sample was meas-
ured three times and an average value was calculat-
ed. In addition, a transmission electron microscope
(TEM) (JEM 1010, JEOL, Japan) was also applied
to directly observe the SCGs-based nanoparticles.
Fourier transform infrared (FTIR) measurement was
conducted using the equipment of FTIR-8400s (Shi-
madzu, Japan). The samples were mixed with KBr
powder (Nacalai Tesque, Kyoto, Japan) (approxi-
mately 0.1 wt%) and put into a stainless steel mold
(diameter: 1.5 cm). The pressure was applied using
a manual hydraulic press to form KBr pellets. The
FTIR transmission mode was carried out from 4000
to 400 cm™! wavenumber.
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Thermogravimetric analyzer (TGA) (TGA 55, TA
Instruments Co., USA) was performed from room
temperature to 700 °C (heating rate: 10°C-min"). To
confirm the thermal oxidative stability of the sam-
ples, oxygen purge gas was applied (balance/sample
flow rate: 40/25 ml/min).

Mechanical properties were evaluated using a tensile
testing machine (FS3000, Testometric, United King-
dom). The experiment was conducted with similar
conditions compared to the published research [36].
The film samples were cut into rectangular shapes
(15%50 mm). Thickness was measured using a digi-
tal micrometer. The tensile test was carried out with
a speed of 5 mm-min~! to obtain the stress-strain
curve. The maximum stress and elongation values in
the curve were detected.

The homogeneity of the polymer nanocomposite
was monitored using an optical microscope (B-293,
Optika, Italy). The microscope was equipped with
10x and 40% objective lenses. The magnified images
of the samples were captured by a CMOS camera
and exported using Optika Proview software.

3. Results and discussion

Figure 2 showed the UV-Visible absorbance spec-
trum of the extract obtained from 0.5 g SCGs in
200 ml H,O. As can be seen, the spectrum contained
two main peaks at 278.8 and 322.8 nm. Compared to
the pure substances (caffeine and chlorogenic acid)
which are usually presented in coffee extract, the
peak at 322.8 nm might be originally from chloro-
genic acid. However, compared to caffeine’s spec-
trum (peak is at 272.4 nm), the detected peak in the

1.8

—— SCGs extract
1.6+ —— Caffeine

—— Chlorogenic acid
1.4
1.2
1.04

0.8+

Absorbance [a. u.]

0.6+

0.4+

0.2+

0.0

T T T T
300 400 500 600 700
Wavelength [nm]

Figure 2. UV-Visible absorption spectra (250 to 700 nm) of
SCGs extract (0.5 g/200 ml H,0), caffeine, and
chlorogenic acid solution (30 ppm).
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extract (278.8 nm) was slightly shifted to a higher
wavelength region. This phenomenon might be due
to the interference of the other UV-absorbing sub-
stances (chlorogenic acid and melanoidin) in the ex-
tract [37, 38]. The UV-Visible absorbance spectrum
of the SCGs extract was identical to the reported re-
sult using instant coffee [19]. In Figure 2 results, al-
though the extraction was conducted with approxi-
mately 0.25 wt% SCGs aqueous mixture for only
10 min, the absorbance values of all detected peaks
were higher than 1. Therefore, it could be concluded
that the extract from SCGs might contain a signifi-
cant amount of similar organic compounds presented
in the instant coffee solution. It is worth noting that
the extraction procedure is rather simple, and the
process is similar to the washing step in the previous
study [36]. It might open a new approach to utilizing
the waste product which is cheaper than the original
instant coffee. In the next experiment, the SCGs ex-
tract was mixed with PVA to confirm the UV-shield-
ing capability of the formed films.

The transmittance values and the images of PVA
films mixed with different types of SCGs extracts
were summarized in Figure 3. The UV-shielding abil-
ity of the film samples might be affected by the thick-
ness of the film sample. Therefore, the values of trans-
mittance divided by the corresponding thicknesses
(in micrometer) were also shown in Figure 3b. How-
ever, the relative positions of the spectra obtained in
Figure 3b are similar to that in Figure 3a. As can be
observed, pure PVA film provides the highest trans-
parency. However, PVA also had the worse protec-
tion in the region of UV-A, B, and C (the wavelength
is less than 400 nm). When the amount of SCGs used
for aqueous solution extraction was 5, 10, 20, or
30 g/200 ml H,0, the UV region might be complete-
ly cut off after passing the PVA-based films. The
transparency in the visible region was also reduced
accordingly. On the other hand, when only 0.1 or
0.5 g SCGs was used, the transmittance values at the
visible wavelengths were improved. However, there
was part of UV light that might be allowed to pass
through the films. The sample prepared withonly 1 g
SCGs provided a reasonable transmittance for the
visible lights. The transmittance measured at 550 nm
is 63% while this value is 84% for the pure PVA film.
Few wavelengths in the UV-A region remained slight-
ly transparent. However, more damaging UV radia-
tion from 290 to 350 nm could be mostly shielded.
The investigation showed that the extracted solution



H. N. Giang et al. — Express Polymer Letters Vol.17, No.9 (2023) 900-912

UVC UVB UVA Visible

100 1.0
PVA
o PUV-0.1
80 0.8
= £ 0749
x 2
o 60 X 064
8 e
S 8 o5
k=4 c .54
£ £
2 404 E 047
5 2
= © -
= 0.3
20 0.2
0.1 /J
0 ! | ' - T - T . 0.0 T i T T
200 300 400 500 600 700 200 300 400 500 600 700
a) Wavelength [nm] b) Wavelength [nm]

efghijklmnopqrstuvwxyzabcdefghijklmnopqrstuvwxyzabc

pgrstuvwxyzabcdefghijklmnopgrstuvwxyzabcde:

abcdefghijklmnopgrstuvwxyzabedefghijklmnopgrstuvwxy gh

2

mnopqrsmvwxyzabcdefghijklmnopqrstuvwxy{zabc efghijk nopﬁrm
c) PVA PUV-0.1 PUV-0.5 PUV-1 PUV-5

Figure 3. a) UV-Visible spectra, b) transmittance values/film’s thicknesses spectra, and c) images of PVA film and PVA-
based films mixed with various SCGs extractions.

obtained from only 1 g SCGs/200 ml H,O (0.5 wt%) amplitude was varied, and the DLS particle size re-
could provide a similar UV-shielding effect to the  sults of the obtained nanoparticle were summarized
use of 1 wt% of instant coffee reported by the other  in Figure 4 and Table 1. In this investigation, although
group [19]. the conventional filter paper was applied in the filtra-
The SCGs after aqueous extraction was further uti-  tion step, the average particle size of less than 300 nm
lized to synthesize nano-fillers. The washed SCGs still could be achieved. As can be seen, when the am-
were ball-milled before forming nanoparticles under  plitude was increased, the smaller Z-average values
the ultrasonic force in an aqueous solution. Ultrasonic ~ might be obtained (Table 1). In all cases, although
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124
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€
3 104
5 <
g 3
3 0.6 > 5l
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Figure 4. a) Plots of the correlation coefficient as a function of time and b) intensity size distribution spectra of SCGs nanopar-
ticle solutions fabricated using qualitative filter papers and various ultrasonic amplitudes.
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Table 1. DLS results of SCGs nanoparticle solutions using
qualitative filter papers and various ultrasonic am-

plitudes.
Amplitude
%] 30 50 70
Z-Average [nm] 242.6+12.5 |154.3+1.0 |152.3%0.9

Polydispersity index, PI|0.532+0.071|0.333+0.028| 0.291+0.002

Peak mean (Intensity
distribution) [nm]

386.9+91.7 |171.2425.8 |208.3+18.6

the polydispersity index (PI) values were not large,
there were other small peaks that appeared in the
DLS intensity distribution which indicated two types
of the particle system. It is worth noting that the
SCGs components after washing might be mainly
carbohydrates. Cellulose, hemicellulose, and lignin
which are varied in molecular weight in SCGs might
be the main reason for the polydispersity of the nano
solutions. The amplitude represents the distance of
the ultrasonic tip vibrating from the equilibrium po-
sition. Because the SCGs concentration dispersed in
water was fixed, the increase in amplitude was di-
rectly proportional to the ultrasonic energy used to
break down the milled SCGs into smaller particles.
Therefore, there was a significant difference between
the results obtained from 30 and 50% amplitude. The
size distribution was also shifted to a smaller size re-
gion. When the amplitude was up to 70%, although
the intensity signal of the smaller particle system
was slightly increased, the distribution was also
stretched to the larger particle area. However, the au-
tocorrelation curves and Z-average values were nearly

25433mm
4731 am

G 61.76nm’

5524 nm;

unchanged. In addition, the solution temperature
quickly increased, and it is difficult to control.
Therefore, the amplitude of 50% was applied for the
next investigation.

Instead of the qualitative filter paper, the glass fiber
filter with a smaller pore size was used to confirm
the ability to further reduce the particle size. The
DLS results were shown in Table 2. As can be seen,
the particle size was slightly improved by applying
the glass fiber filter. Figure 5 showed the TEM im-
ages of the SCGs particles prepared without using
CTAB. As can be seen, this is another evidence that
the nanoparticles could be successfully fabricated
from SCGs with the assistance of ultrasonication.
Although small particles (<100 nm) could be ob-
served, many large particles and aggregations were
also detected. The TEM images were in agreement
with the polydispersed distribution obtained in the
DLS results. Because of the ability to stabilize the
nanoparticle, CTAB has been widely applied in
nanomaterials research [39-41]. Therefore, in this
study, the nanoparticle formed under the presence of
CTAB was investigated and the size values were also

Table 2. DLS results of SCGs nanoparticle solutions using
glass fiber filters and various CTAB concentrations.

CTAB
[mg/100 ml] 0 60 250
Z-average [nm] 148.4+0.7 |308.9+£3.0 |190.743.5

Polydispersity index, PI|0.214+0.002 | 0.308+0.008 | 0.255+0.016

Peak mean (Intensity
distribution) [nm]

179.1+£15.9 |480.8+158.7|208.3£18.6

Figure 5. TEM images of SCGs-based nanoparticle sample without CTAB at a magnification of a) 10000x and b) 30 000x.
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shown in Table 2. The larger particle size was ob-
tained with 60 mg/100 ml CTAB. By increasing to
250 mg/100 ml, although the particle size could be
reduced to 190 nm, the result still is higher than that
of the sample formed without CTAB (148 nm). This
phenomenon might be due to the capping effect of
CTAB on the formed nanoparticles [42]. The CTAB
structure contains a hydrophilic headgroup (quater-
nary amine) and a hydrophobic tail (alkyl chain).
The SCGs-based nanoparticle with the hydrophilic
surface could be covered by CTAB molecules via
the charged headgroups. The second layer might be
formed by the interaction of hydrophobic alkyl
chains among the CTAB molecules. As a result, the
CTAB bilayer left the positive headgroups exposed
to the solution. Therefore, the hydrodynamic diam-
eter detected by the DLS technique might be in-
creased. This explanation was reconfirmed by consid-
ering the particle surface’s charge. The zeta potential
was —17.7+1.6 mV while this value was positive
(25.340.4 mV) by adding CTAB to the solution. The
average particle size obtained by applying the current

protocol is significantly smaller than the previous re-
port (240 nm) [36]. Without removing the solvent,
the nanoparticles dispersed in water were directly
used for the next steps of nanocomposite fabrication
to limit the ability of aggregation.

The nanoparticles prepared using glass filter paper
were added into the PVA matrix to confirm the abil-
ity to improve the mechanical properties. The tensile
results for the samples fabricated from the nano so-
lution with and without CTAB (250 mg/100 ml
H,0) were shown in Figure 6. Firstly, the film sam-
ples were fabricated using 5 and 3 wt% of PVA
(PNC-5 or 3 and PNC-5-CTAB or 3-CTAB) and the
tensile results were compared. As can be seen, when
the SCGs particles prepared with CTAB were mixed
with PVA, the tendency of reducing tensile strength
(TS) was obtained. The mechanical enhancement
could not be observed in all samples with the pres-
ence of CTAB. The component of SCGs might con-
tain fatty acids which are difficult to remove during
the washing step with pure water. However, these
components might leak to the formed nano solution

T 1
AN IR £ 7

% 40 \\ §\ \\ %ZOO' / 7
N T EM A

Figure 6. Tensile result for PVA-based nanocomposites from SCGs: a) with CTAB; b) without CTAB.
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with the presence of a surface-active reagent of
CTAB. These long alkyl chain components might act
as a plasticizer in the PVA matrix and reduce the me-
chanical properties. In addition, the nanoparticles
covered by CTAB molecules might not be compati-
ble with the PVA matrix. Therefore, the study was fo-
cused on the samples without using CTAB. On the
other hand, when SCGs nanoparticles prepared with-
out CTAB were added, TS was significantly im-
proved. The highest TS value (~58 MPa) achieved
with 8 wt% of PVA (PNC-8) was more than two
times higher than that of the original PVA film
(~24 MPa). The same SCGs nano solution was used
in all cases while the PVA concentration was de-
creased. After evaporating water to form nanocom-
posite, the film samples with less PVA had a higher
nanoparticle concentration. When the PVA concen-
tration was 5 wt%, the number of SCGs nanoparticles
contained in the composite was high enough to cause
some aggregation (Figure 7c). This might be the main
reason for the reduction of the mechanical properties.
Although the sample of PNC-3 still showed a high
TS value, the aggregation of nanoparticles because
of high concentration could not be ensured as can be
observed in Figure 7d. In addition, the TS value could
not be further improved compared to the PNC-8 sam-
ple. A smaller nanoparticle concentration with higher
mechanical properties was preferred. Interestingly,
the PNC-10 sample with the smallest amount of
nanoparticles showed an improvement in both TS
and elongation at break values.

The effect of SCGs nanoparticles on the stress-strain
curves was shown in Figure 8. All samples showed
the first linear increase of stress followed by yielding
and plastic deformation. Compared to PVA, the elas-
tic region was significantly expanded to a higher
stress region in the samples with nanoparticles addi-
tion (except the PNC-5 sample). These samples also
performed a slight decrease of stress after yielding
which is the typical necking in the tensile test. This
phenomenon is because of the formation of localized
domains in which the polymer chains were re-ori-
ented to a fibrous structure. The nanoparticle occu-
pied in the spaces between the polymer chains might
assist the unfolding process. Therefore, the PNC-10
sample with a low nanoparticle concentration could
possess good performance in both TS and elongation
properties. However, in the PNC-8 with more
nano-SCGs, the interaction of filler and polymer
chains was dominated. As a result, the increase of TS

and decrease of elongation were obtained. To further
confirm the compatibility of PVA molecules and
SCGs nanoparticles, FTIR measurement was per-
formed, and the results were summarized in Figure 9.
The nanoparticle was prepared via two steps of me-
chanical treatment including ball milling and ultra-
sonic radiation. The FTIR spectra shown in Figure 9a
could reveal the changing of functional groups with
each step. The obtained results of SCGs were similar
to the previous publication [29]. The peaks at 2923
and 2853 cm™' assigned as asymmetric and symmet-
ric C—H vibrations appeared in all SCGs samples.
The peak at 1745 cm™' belonging to C=O bond
stretching was also detected in all types of SCGs.
The C=0 signal might come from various antioxi-
dant substances contained in the SCGs such as caf-
feine, chlorogenic acid, or fatty acids. Although the
signal of this functional group became weaker in the
nanoparticle FTIR spectrum, the existence of C=0
might still indicate a small amount of the bio-active
components remained. In the 4000-3200 cm™' region,
peaks could not be detected clearly in the SCGs after
washing with boiled water. However, some small
peaks in this region belonging to O—H or N-H bond
stretching appeared in the SCGs sample after the ball
milling process. This result indicated that the wash-
ing process had removed most of the water-soluble
substances from the SCGs’ surface. However, after
milling, the raw SCGs were broken down into small-
er pieces and these functional groups trapped inside
might be again detectable. Interestingly, the nanopar-
ticle showed a large peak at 3429 cm™. In this study,
water was used as a dispersed environment and only
particles with the polar groups can be stabilized in
the medium. Therefore, SCGs-based nanoparticle sur-
faces might be covered by —OH groups. This might
be one of the advantages of the current fabrication
method. Because of the presence of polar groups, the
synthesized nanoparticle might be dispersed better
in the matrix of PVA which also possesses many hy-
droxyl groups in the side chain. Figure 9b showed
the spectrum of PVA in which the FTIR peaks were
also detected at similar wavenumbers compared to
the previous study [43]. As can be observed, the
PNC-8 sample’s FTIR spectrum contained the main
peaks originating from its components. However, in
the case of the nanocomposite, the large peak that
appeared in the 4000-3200 region was shifted to a
lower wavenumber comparing the similar peaks of
nanoparticle and PVA. This phenomenon might be

907



H. N. Giang et al. — Express Polymer Letters Vol.17, No.9 (2023) 900-912

Figure 7. Optical microscope images of PNC at 10x and 40x objective lenses: a) PNC-10, b) PNC-8, ¢) PNC-5, and d) PNC-3.
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Figure 8. Stress-strain curve of PVA-based nanocomposite
with SCGs.

an indicator of good compatibility between the nano-
filler and the matrix.
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Thermal properties in the oxygen atmosphere could
reveal the capability against oxidative degradation
of the fabricated film samples. The TGA results were
summarized in Figure 10. As can be observed, the
first loss of weight occurred continuously from room
temperature until reaching 150 °C was assigned to
the evaporation of water that remained in the film
samples. The main and significant weight loss was
activated when the temperature reached 200 °C. This
large decrease in the TGA signal was because of
thermal degradation and decomposition of PVA and
organic substances in the matrix. Three types of sam-
ples (PVA, PUV, and PNC) showed similar TGA
transitions. To remove the interference of water des-
orption signals, the TGA data were normalized with
a value at 170°C, and the results were shown in
Figure 10b. As can be seen, although the difference
is small, the PUV sample still clearly showed a better
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Figure 9. FTIR spectra of a) SCGs samples before and after the mechanical treatments; b) PNC-8 sample in comparison to

SCGs nanoparticle and PVA.
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Figure 10. TGA results for PVA, PUV-1, and PNC-8: a) plotted from room temperature to 700 °C; b) plotted as normalized
value with weight loss at 170 °C from 160 to 265 °C.
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thermal-oxidative degradation. This result is in agree-
ment with the previous report [ 19]. Interestingly, the
weight loss signal for the PNC sample also occurred
more slowly than that of the original PVA. The
nanoparticle prepared in this current study might
contain not only carbohydrate particles but also
some amount of antioxidant remaining (caffein or
chlorogenic acid). Therefore, the PVA-based com-
posite reinforced by the nanofiller from SCGs could
possess both strong mechanical properties and resist-
ance to thermal-oxidative degradation.

4. Conclusions

A green approach of the utilization of both extract
solution and the remaining carbohydrate from SCGs
respectively for UV filters and nanofillers was con-
firmed. Although a low concentration of SCGs
(~0.25 wt%) was extracted in boiled water for a
short time (10 min), the extract contained a signifi-
cant amount of UV-absorbing substances such as
caffeine, chlorogenic acid, and melanoidin. UV shield-
ing materials could be fabricated successfully from
5 wt% PVA solution and the SCGs extracts. The
PUV-1 showed complete shielding in the UV-C and
most of the UV-B regions while the 63% transparen-
cy at 550 nm was maintained. By applying 50% ul-
trasonic amplitude and filtrating through glass fiber
filters, the nano-SCGs solution with an average par-
ticle diameter of 148 nm could be obtained. A new
and strong FTIR peak that appeared at 3429 cm™!
could confirm the existence of the OH groups on the
surface of nanoparticles. Owing to the strong inter-
action between the polar groups, the compatibility
between the PVA matrix and nano SCGs fillers could
be improved. TS value of the nanocomposite fabri-
cated from PVA and nano SCGs particles was sig-
nificantly higher (more than two times) than that of
the original PVA film. The addition of CTAB could
change the value of zeta potential from minus to pos-
itive value. However, the samples fabricated with
CTAB could not yield a better result in nanoparticle
size and nanocomposite’s mechanical properties. The
presence of antioxidant compounds remaining in
the nano solution might be the main reason for the
enhancement in thermal oxidative properties for
both PVA-based UV shielding material and nano-
composite.
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Abstract. There are unequivocal shreds of evidence that polymers touched every sphere of life. They are very versatile and
used in many applications depending on the specific intrinsic properties of the materials. Over the last few decades, there
has been growing evidence that applying polymer materials in water-purifying has been adopted worldwide. Water fluorine
toxicity is challenging us to develop water-purifying polymeric materials. We are presenting the polymeric adsorbent and
membrane materials advancement in terms of defluoridation of water.

Keywords: polymer membranes, adsorbent, water, defluoridation

1. Introduction

The path of polymers began 100 years back. The
concept of macromolecule (first coined term) origi-
nated from the idea of Herman Staudinger in 1922.
Since it began, polymer researchers all over the
world have now acquired a larger space. Interesting-
ly, researchers of all disciplines may have taken a step
toward polymers. Polymer science is one of the
fastest-growing areas and connects many other sci-
entific disciplines. Innovation and ease of produc-
tivity are the two most important drivers to shift in
the direction of polymers.

Polymers permeate every facet of our day-to-day life
and form the very basis of our civilization. Polymers
now cover a broader spectrum of efforts and effects.
Polymers have marked impressions from nano to
macro-size applications. Polymers are at the fore-
front of new technology in separation science. Sep-
aration science addresses separating a part of a mix-
ture/solution and the subsequent removal of impuri-
ties for purification purposes. Better understanding
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among separation science researchers and easy avail-
ability of modern separation science and technology
are the key drivers towards including polymers. Sep-
aration science and technology are witnessing the shift
from conventional to polymer materials. Polymers
contribute to material science by providing unique
model systems as easily manipulated substances to
achieve unique morphologies and properties.
Polymeric materials are widely used as adsorbents,
ion exchange, and membranes in separation and pu-
rification processes. The applications of polymers
show great promise in the areas of water purification.
This review deals with natural and synthetic poly-
mers used in adsorption, ion exchange, and mem-
branes to separate fluoride ions. The polymers used
in each method are described in terms of their prop-
erties, structures, and functions. The design of novel
polymers with triggered functions presents new op-
portunities for development in this arena.

Fluoride ions come into the water because of the in-
teraction of water and the solid aquifer. Groundwater
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is the primary source of drinking water in many
countries [1, 2]. Groundwater is essential compared
to other water because it can be drunk directly with-
out treatment, provided it is not contaminated. The
groundwater composition depends on the geology of
the solid aquifer. Literature reports the fluoride-con-
taminated hotspots worldwide and the population at
risk of its exposure [3—6]. Fluoride ions are in their
mineral form on the earth’s crust, viz. fluorite, bi-
otite, and topaz [7, 8]. The other water fluoride
source is industrial waste (viz. semiconductor, elec-
troplating, aluminium smelter ceramic, steel, cement,
fertilizers, glass etching) [9]. It is considered a vital
contaminant in drinking water. Drinking fluoride in
water increases the risk of dental and skeletal fluo-
rosis [ 10—13]. Polymer materials are used in various
methods for defluoridation from water. Adsorption,
ion exchange, and membrane filtration (pressure and
electric potential driven) are efficient methods in this
arena.

Owing to the following unique characteristics of

polymers, interest among chemists and researchers

has increased toward separation science. Some of
the features are mentioned below:

e Unbelievably network: It provides opportunities
for tailoring chemical functionalities. The catena-
tion property of carbon makes the polymers of
having a long chain. Because of carbon, atoms are
free to rotate in respect of one another, and close
coiling or folding takes place. The cohesion forces
between the molecules and those of the electronic
forces (van der Waals forces, H-bond) join the
atoms into chains or other structures. The design
of specific surface topologies relates to precise
functions.

¢ Porosity generation: Polymer structures can
change the porosity generation depending on the
variation of solvents/nonsolvents. Thus, it can tune
the design as it demands. The property can be en-
gineered into the polymeric system.

e Charge generation: There may be an inbuilt or
tailored surface charge. The surface functionaliza-
tion feasibility is there to form charged surface en-
abling adhered ions/solutes.

¢ Feasibility of combining with other polymers/
inorganics/organics: Polymeric materials with
synergetic or complementary behaviour between
the polymer and the inorganics interacting at the
molecular scale. The synergistic combination of
multiferous functions by different (polymeric)

materials and self-assembly are also feasible. Poly-
meric materials with its component and added com-
ponents ensure structural integrity.

¢ Choices of polymers: There are legions of poly-
mers in the market, and the options are easy as it
demands.

2. Adsorbent materials
Adsorbent materials can take in another substance.
It can also be stated as the condition where ions/
compounds can attach. They are related to surface
phenomena. The adsorbents are widely used in water
purification, viz., removal of contaminants in terms
of ions/ molecules. There has been a growth in the
use of polymers as adsorbents. Some of the features
are mentioned below:

e Availability of large sorbent: The sorbent poly-
mer materials are abundant. It may be natural or
synthetic.

¢ Easy tuning of sorbents: Polymeric sorbent ma-
terials modification is easy as per requirement.

¢ Insensitive to toxic substances: Polymeric mate-
rial is generally insensitive to toxic ions/substances.

¢ Fit into simple operational design: The poly-
meric sorbent materials can be fit in any functional
arrangement. The use of polymeric materials makes
the system economical. Thus, the system with poly-
mer materials is commercially viable. The treat-
ment of pollutants at a high concentration is also
feasible.

The polymer adsorbent materials are of different cat-

egories: biopolymers, synthetic polymers, conduct-

ing polymers, and ion exchange resin.

3.1. Biopolymers

The origin of polymers from bio-resources are
termed ‘biopolymers’. Plenty of examples (viz. chi-
tosan, alginate, carboxy methyl cellulose) of bio-
polymers acting as adsorbents to the fluoride. Chi-
tosan, the natural biopolymer, has an affinity for neg-
atively charged surfaces. The biodegradable, abun-
dant in nature, the good chelating agent makes it one
of the options to prepare low cost and efficiency in
defluoridation [14—16]. The homogeneously charged
nanoparticles can be incorporated into chitosan.
Metal with chitosan viz. Fe-chitosan (15.38 mg/g)
[17], Al- chitosan (1.7 mg/g) [18], carboxylated chi-
tosan modified ferromagnetic nanoparticles, La*3
impregnated chitosan/B-cyclodextrin [19] are fluo-
ride scavenging materials. Hydrous mixed metal
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oxyhydroxide composites (Fe—Al-Mn@chitosan)
make F~ ions easily accessible to active sites of the
porous outer surface. The diffusion of F~ ions inside
the composite matrix made it a better adsorber than
fixed Fe—Al-Mn oxyhydroxides [20]. The composite
exhibited a maximum adsorption capacity of
40+0.5 mg/g. Al doping chitosan—Fe(IIl) hydrogel

(Al-CS—Fe) showed a high adsorption capacity of

31.16 mg/g [21]. They reported the multiple mech-

anisms of F~ adsorption.

I. Ion exchange between primary amine salt of chi-

tosan and fluoride.
—NH;"Cl" + F < -NH;'F + CI”

II. In the presence of acid or near the neutralization,
the fact of -OH and —NH,; groups in the metal
complex made it positively charged. The electro-
static interaction is as follows:

III. Ligand or ion exchange between metal and flu-
oride:
M-OH; + F~ < M-F + H,O
M-OH + F < M-F + OH"

Lanthanum has higher affinities for fluoride ions.
The combination of gelatin [22], chitosan beads [ 14,
23] made the composite effective for defluoridation.
In this direction, the combination of La(III) with car-
boxymethyl cellulose (CMC) showed excellent ca-
pabilities in defluoridation [24]. The active function-
alities formed complexes with metal ions and
crosslinking agents [25]. The maximum removal ef-
ficiencies of CMC-La and linked-CMC-La (by glu-
taraldehyde) were 98.85 and 99.31%, respectively,
in the case of a fluoride concentration of 40 mg/1.

Alginate (SA) and carboxymethyl cellulose (CMC)
have a large number of active groups (viz. hydroxyl,
carboxyl) and have the ability to adsorbents with
high removal efficiency [26]. Alginate/carboxymethyl
cellulose sodium composite loaded with calcium and
aluminium (SA/CMC-Ca—Al) developed the deflu-
oridation abilities. Ca(II) and Al(IIT) were incorpo-
rated into SA/CMC through sodium ion exchange.
The maximum adsorption amount for fluoride was
35.98 mg/g at pH 2.0, 298.15 K concentration
100 mg/l. Na-alginate is well-focused for its high
dispersion, biocompatibility, relatively low cost, and
porous structure. The alginate-based adsorbent had
been shaped in different forms. 3D yttrium-based
graphene oxide-sodium alginate hydrogel is one of
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the forms explored. It is a 3D macroporous structure
composed of 2D sheets of graphene oxide with the
uniform dispersion of Y(III) onto the gels. The 3D
network structure prevented aggregation and facili-
tated mass transport to the internal system. The inclu-
sion of graphene oxide nanosheets supported the
large specific and abundant functional groups viz.,
—COOH, —OH, and epoxy groups. The maximum ad-
sorption capacity of the hydrogel regarding defluo-
ridation was 288.96 mg/g at pH 4.0 [27]. Alginate-
based adsorbent by entrapping trimetallic (Fe—La—Ni)
oxide into the matrix was helpful in the defluorida-
tion of water. The natural anionic alginate biopoly-
mer is composed of two different monomers (1—4)
linked o—L—guluronate (G) and f—D—mannuronate
(M) [28]. The presence of di-tri valent metal ions fa-
cilitated the formation of rigid, ordered, and strong
structures. It helped to immobilize the nanopowder
for the adsorption of ions. The polymeric matrix
showed a very high fluoride ion adsorption capacity,
i.e., 333 mg/g.

Carboxymethylcellulose (CMC), a biopolymer with
a supramolecular structure, possess metal binding
sites [29]. It is a linear one with carboxymethyl
(CH,COO-) substituent of negative surface charges.
It has excellent coordination abilities with metal ions
(AP*, Fe*"). The hydrated state of ions enriched with
OH' ions and water molecules can attach F~ ions.
CMC-g-2-acrylamido-2-methyl propane sulfonic acid
(AMPS) /Fe/Al composite hydrogel impregnated
with activated charcoal [30] was one of the excellent
examples in this part. The maximum defluoridation
efficiency of metal oxide incorporated was 84.67%
at pH 6 at an initial F~ concentration of 5 mg/1.
Iron-impregnated pectin-g-poly(amidoxime) was
based on low-cost natural polymer [31]. The pres-
ence of -COOH functionalities in the unit of o—(1-4')-
linked-D-galacturonic acid of pectin made it unique
for the chelating agent [32]. It possessed metal ion
enrichment capabilities and fluoride ions sorption in
acidic conditions. The modification through the graft-
ing of poly(amidoxime) and derivatization reactions
enhanced the potential of defluoridation. Amidoxime
functionalization was tethered pectin-Ca beads to
achieve better removal capabilities. The synthesized
amidoxime functionalized Ca-pectinate beads were
also immobilized with iron to increase their effi-
ciencies. Pectin-g-poly(amidoxime)-Fe complex
(Figure 1) showed ~70% adsorption ability at pH 5.0.
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Figure 1. Proposed chemical structure of pectin-g-poly(ami-
doximes)-Fe complex [31].

3.2. Synthetic polymers

The polymers generated from the synthetic route are
called synthetic polymers. The crosslinked polyvinil
alcohol (PVA)-bimetallic systems viz. Ca—Zr—PVA
polymer composites were particular adsorbents as
the significance of the presence of two metals (Ca/Zr)
in terms of selectivity of ions and synergistic effect.
The choice of polymer films had a larger surface
area. Moreover, a polymer like PVA is always ad-
vantageous because of its non-toxic and degradable
nature. The fluoride adsorption of the Ca—Zr—PVA
polymer composite was 97.14%, compared to pure
crosslinked PVA (32%) [33].

Crosslinked PVA gels form due to acetal bridges be-
tween the PVA chains. The hydrogels feature their
porous network and easy diffusability of ions across
the surface. PVA-iron-zirconium hydrogel (PFZH)
and PVA-copper-zirconium hydrogel (PCZH) showed
promising defluoridation capabilities (100%) [34].
The defluoridation by the systems was pH-indepen-
dent and least affected by commonly interfering ions
(HCO37, PO437, Cl, NO;5, SO427).

Hydrophilic hyper-crosslinked porous polymer net-
works, having high surface areas of 2000 m?/g and
robust chemical and thermal stabilities [35, 36], were
synthesized from 2,2-biphenol (HHCP1) and bisphe-
nol A (HHCP2) monomers [37]. Ca-loaded networks
of the porous polymer resulted in a defluorinating ad-
sorbent. Two monomers had different Ca-loading ca-
pacities. Both Ca-loaded networks were effective in
defluoridation. Ca-loaded HHCP1 showed the ability
of (267+34 mg/g), whereas HHCP2-Ca had a lower
power of 96.2+10 mg/g with faster uptake kinetics.
The adsorbents prepared in the in situ polymerization
method were also explored. Crosslinked porous
polymeric adsorbent poly(zirconyl methacrylate-co-
methylmethacrylate) (p(ZrDMA-co-MMA)) is one of
the examples in this area. Due to its non-toxic nature,
zirconium is well-accepted in the polymeric adsor-
bent field, especially defluoridation. The maximum

fluoride adsorption was found to be 96.54% at neu-
tral pH. The possibility of metal ions leaching was
avoided [38]. Crosslinked ZrVAc adsorbents were
prepared using zirconyl methacrylate (ZrDMA) and
vinyl acetate (VAc), ethylene glycidyl methacrylate
(EGDMA), through the suspension polymerization
method. The maximum fluoride adsorption capacity
was found to be 138 mg/g at pH 7.0 [39]. Gupta et
al. [40] prepared the polymeric adsorbent based on
zirconium dimethacrylate (ZrDMA) and lauryl
methacrylate (LMA). The covalently co-ordinated
metallic-polymeric moiety brings a stable network.
During the adsorption process, it did not leach out any
trace elements (Zr, F7). The crosslinked polymer
based on the combination of organometallic vinyl
monomers (ZrDMA and AgMA), vinyl monomers
(MMA), and (EGDMA) showed the highest adsorp-
tion capacities (¢max) Were obtained as 64 mg/g [41].
The three-dimensional metallopolymer microsphere
quaternized poly(zirconyl dimethacrylate-co-vinyl-
benzyl chloride)] (ZrVBZ) was reported by Gupta et
al. [42]. The free radical polymerization in the pres-
ence of crosslinker (ethylene glycol dimethacrylate)
and porogen (toluene) formed the porous network
polymer. The schematic presentation for the polymer
synthesis is shown in Figure 2. The maximum ad-
sorption capacity of the polymer for fluoride was
116.5 mg/g. Recently, a similar compound based on
poly(zirconyl dimethacrylate-co-vinyl imidazole)]
was also reported. The maximum fluoride adsorption
capacity was 109.6 mg/g [43].

Magnetic adsorbents are now familiar in this arena
to increase separation efficiency. As fluoride is a
hard base with a small size and high, electronegativ-
ity magnetic hydrogels have good separation abili-
ties, which were strengthened by lanthanum loading
in lanthanum-loaded magnetic cationic hydrogel
(MCH-La) [44]. The hydrogels are prepared by
crosslinking (3-acrylamidopropyl) trimethylammo-
nium chloride (APTMACI), N,N-methylene bisacry-
lamide (MBA), N,N,N',N'-tetramethylethylene-di-
amine (TEMED) in the presence of y-Fe,Os. The
maximum fluoride adsorption capacity for MCH-La
was 136.78 mg F~/g at an equilibrium fluoride con-
centration of 29.3 mg/l and pH 7.0.

Generally, triaryl boron-containing m-conjugated sys-
tems are known for their electronic and photophysi-
cal properties. But, these systems viz. (boron based
conjugated microporous polymer) were also explored
in defluoridation and F~ ion sensors [45]. It was the

916



V. C. Joshi et al. — Express Polymer Letters Vol.17, No.9 (2023) 913-931

Radical

e

X 022:
o}
0

o

(e}
polymerization
Zr=0 + + g
’ A\
O (¢}
Cl :gz
Zirconium 4-vinylbenzyl EGDMA
dimethacrylate chloride

Poly ZrDMA-co-VBC

Quarternizaton O O
by trimethyl amine
—_—

\ ,’
zr'=0
.
’ A

m Vi

Quarternized poly ZrDMA-co-VBC

Figure 2. Schematic presentation of synthesis of ZrVBZ adsorbent [42].

product of polycondensation of tris(4-bromo-2,6-di-
methylphenyl)borane and tris(4-dihydroxyboranyl-
phenyl)amine (TBPA). The conjugated polymer
showed an excellent adsorption capacity of up to
24 mg/g at equilibrium fluoride concentrations of
16 mg/l and a temperature of 298 K.

Crosslinked chitosan-polyvinyl alcohol (Ch-PVA)
materials were used for defluoridation [46]. The cross-
linking materials used were ethylene glycol digly-
cidyl ether (EGDE) and sodium tripolyphosphate
pentabasic (TPP). The presence of epoxy groups
bridged the condensation reaction between chitosan
and PVA. The ionic crosslinking occurred between
TPP and chitosan chains. The maximum fluoride ad-
sorption capacity of the crosslinked material was
12.64 mg/g at pH 7 and 30 °C.

The adsorbent iron-aluminium-cerium tri-metal hy-
droxide (Fe—Al-Ce) with a polymer latex acrylic-
styrene binder coated on the sand by spraying tech-
nique. The system showed fluoride adsorption of
3.46 mg/g at pH 7.0 and 50 mg/l fluoride concentra-
tion [47]. Polysulfone/ZnCr;-NOs-layered double
hydroxides (PS/ZnCr;-NO3;-LDH) composites were
prepared by phase inversion and investigated for de-
fluoridation by Koilraj and Kannan [48].

3.3. Conducting polymers

The loss of activities due to agglomeration, low ad-
sorption capacities, reduced selectivity, and difficul-
ty in isolation from an aqueous medium prompted
separation researchers to prepare hybrid materials
consisting of polymers having large active porous
surfaces. In this direction, one of the approaches is
adsorbents in conducting polymers domain. Con-
ducting polymers are in conjugation and charge car-
riers. The charge carriers have gained the freedom
to move over the entire chain. It has exchangeable
counter ions from the oxidative solution. Thus, it can
adsorb the ions on its surface. They exhibit desired

properties like large surface area, chemical stabilities,
modifiable surface chemistry, and high affinity for
anionic pollutants [49, 50].

The conducting polymer-based materials have four
categories, viz. (a) conducting polymer, (b) conduct-
ing polymer/adsorbents, (¢) conducting polymer/clay
minerals, and (d) conducting polymer/inorganic ma-
trices. Hydrous TiO,/polypyrrole hybrid nanocompos-
ite showed fluoride’s synergistic effect in adsorption
capacity. The maximum adsorption capacity gained is
31.93 mg/g [51]. Polypyrrole (PPy)/HSnO (% load-
ing, Pyrrole = 47.41, HSnO = 52.59) exhibited the
best defluoridation performance and the maximum
adsorption capacity 28.98+0.37 mg/g at 328 K. The
hybrid materials possessed good regeneration proper-
ties and high desorption efficiency of 95.81% up to
three cycles [52]. Fe;04/PPy nanohybrid composite
showed its excellence in adsorption even after 20 re-
cycles [53]. The adsorption was enhanced in a rotating
magnetic field. The maximum removal rate was
78.2% for fluoride (10 mg/l) aqueous solution [54].
The hydrous CeO,-Fe;04 decorated polyaniline fibers
gained a maximum capacity was 93.46—117.64 mg/g
in a broad pH of 3—10 [55]. Hydrous ZrO;-polyani-
line (PANI) nanofibers showed the potential of high
adsorption capacity towards F~ ions [49, 56]. Cellu-
lose nanofiber-PANI-templated ferrihydrite nano-
composite, the unique hybrid material, showed an
adsorption capacity of 50.80 mg/g [57].

The synergistic effect of polyaniline/alumina (PANI/
AlO) and PPy/AlO composite in terms of defluori-
dation (Figure 3)was reflected in the study of
Karthikeyan et al. [50]. The maximum amount of ad-
sorption was 6.6 and 8 mg/g for polyaniline/alumina
and polypyrrole/alumina, respectively. The removal
of fluoride ions by alumina occurs through the for-
mation of an aluminium-fluoro complex, whereas
for conducting polymer, it is through ion exchanging
of dopant ions.
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Figure 3. Ion exchange phenomena of doped ionizable chlo-
ride ions with fluoride ions [50].

Clay-based conducting polymer, polypyrrole-mont-
morillonite (PPy—MMT) composite, had the poten-
tial for defluoridation activities [58]. The maximum
adsorption was 5.10 mg/g compared to 2.66 mg/g
alone. The physical adsorption and ion exchange
mechanistic pathways developed a synergetic ap-
proach to fluoride removal. Polypyrrole with atta-
pulgite (magnesium aluminium silicate material)
formed a composite showing defluoridation potential
from an aqueous solution [59]. The adsorption effi-
ciency was 74.71% at a sorbent dose of 0.18 g.

3.4. Ion exchange resin

It is another important class of materials used in this
defluoridation arena. The aluminium form of each
aminomethyl phosphonic acid-type ion exchanger
based on the copolymerization of two monomers
(i.e., methyl methacrylate-ethylene glycol dimethacry-
late) showed selectivity and excellent capacity for
fluoride separation. The uptake was better than that
of the commercially available strongly acidic cation
exchanger Indion 225 and aminomethyl phosphonic
acid-type chelating ion exchanger Duolite ES 467
[60]. Samatya et al. [61] prepared the Zr-immobilized
resin based on Diolely phosphoric acid (DOLPA) and
divinyl benzene (DVB) through surface template
polymerization. The preparation was carried out
w/o/w an emulsion. PVA was taken as an emulsion

{Diolely phoshoric acid (DOLPA) + sorbitan monooleate 80 + polystyrene} + zirconyl chloride octahydrate

stabilizer. Polystyrene was used as porogen to immo-
bilize more adsorption sites. The schematic illustra-
tion of the prepared resin is presented in Figure 4. The
removal of fluoride ions using the Zr(IV) complex
and phosphate functionality as a recognition site.
Modification by ethylenediamine of synthetic co-
polymeric resin viz. vinylbenzyl chloride/divinylben-
zene (VBC/DVB), styrene/divinylbenzene/vinylben-
zylchloride (ST/DVB/VBC) and acrylonitrile/divinyl-
benzene/vinylbenzylchloride (AN/DVB/VB) exam-
ined for defluoridation experiment. The resin’s mech-
anistic aspects are presented as follows (Figure 5).
AN/DVB/VBC-ED resin possessed higher deflu-
oridation capacity (DC) than ST/DVB/VBC-ED
and VBC/DVB-ED resins among all the synthetic
resins [62].

Cai et al. [63] prepared nanocrystalline Li/Al-based
layered hydroxide (LALDH-201) impregnating Li/Al
inside a commercial polystyrene anion exchanger
D201. The fixed-bed adsorption of LALDH-201 of
the Fluoride contaminated groundwater was 4.1 mg/I,
~11 times compared to the anion exchanger D201.
A similar study was also carried out using nanosized
hydrous zirconium oxide (HZO) within anion ex-
changer D201. It showed 7—14 times capacity com-
pared to D-201 [64]. ZrO, nanoparticles on polymer-
ic anion exchanger resin. Hybrid anion exchange
resin was reported by Singh et al. [65]. The maximum
fluoride uptake capacity of the resin resulted in
12.0 mg/g. Nanosized cerium oxides (NCO) inside
a porous polystyrene anion exchanger (PAE) func-
tionalized with positive quaternary amine groups
([-N(CH3)**]) showed the ability for efficient fluo-
ride removal from wastewater [66].

Robshaw et al. [67] had shown the defluoridation
potential of Purolite® S950+ loaded with lanthanum
ions [67]. Purolite® S950+ commercial resin is a
macroporous, weak acid, chelating one. It consisted
of a styrene/divinylbenzene main chain with amino

Sonication Water in oil emulsion

2,2'-azobis
2 4-isobutyronitrile)

PVA + magnesium nitrate —— Aqueous phase

Polymerization

Zr(IV) immobilized resin

Figure 4. Schematic presentation of surface template polymerization with water/oil/water emulsions [61].
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(1) Vinylbenzyl chloride/divinylbenzene-ethylenediamine (VBC/DVB-ED) resin

-
OMNPh—CH-NH-(CHS)Z-NH3+—>q O“WPh—CHz-NH-(CHZ)Z-NH;...F*

Protonated

Exhausted

(2) Styrene/divinylbenzene/vinylbenzylchloride-ethylenediamine (ST/DVB/VBC-ED) resin

q

@th—CHZ-NH-(CHZ)Z-NH;

Protonated

O«N»Ph—CHZ-NH-(CHZ)Z-NH;A -

Exhausted

(3) Acrylonitrile/divinylbenzene/vinylbenzylchloride-ethylenediamine (AN/DVB/VBC-ED) resin

aq

i
*H,N-(H,C),-HN—C —

OW Ph—CH,-NH-(CH,),-NH,"

Protonated

. FLHNAH,C),HN ¢ —

Ph—CH,-NH-(CH,),-NH,"...F-

Exhausted

Figure 5. Reaction scheme of fluoride sorption onto different resins (VBC/DVB-ED, ST/DVB/VBC-ED, and

AN/DVB/VBC-ED) [62].

0 o]
: ) H U NaF solution H U
‘+/ \ NaF O \ | S S \
N o 0 N HO OH
H =, LaF,
H HO-La~OH,
sz OH,
La loaded purolite S-950+
(0] 0]
: ) T U Simulant Al industry leachate 3 T J
N o >o N o \OH
G HO—La™ OH, H,0 —fLa\— OH,
sz OH, F\\ F
La loaded purolite S-950+
Figure 6. Schematic presentation of fluoride adsorption by La-Purolite S 950+ [67].
phosphonic acid functional groups. The La-modi- ( §
O

fied one exhibited a large maximum defluoridation
capacity of 187+15 mg/g from the NaF solution
and 126+10 mg/g from the leachate. The schematic
diagram of the fluoride uptake is represented in
Figure 6.

Meenakshi and Viswanathan [68] experimented with
Indion FR 10 (IND), crosslinked polystyrene, the
chelating resin. The results showed that chelating
resin was more selective than an anion-exchange
resin for fluoride removal. The mechanistic aspect
is in the following figure (Figure 7).

The incorporation of aluminium(hydr)oxide mate-
rial inside the pores of Purolite A520E (strong-base
ion-exchange resin) made it promising for fluoride
removal. Purolite A 520E is macroporous polystyrene

919

,W\,Wwvé_ OH+ F — » wwmm§—oH5+...Fff H-bonding
(e}

Indion FR 10 Exhausted resin

Figure 7. Adsorption of fluoride ions by Indion FR 10 resin
[68].

crosslinked with divinylbenzene with a quaternary
ammonium functional group [69].

The pulverized spent resins were loaded with Zr(IV)
ions to develop adsorption sites, which effectively
adsorb fluoride ions. The acidic cation exchange resin
(MUROMAC MBX8-WH was polystyrene cross-
linked by divinyl benzene and contains sulfonic acid
groups [70]. At first, Zr(IV) was adsorbed following
the cation exchange reaction. Consequently, the -OH
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Zr(IV) H,0 F- H,0
OH o} OH
9 N 7 N
snnn Ph——S— OH ~aspnnPh——S -0~ 7r" OH -'WW‘MPh——ﬁ-O-/Zr—‘F
1"
(@] (0] H,0 OH (@] HZO OH

Pulverised spent resin

Pulverised spent resin after Zr(IV) loading

Zr(IV) loaded pulverised spent resin
after fluoride adsorption

Figure 8. Zr(IV) Adsorption mechanism onto spent cation exchange resin powder and that of fluoride ions on the Zr(IV)-

loaded spent exchange resin powder [70].

functional group was replaced by fluoride ion re-
spectively (Figure 8).

Amberlite XAD-4TM (styrene-divinyl benzene) had
been modified by introducing amino functionality
onto the aromatic ring for its application in fluoride
remediation [71]. An Al(Ill)-loaded and AI(OH);-
coated chelating resin Lewatit TP 260 (Crosslinked
polystyrene, aminomethylphosphonic acid) was pre-
pared. Both the modified forms of the resin showed
their abilities to remove F~. The maximum adsorp-
tion capacity of Al(OH)s-coated resin and AIl(III)-
loaded resin was 0.55 and 0.40 mg/g, respectively
[72]. Lanxess TP208 (crosslinked polystyrene with
chelating diamino acetate group), a weakly acidic
macroporous cation exchange resin exchanged with
AI*" ions, showed a selective mode of removing flu-
oride ions [73]. Amberlite IRA400CI anion resin,
polystyrene divinyl benzene copolymer matrix, and
chloride as mobile ions showed 76% fluoride re-
moval [74].

4. Membrane materials

There are unequivocal shreds of evidence that mem-
branes are the best water purification solution. The
membrane system can be tailor-made per the peo-
ple’s requirements by making it compatible with
water sources and demand. The ‘fluoride in water’
crisis challenges us to develop solutions for a very
urgent issue. The membrane sector is vital as a driver
of defluoridation techniques and time-to-market de-
velopment [75-78]. The membranes have unique
specialities in separation science as no need of chem-
icals are needed and have the capabilities to work
under a wide pH range. The relevant membrane
processes include nanofiltration, reverse osmosis,
membrane distillation, and electrodialysis.

The defluoridation activities are mostly fit for nano-
filtration as low-pressure RO membranes. Nanofil-
tration is a separation process positioned between ul-
trafiltration and reverse osmosis. It replaces conven-
tional methods of water softening with more low
pressure than reverse osmosis. The molecular weight

920

cut off’s (MWCO) for the membranes is generally
300 to 1000 Da (diameter in ~1 nm) [79-81]. It
showed selectivity in ionic species, with weaker
monovalent ions retention than bivalent ions. The
process is applicable for total solid retention for salts
with low concentrations. The high negative charge
of fluoride makes it better retention through the
nanofiltration process.

Polymers have flexibility in the preparation of mem-
branes as it inherits the property of pores and charge
generation. The breadth of polymers available for
membranes has grown in the past few decades. The
polymer research echoed this aspect of their behav-
iours because of its trouble-free processibility, ability
to last, and lower price than the other parallel mate-
rials. The ‘in-built’ configurations make it feasible
for the separation of ions. Moreover, they are flexi-
ble in terms of blending, composite, and surface
modification as necessary. Of course, compatibility
issues are to be considered. Thin film composite
(polymer-based) membranes marked their position
in defluoridation.

The composite signifies that different polymers are
put together to be useful in applications. In the mem-
brane arena, thin-film composite is a revolutionary
technology. It consists of two polymer layers (i.e.,
support and selective layer). The schematic presenta-
tion is as in Figure 9. The significance of the polymer
support layer is to bring mechanical strength to sustain
higher pressure in its engineering shape. The polymer-
ic support layer was embedded in nonwoven polyester
support, which imparted mechanical strength so that

Selective layer Support layer

Nonwoven fabric

Figure 9. Schematic presentation of thin film composite
membrane.
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the membrane could be artfully worked out in shape
and endure higher pressure. The support layer was
chosen that fits in phase separation. The wet phase
separation technique forms the pores on support lay-
ers. It means that diffusive transport of solvent-non-
solvent takes place in polymeric matrices. In this re-
gard, a few polymers (viz. polysulfone, polyether
sulfone, polyvinylidine difluoride) are commonly
used. The selective layer controls performance (flux
and rejection), whereas the porous support layer is for
the sustainability of the selective layer with a mini-
mum resistance in permeate flow. Thus, the compos-
ites have specialities, and two important layers can be
tuned for different functions.

The selective layer is polyamide considering the im-
portance of -CONH- in biological systems. The
polyamide formation occurs in situ through an inter-
facial polymerization reaction between diamines and
acids/acid chlorides. The chemistry is represented in
Figure 10. It is a straightforward reaction to form a
polymer network structure consisting of two/more
monomers in different solvents at the interface. The
selective layer controls performance (flux and rejec-
tion), whereas the porous support layer is for the sus-
tainability of the selective layer with a minimum re-
sistance in permeate flow. Thus, the composite has
a speciality, and two important layers can be tuned
for different functions. Different amines and acid
chlorides are used in interfacial polymerization to
form polyamides [82]. Literature reports regarding
the various commercial polyamide nanofiltration/
low-pressure RO membrane exist. However, the de-
tail of the chemistry of the membrane preparation is
not revealed.

Extensive study has been done regarding the use of
commercial membranes in defluoridation. As the re-
port mentioned, we intend to unveil the membranes’
chemistry and defluoridation potential. BW30 and
NF270 (Dow FilmTech™, Minneapolis, MN, USA)
are polyamide thin film composite (TFC) membrane.
BW30 is a fully aromatic polyamide-based RO
membrane, whereas NF270 is a piperazine-based

NH

2

COCI

NH

1, 3 phenylene diamine
in ag. medium

Polyamide 2

CIoC

COCI

polyamide NF membrane with semi-aromatic, weak-
ly acidic COO™ groups [83]. NF 270 is rather a loose
membrane, whereas BW30 is a tight one [84, 85].
The fluoride rejection of NF 270 was lower than
BW30. Filmtec NF70-2540 membrane (DOW Chem-
ical, Denmark) having MWCO 180 Da used a thin-
film polyamide composite on a polysulfone support
designed for tangential filtration [86]. The fluoride
rejection was >94% for 6 bar pressure. Choi ef al.
[87] experimented with NTR-7250 (polyvinyl alco-
hol- piperazine based) membrane and compared the
performances with NTR-7450 (Nitto Denko) (poly-
sulfone based). NTR-7450 (=10 mV) has a higher
surface potential than NTR-7250 (-5 mV at around
pH 7). It showed a higher rejection rate than the
NTR-7250. The rejection rate of fluoride was 72%
for NTR-7450 whereas for NTR-7250 it was 70.4%
(5 ppm).

The separation of fluoride with the Osmonics spiral
module containing the HL 2514 T membrane was
carried out. The membrane featured molecular weight
cut-off (MWCO) for the organic compounds of about
150 to 300 Da. The module was ~64 mm in diameter
and 356 mm in length. The HL membrane showed
maximum >80% fluoride retention [88]. In a differ-
ent experiment, two commercial polyamide mem-
branes (NF90 and NF400) had different MWCOs,
90 and 400. NF90 rejected all the fluoride ions prac-
tically. There was no influence of feed concentration
on fluoride, whereas NF400 showed no remarkable
performances [89]. Three polyamide nanofiltration
membranes (NF70 (Film Tec), DESAL 5DL (Os-
monics), and MT 08(PCI)) were used for the deflu-
oridation in natural brackish water from Senegal
[90]. The efficiencies of these membranes were close-
ly linked to the nature of the feed solution. The com-
posite membranes were shaped into spiral wounds
of a standard size (2540). The rejection rate [%] was
91, 83, and 90%, respectively, for 5 mg/l, at § bar
pressure and pH 6 for these membranes [90, 91].
Valentukeviciene et al. [91] experimented with
polyamide NF270 (piperazine based polyamide)

HN™Y

L_NH
Piperazine

in ag. medium

Poly(piperazin-amide)

Benzene-1,3,5-tricarbonyl trichloride

in hexane

Figure 10. Chemistry of selective layer in thin film composite.
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and NF90 (aromatic polyamide, Filmtec Dow)
membranes. The NF90 can be regarded as a ‘dense’
and the NF270 as a ‘loose’ NF membrane. Both
membranes are negatively charged (MWCO of
NF90: 200 Da, NF270: 300 D [92]. NF270 repre-
sented lower roughness than NF90 [93]. The rough-
ness of the membrane depends on the nature of
monomers in interfacial polymerization, support
polymers, and preparative conditions. The charac-
teristic features influenced defluoridation perform-
ance. NF90 polyamide membrane retained 92% of
fluoride ions, whereas NF270 polyamide kept 67%.
The permeability results revealed that the NF270
membrane was more productive than the NF90
membrane, as evidenced by Hoinkis et al. [92] re-
ported. NF270 could keep the fluoride level below
the maximum contaminant level (MCL) (1.5 mg/l)
up to 10 mg/l feed concentration. In contrast, the
NF90 could keep fluoride permeate concentration
below MCL for <20 mg/I feed concentration.

Commercial spiral wound RO-SG-2514 (Osmonics)
and NF90-2540 (Dow-Filmtec) were used for the de-
fluoridation of water and metal packaging industrial
effluent [94]. Both were thin film polyamide com-
posite membranes. The removal efficiency for fluo-
ride was influenced by several parameters: feed con-
centration, transmembrane pressure, ionic strength,
nature of cation associated with fluoride, and pH
[95]. NF90-2540 membrane showed maximum re-
jection (>97.6%), whereas it was 92-97% for RO-SG.
Diwara et al. [96] experimented with nanofiltration
(NF) and low-pressure reverse osmosis (LPRO), both
from Dow Chemical, in a membrane filtration plant
constructed by Pall Corporation. The NF membrane

Table 1. Some details of some commercial membranes.

resulted in a fluoride retention rate of 63.3-71%,
whereas the low-pressure reverse osmosis (LPRO)
membrane rejected 97-98.9%. Gedam et al. [97] ex-
perimented with defluoridation using Filmtec Spiral
wound with a composite polyamide membrane mod-
ule (model no. TW30-1812-75) with an effective
area of 0.1054 m?, module length of 300 mm and di-
ameter of 40 mm. The spiral-wound membrane
module was based on a polyamide membrane with
an effective area of 2.5 m?> (RE 2540, Saehan) [98].
It retained fluoride ions (retention factor >98%).
Shen & Schéfer used six commercial membranes
(BW30, BW30-LE, NF90, NF270, TFC-SR2 and
TFC-SR3) [99]. All these membranes are thin film
composite (TFC) membranes with a polyamide-
based active layer [100—102]. Some details of the
commercial membranes are summarised in Table 1.
Chakrabortty et al. [104] experimented with three
thin film polyamide composite nanofiltration mem-
branes (NF-1, NF-2, and NF-20), Sepro Membranes
Inc. (USA) for defluoridation. The fluoride rejection
[%] was 95, 78, and 86, respectively. The separation
performances depended on the difference in charac-
teristics of the membranes. The features depend on
the polymers and the membranes’ preparation con-
ditions. Three polyamide nanofiltration thin-film
composite (TFC) membranes SR-1 (Koch Fluid Sys-
tem), DS-5-DL (DL) (Osmonics), and DS-51-HL
(HL) (Osmonics) were used for the defluoridation
performance [105]. The defluoridation performance
increased with the higher solution flux and the lower
feed concentration. Table 2 depicts the membrane’s
physical parameters (pore radius, pure water perme-
ability, and surface electrical potential). The various

Membrane Type Diamine Reference
A-15 (Permasep) Polyamide 1, 3 phenylene diamine [103]
NF90 (Dow filmtech) Polyamide 1, 3 phenylene diamine
NF270 (Dow filmtech) Poly(piperazine-amide) Piperazine
HL (GE Osmonics) Poly(piperazine-amide) Piperazine [102]
DL (GE Osmonics) Poly(piperazine-amide) Piperazine
BW30 (Dow filmtech) Polyamide 1, 3 phenylene diamine

Table 2. Some parameters of different commercial membranes [105].

Pure water permeability, L, -10°

Membrane pore radius, rp

Membrane electrical potential, ¥

Membrane [m¥/(m?s-kPa] [nm] [mV]
SR-1 24.47+0.24 0.70£0.29 3512027
DS-5-DL (DL) 21.20+0.32 0.58+0.18 35.0+0.63
DS-51-HL (HL) 25.04+0.22 0.4120.02 53.5+6.83
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parameters (viz., the support polymer rejecting poly-
mer layer, reaction conditions) influenced the char-
acteristics.

Researchers [106, 107] experimented with the four
RO/NF polyamide membrane systems BW30, LE,
NF90, and NF270. The first two were for brackish
water, whereas NF90 and NF270 were for nanofil-
tration applications. NFO0 membrane exhibited the
best overall performance in water quantity and qual-
ity among the four. It was a pilot-scale solar-powered
membrane system and employed high-fluoride brack-
ish water in northern Tanzania. Throughout a typical
solar day, the NF90 membrane system produced
1582 1 of drinking water in permissible fluoride lim-
its, with an average recovery of 27.8% and average
specific energy consumption (SEC) of 1.6 kWh/m?.
Filmtec XLE-440 RO element was used for defluo-
ridation [108]. The composition is unknown. The
blending strategies were adopted to make it econom-
ical. The RO permeate water with a fluoride concen-
tration of <0.03 mg/l was blended with the artificial
groundwater to ensure a fluoride level below 1.3 mg/1
in the drinking water.

The exciting study of Saxena et al. [109] showed the
performance variation of poly(piperazine-amide)
coating on different recycled stages of polysulfone
(Ps) membranes( I* to VIII™M). The ~15% increase in
separation for 10 mg/l fluoride from Memb.-I-Pip to
Memb.-VIII-Pip. The maximum separation of fluo-
ride is 84.9% for Memb.-VIII-Pip.

Another attempt had been made to study the conse-
quence of salt in a gelation bath and interfacial poly-
merization regarding the behaviour of poly(piper-
azine-amide) TFC membranes to separate fluoride
from water. The flux through the polysulfone (Ps)
membrane decreased with total dissolved salts (TDS).
The increase in salt concentration in the aqueous
phase of the interfacial reaction influenced the salt
separation abilities of the TFC membranes. The max-
imum separation of fluoride was ~88% for the pre-
pared membrane in which the salt concentration of
the aqueous medium was 5 mg/l in the interfacial
polymerization [110].

Apart from the thin film polyamide composite mem-
branes, a few other membranes were experimented
with. Iron(III) oxide (Fe,O3) nanoparticles modified
polyethersulfone (PES)/cellulose acetate (CA) blend
membranes were one of them [111]. Composite
membranes were prepared by incorporating various
amounts of Fe,O3 nanoparticles. The defluoridation

potential was confirmed of the Fe,O3 nanoparticles
for blended PES/CA membranes. The maximum flu-
oride removal efficiency of 70.3% was observed for
a single run.

The hydrophobic nature of the polymers and poly-
mer membranes played a role in membrane distilla-
tion. Plattner et al. [112] used commercial polytetra-
fluoroethylene (PTFE) membrane (General Electric,
USA) in membrane distillation (MD). The key fea-
ture is the vapour-driven force compared to other
pressure-driven technologies in membranes [113].
Direct contact MD produced high-quality water per-
meate (96-99% F rejection). Coupling with vacuum-
enhanced DCMD (VEDCMD), the permeate flux in-
creased by 42%. Hydrophobic polyvinylidene fluo-
ride (PVDF) hollow fiber membranes in membrane
distillation [114]. Direct contact membrane distilla-
tion (DCMD) is one of the techniques where the hy-
drophobic membrane directly partitions the feed and
the distillate. It was simple, and the condensation oc-
curred inside the membrane module. The maximum
permeate flux was 35.6 kg/(m?-h).

The ion exchange membranes can remove fluoride
ions from water. It shows ion permselectivity and is
classified into cation and anion exchange mem-
branes. The positively charged groups are fixed to
the anion exchange membrane, and cations are re-
jected by the positive charge and cannot permeate
through anion exchange membranes. This is because
anion exchange membranes are only permeable by
anions. The electro dialyzer controls selective per-
meation. The ion exchange membranes have advan-
tages over the ion exchange granules regarding re-
generation. The regeneration is not required as it
allows ions to permeate by direct current in an elec-
tro dialyzer.

The ion exchange membranes are polymer-based.
Mostly anion-exchange membranes viz. DSV, AFX,
AMX, ACS, AFN, AHA, and SB-6407) had the de-
fluoridation potential [115-117]. AFX anion ex-
change membrane (polystyrene-divinyl benzene-
polyvinyl chloride) was used in a diluted solution
[118]. The ion exchange group associated with it was
~N(R);*. It was based on the chemical potential dif-
ference between the two compartments partitioned
by an ion-exchange polymer. The plasma-modified
membranes showed better flux and recovery values
compared to pristine membranes. Tor [119] used
Neosepta-ACM  (anion-exchange membrane)
(Tokuyama Soda Co. Ltd.) in the Donnan dialysis
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condition. ACM membrane possesses quaternary
ammonium as functionality. The membrane was in
the chloride ion form. The transport of fluoride ions
was maximum at pH 6 of the feed phase and pH 1
of the receiver phase. Durmaz et al. [117] experi-
mented with anion exchange membranes used to re-
move fluoride. The nature of membranes was homo-
geneous and contained quaternary ammonium bases
as ionic groups. They (AFN, AHA, SB-6407) were
different from each other in the degree of crosslink-
ing. The fluoride transport order was as follows:
AFN>AHA>SB-6407.

Polyvinylidene fluoride (PVDF) blend poly(methyl
methacrylate)-co-poly(chloromethyl styrene) (PMMA-
co-PCMSt) membranes prepared through a nonsol-
vent induced phase separation process (Figure 11).
Post-treatment with a tertiary diamine (tetramethyl
diamino hexane, TMDAH) of the membranes made
it fit for defluoridation. The membrane containing
69.5% w/w copolymer and 30.5% w/w PVDF exhib-
ited excellent fluoride removal efficiency [120].
Membrane capacitive deionization (MCDI) is an ad-
vanced technique developed by Lee ef al. [121]. In
the MCDI technique, the counterions (ions with a dif-
ferent charge from the local electrode) are more fully
depleted through electrode desorption [122]. Capaci-
tive membrane deionization (MCDI) combined with

N\\\/\N.NJ\\
N

a monovalent anion permselective exchange mem-
brane (PSM) was the technique for defluoridation
[78]. The MCDI unit cell comprised an acrylic plate,
anode electrode, cation exchange membrane (Neo-
ceptaCMX, Tokuyama, Japan), nylon spacer, anion
exchange membrane (NeoceptaAMX, Tokuyama,
Japan, and SelemionASYV, Asahi Glass, Japan), a
cathode electrode, and acrylic plate.

Porous membrane composites based on poly(vinyli-
dene fluoride-hexafluoropropylene) (PVDF-HFP)
with adsorbents (viz. montmorillonite (MMT), zeo-
lites (NaY), bayerite (BAY) and hydroxyapatite
(CaHAp)) were prepared by thermally induced phase
separation [123]. A maximum fluoride separation of
68% was obtained after 6 filtrations for the
CaHAp/P(VDF-HFP) composite membranes.
Cellulose acetate-based mixed matrix membrane
(MMM) using mixed metal oxides nanoparticles-
polymer composite (Fe-Al-Mn@chitosan) as nano-
filler was used in defluoridation [124]. The total flu-
oride ion rejection (11096 mg F/m?) by the M8
membrane (CA: Fe-Al-Mn@chitosan 92:8) was
found to be much higher compared to calculated flu-
oride rejection, which may be expected through ad-
sorption only (92 mg F/m?). The two mechanistic
ways proposed were electrostatic repulsion between
F~ and negatively charged MMM surface and the

al Azobisisobutyronitrile
o F |
= Ox N

N,N-dimethylmethanamide

Methyl methacrylate Chloromethyl styrene

Cl
Poly(methyl methacrylate)-co-poly(chloromethyl styrene)

F

A

Casting on fabric

PVDF
( Film )
|
~ N/\/\/\/N ~
| Post treatment
N,N,N’,N-tetramethyl-1,6-diaminohexane
( Film )

TMDAH functionalised PVDF blend poly(methyl methacrylate)-co-
poly(chloromethyl styrene) membrane for fluoride removal

Figure 11. Schematic presentation of PMMA-co-PCMSt copolymer synthesis and preparation of blend membrane using the
nonsolvent induced phase separation and post-treatment with TMDAH [120].
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water-swelling nature of chitosan. The swelling na-
ture of chitosan-cellulose acetate pores might create
more resistance to water flow.

5. Conclusions

The growing global need for water and water treat-
ment has driven the widespread development of
Polymeric materials. The researcher’s creative power
brings forth modified polymers, revealing the possi-
bilities to defluorinate water. The inherent character-
istics of polymers made it possible to achieve the
requisite properties. The polymeric adsorbent and
membrane have paved their water in defluoridation.
The other direction of polymeric materials is macro-
cycles (via the crown ether, cyclodextrin, porphyrins)
based compounds in which flexible design for spe-
cific structures and functions showed many possibil-
ities. It may be promising in the recognition of ions
through host-guest chemistry and non-covalent in-
teractions [ 125, 126]. The stupendous research efforts
of polymeric development show people’s confidence
in the future.
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Abstract. The objective of this study is to prepare a new poly(aryl ether ketone) (PAEK) with low dielectric constant, high
transparency and heat resistance by introducing fluorine atoms and phenolphthalein (PHPH) groups into the polymer back-
bone. The chemical structure of PAEK random copolymers was characterized by Fourier transform infrared spectroscopy
(FTIR), proton nuclear magnetic resonance ('"H-NMR) and X-ray diffraction (XRD),, and the molecular weight of PAEK
was determined by gel permeation chromatography (GPC). It is found that these random copolymers are soluble in common
organic solvents, especially low boiling point solvents, such as CHCls, tetrahydrofuran (THF) and dimethylacetamide
(DMAC). Transparent, uniform and flexible films were prepared by casting from DMAc solvent. The PAEK copolymers ex-
hibit high glass transition temperature (163—220 °C by differential scanning calorimetry (DSC) and 168-227 °C by dynamic
mechanical analysis (DMA)) and thermal stability with 5% weight loss temperatures of 461-525 °C. The PAEK films show
good mechanical properties with tensile strengths of 50-62 MPa. The dielectric constant (k) is only 2.31-3.08, and the loss
tangent is only 0.003—0.009 at 1 MHz. All films exhibit excellent optical transparency, their UV cutoff wavelength is shorter
than 386 nm, and the transmittance at 450 nm is higher than 80%.

Keywords: Smart polymers, poly(aryl ether ketone), soluble, low dielectric constant, transparency

1. Introduction replaced by multifunctional polymer materials that
Integrated circuits are becoming smaller and more are lighter, more flexible and impact resistant, easier
integrated with the rapid development of information  to shape, and cheaper. More and more optoelectronic
and microelectronics technology. However, the and microelectronic components are made of trans-
miniaturization of circuits brings about an increase  parent materials, especially in applications such as
in capacitance and resistance, which may cause display screens, mobile phones, and 5G (5 genera-
crosstalk and delay and consequently seriously affect  tion mobile networks) mobile device casings [7, 8].
signal transmission. This problem can be effectively  To meet the growing demand of the semiconductor
improved by reducing the dielectric constant and di-  industry and integrated circuit systems, expand the
electric loss of the electronic materials [1, 2]. Low  application of poly(aryl ether ketone) (PAEK) in var-
dielectric materials should have a low dielectric con-  ious fields; there is an urgent need to develop trans-
stant (k< 3.0, at | MHz) and high glass transition = parent PAEK film materials with excellent dielectric
temperature (7, > 170°C) [3-6]. Traditional trans-  properties [9-11]. PAEK is a high-temperature resist-
parent materials such as glass have been gradually ant thermoplastic with excellent dielectric properties
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in addition to excellent mechanical properties, heat
resistance and chemical corrosion resistance [12,
13]. Polyether ether ketone (PEEK) is one of the
most common commercial PAEK materials with a
dielectric constant of 3.3 (at 1 MHz) [14-16], which
does not meet the requirement of microelectronic ap-
plications. Physical or chemical modification is re-
quired to improve the optical transparency and re-
duce the dielectric constant in order to prepare PAEK
films with good dielectric properties [17-20].
Traditional PEEK is a semi-crystalline polymer that
is only soluble in concentrated sulfuric acid. For this,
many approaches have been proposed to improve the
solubility of PEEK polymers [21, 22], and novel
transparent polymer film materials can be prepared
by solvent casting, scraping and spin coating. The re-
sulting transparent films can be easily stretched and
cut into different shapes, and thus have wide appli-
cations in electronic devices, medical health, weapon,
architecture, automobiles, aerospace and food pack-
aging.

The dielectric constant of material is closely related
to the polymer structure. According to the Debye
equation [23], reducing the number of polarized
molecules or the density of polar groups per unit vol-
ume is an effective method to prepare low dielectric
constant polymers. Since the dielectric constant of
air is 1.0, introducing nano-porous materials into the
material can reduce the dielectric constant of the
composite. However, the presence of nanopores will
reduce the mechanical properties of polymer materi-
als and enhance their hygroscopicity through open-
ing pores, leading to deterioration of electrical prop-
erties during processing and application. Therefore,
it remains challenging to develop low dielectric con-
stant polymer materials [24, 25]. Previous studies
have suggested that introducing large-volume side
groups [26-28], asymmetric structures [3, 29] or
twisted non-coplanar structures [30] can reduce the
stacking density of materials and increase the free
volume of polymers. The introduction of large-vol-
ume side groups contributes to improving the solu-
bility and dielectric properties of the polymer by de-
structing PAEK molecular structure and hindering
the effective stacking of macromolecular chains to
increase the space-free volume and reduce the crys-
tallinity of PAEK. The destruction of the PAEK
crystalline structure also results in excellent optical
transparency, and the rigid structure of large-volume
side groups can improve the heat resistance, thermal
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stability and tensile strength of polymers [31, 32].
Phenolphthalein (PHPH) monomer contains a cyclic
lactone and three bulky non-coplanar distorted ben-
zene rings, which could increase the free volume of
the polymer, and reduce the number of polarized
groups per unit volume. Ba et al. [33] prepared a se-
ries of new PAEK copolymers by varying the molar
ratio of bisphenol monomers containing pendent rigid
adamantyl groups and flexible long side-chains, and
these polymers showed low dielectric constants
(2.50-2.88 at 1 MHz) and excellent solubility. Due to
the strong attraction of electrons outside the nucleus
of fluorine atoms and the large interaction between
electrons and atomic nucleus, the electron cloud has
high density and low polarizability when polarized by
the external electric field. Introduction fluorine-con-
taining groups with larger volumes into polymer mol-
ecules can reduce the stacking density of the polymer
and increase the free volume of the polymer, thereby
reducing the dielectric constant of the polymer and
improving the transparency. It can also improve the
thermal properties of the polymers due to the small
atomic size of fluorine element and the high binding
energy of C—F bond [34-36]. Liu et al. [37] reported
the synthesis of novel fluorine-containing PAEK with
(3-fluoromethyl) phenyl or (3,5-difluoromethyl)
phenyl moieties with low dielectric constants (2.69—
2.78 at 1 MHz).

In this study, hexafluorobisphenol A (6F-BPA) and
phenolphthalein (PHPH) moieties were introduced
into the PAEK backbone through molecular structure
design, and a series of novel PAEK transparent films
with low dielectric constant, high transparency and
heat resistance were obtained by adjusting the ratio
of PHPH and 6F-BPA. These novel PAEK films could
be used in electronic communications, computers,
LED and other fields

2. Experimental

2.1. Materials

Hexafluorobisphenol A (6F-BPA) was purchased
from Meryer Chemical Technology Co., Ltd. (Shang-
hai, China). Xylene, phenolphthalein (PHPH), 4,4'-
difluorobenzophenone (DFBP), N-methyl-2-pyrro-
lidinone (NMP) and sulfolane (TMS) were obtained
from Shanghai Aladdin Chemical Reagent (China).
The potassium carbonate (K,CO3;) was obtained
from Jiangsu Youlide Co., Ltd. N,N-dimethylfor-
mamide (DMF), N,N-dimethylacetamide (DMAc),
chloroform (CHCIl3) and tetrahydrofuran (THF)
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were supplied by Tiantai Fine Chemical Co., Ltd.
(China). Commercial PEEK film (PEEK-KFO00I,
50 pum thick) was purchased from Dongguan Kaifeng
Industry Co., Ltd. (China). All chemicals were used
as received without further purification.

2.2. Synthesis of PAEK random copolymers

A novel PAEK-containing phenolphthalein and tri-
fluoromethyl was synthesized by solution polycon-
densation [37-39], as shown in Figure 1. The new
PAEK copolymers with a PHPH/6F-BPA molar ratio
0f 100:0, 75:25, 50:50, 25:75 and 0:100 were named
as PAEK-1, PAEK-2, PAEK-3, PAEK-4 and PAEK-
5, respectively. For instance, the polymerization
process of PAEK-2 with a PHPH/6F-BPA molar
ratio of 75:25 was as follows. TMS (40 ml), PHPH
(2.38 g, 0.0075 mol), 6F-BPA (0.84 g, 0.0025 mol),
DFBP (2.18g, 0.010 mol), K,CO; (1.38g¢g,
0.010 mol) and xylene (20 ml) were mechanically
stirred, heated to 135°C with a heating jacket, and
then reacted at constant temperature for 2 h. After
that, the reaction temperature was gradually raised
to 170°C to remove water from the reaction by
azeotropic distillation. After xylene was removed by
distillation, the temperature of the system was held
at 220 °C for about 6 h. When the solution viscosity
no longer changed significantly, the solution was
poured into 500 ml of deionized water. The polymer
powder was washed several times with hot distilled

3

Sulfolane

K,CO,

water and methanol, and then dried at 120°C for
24 h.

DMACc solvent (10 ml) and purified PAEK particles
(1.0 g) were added to a three-necked flask succes-
sively and heated slowly to 100 °C under mechanical
agitation. After continuous stirring for 2 h, the uni-
form PAEK solution was slowly poured onto a pre-
heated clean glass plate in the oven. The solution
was put in an atmospheric oven at 80°C for 12 h.
After that, it was transferred to a vacuum oven at
100 °C for 24 h. PAEK films were obtained after nat-
ural cooling to room temperature, and all films were
5040.5 pm thick.

2.3. Characterizations

2.3.1. Chemical structure analysis

The Fourier transform infrared (FT-IR) spectra of
PAEK copolymers were recorded on a Nicolet 6700
FT-IR spectrometer (Thermo Electron, USA) in the
range of 4000400 cm™' at a resolution of 4 cm™!
over 32 scans at room temperature. KBr pellets were
used, and five spectra were averaged. The proton
nuclear magnetic resonance ('H-NMR) spectra were
recorded on a Bruker (Billerica, MA, USA) 510
NMR spectrometer (400 MHz) at room temperature
(25°C) using deuterated chloroform (CDCls) as sol-
vent and tetramethylsilane (TMS) as internal stan-
dard. The X-ray diffraction (XRD) patterns were
recorded using an Ultima IV X-ray diffractometer
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Figure 1. The synthetic route of PAEK random copolymers, where X and Y are the mole fractions of 6F-BPA monomer and

PHPH in the feed, respectively.
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(Rigaku, Japan) at scattering angles (260) of 5-60°

with a step of 4°-min"'.

2.3.2. GPC analysis

Gel permeation chromatography (GPC) was per-
formed using PL-GPC 50 (Agilent Technologies
Co., Palo Alto, California, USA) instrument with
DMF as the eluent and polystyrene as the standard.

2.3.3. Solubility analysis

The organic solubility was measured in various or-
ganic solvents (10 mg of PAEK powder/1.0 ml of or-
ganic solvent) at room temperature (25 °C).

2.3.4. Thermal analysis

The PAEK copolymers’ glass transition temperatures
(T) were measured using a DSC8500 differential
scanning calorimeter (DSC) with a scanning rate of
10°C-min~! under an N, atmosphere from 30 to
300°C. All PAEK random copolymers were scanned
twice for heating and cooling to eliminate the ther-
mal history from 50 to 360°C at a heating rate of
10°C-min~" under an N, atmosphere. The glass tran-
sition temperature (7,) was recorded at the second
heating scan. Thermogravimetric analysis (TGA) was
performed on an SDT-Q600 analyzer (TA, USA)
under N, atmosphere. Samples were heated from 30
to 800 °C at a heating rate of 10°C-min™".

2.3.5. Mechanical test

The tensile properties of PAEK films were measured
using an MTS E42.503 universal tensile testing ma-
chine, where the width of the dumbbell-shaped
spline at the narrow part was 4 mm, the gauge length
was 20 mm, the clamp spacing was 50 mm, and the

PAEK-1
3
(0]
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=
@©
E=]
£
7]
=
©
=
# i
1769 4 "™ TN
1598 1500 1240 1135
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stretching rate was 10 mm-min~'. The loss factor
curves, storage modulus, and loss modulus at differ-
ent temperatures were measured with a TA Instru-
ments DMA-Q800 in tensile mode at 1 Hz and
10 um amplitude with a heating rate of 3 °C-min~!
and temperature scan from 50 to 350 °C.

2.3.6. Dielectric properties

The dielectric properties of PAEK films were meas-
ured using a Concept 40 (Novocontrol GmbH, Ger-
many) broadband dielectric impedance spectrometer

at room temperature with frequencies ranging from
103-10° Hz.

2.3.7. Optical properties

The transmittance of PAEK films was recorded on a
Yoke 722 (Shanghai Yoke Co. Ltd., Shanghai, China)
ultraviolet spectrophotometer in a wavelength range
of 200-800 nm.

3. Results and discussion
3.1. Structure and molecular weight of PAEK
copolymers

Figure 2 shows the FTIR spectra of PAEK copoly-
mers with different PHPH/6F-BPA molar ratios. The
characteristic absorption bands of carbonyl (—C=0)
groups appear near 1730 cm™!. A sharp characteristic
peak appears at 1769 cm™!, which is assigned to the
stretching vibration of the lactone ring (O—C=0) of
phenolphthalein, and its intensity decreases gradu-
ally with the decrease of PHPH content. The strong
absorption peaks near 1598, 1502, and 1458 cm™!
are assigned to the skeleton vibration of the benzene
ring on the main chain, while those near 1240 and
1206 cm™! are assigned to the stretching vibration of

Transmittance [%]

i1
1240

T
1200
b) Wavenumber [cm™]

1100

Figure 2. FTIR spectra of PAEK copolymers with different PHPH/6F-BPA molar ratios, a)in the wavenumber of 4000—

400 cm™!, b) in the wavenumber of 13001100 cm™".
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Figure 3. 'H-NMR spectra of PAEK with different PHPH/
6F-BPA molar ratios.

the aryl ether bond (Ar—O—Ar) on the main chain.
The absorption band at 1135 cm™ is the contraction
vibration peak of the C—F band, and its intensity is
increased with the increase of 6F-BPA content [40].
The structure of PAEK films was confirmed by
"H-NMR, as shown in Figure 3. A resonance peak is
observed at 7.80 ppm in all PAEK films, which is as-
signed to the protons of the benzene ring in ben-
zophenone. The two resonance peaks at 7.41 ppm
and 7.09 ppm correspond to the protons on the
phenyl group of 6F-BPA. PAEK-3 has five reso-
nance peaks at around 7.98, 7.71, 7.61, 7.38, and
7.04 ppm, which are assigned to the protons on the
phenyl group from PHPH. Compared to PAEK-1
and PAEK-5, the peak at 7.80 ppm is slightly shifted
in PAEK-3, which indicates that PAEK-3 is a ran-
dom copolymer.

The XRD patterns of the polymers are shown in
Figure 4. Although PEEK is a semi-crystalline

Table 1. Molecular weights and distributions of PAEK

copolymers.
Samples| PHPH/GF-BPA |\, gf;ml_l] (10* jg‘ﬁ:ml-ll PDI
PAEK-1 100:0 4.59 6.93 1.51
PAEK-2 75:25 4.15 6.77 1.63
PAEK-3 50:50 4.21 6.45 1.53
PAEK-4 25:75 4.02 6.01 1.49
PAEK-5 0:100 4.33 6.41 1.55

polymer [14, 16], no crystalline peaks are observed,
indicating that these PAEK films are novel amor-
phous polymers. The presence of large-volume side
groups in PHPH destroys the symmetry of the poly-
mer and increases the free volume. The introduction
of the —CF3 bond also reduces the tight packing of
macromolecular chains and, thus, makes the copoly-
mer become amorphous.

In conclusion, the FTIR, 'H-NMR, and XRD results
indicate that —CF3 and PHPH groups are successful-
ly introduced.

The molecular weights of samples were measured by
GPC, as shown in Table 1. The numerical average
molecular weights (M,) are higher than 4-10* g-mol ™,
and the polydispersity index (PDI) values are below
1.7. As the molecular weights of polymers are ap-
proximately the same, the comparison of effective
physical properties can be made based on molecular
structure.

3.2. Solubility

The solubility of PAEKs in CHCI;, THF, NMP,
DMAc, and DMF is listed in Table 2. All PAEK
films can be dissolved in common solvents, and their
high solubility is attributed to the introduction of
phenolphthalein and trifluoromethyl groups that can

Table 2. Solubility of PAEK copolymers.

26[°]

Figure 4. XRD spectra of PAEK with different PHPH/6F-
BPA molar ratios.

M PAEK-1 Samples| NMP | DMAc | CHCl; | THF | DMF

PAEK-1 + + + +
PAEK-2 + + + + +

= PAEK-2

=] PAEK-3 + + + + +

,%_‘ PAEK-4 + + + + +

é PAEK-3 PAEK-5 + + + + +

- PEEK - - - -

NMP: N-methylpyrrolidone;
DMAc: N,N-dimethylacetamide;
CHCl5: chloroform;

THF: tetrahydrofuran;

DMF: N,N-dimethylformamide;
+: soluble at room temperature;
—: insoluble.
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disturb the tight packing of polymer chains, increase
the free volume and decrease the intermolecular
force and crystallinity [41].

3.3. Thermal properties

The thermal properties of PAEK polymers were ex-
amined by DSC (Figure 5) and TGA (Figure 6), and
the results are shown in Table 3. The 7, values of
new PAEKs are higher than that of PEEK (143 °C)
[14]. As shown in Figure 5, all the DSC curves of
PAEKSs have a single typical glass transition but no
melting peaks, indicating that these copolymers are
amorphous. Increasing the proportion of 6F-BPA
monomer can decrease the proportion of PHPH
monomer and, consequently the 7, value. At a
PHPH/6F-BPA molar ratio of 25:75, the T, value of
PAEK-3 is 177°C. This is because PHPH structural
unit contains a cyclic lactone carbonyl group
(O—C=0) and three bulky non-coplanar distorted ben-
zene rings, which can increase the rotational steric
hindrance in the molecular chain and therefore im-
prove the 7}, value [3]. In addition, the -CF3 group has
a large volume, and the aliphatic structure (—-C-) is not
easy to rotate and the fluorine atom would lead to

/ 143°C

PAEK-1 ) 220°C
)
E
s PAEK-2 __,209°C
E 7
g PAEK-3
= - 196°C
o Va
o}
I

PAEK-4 / 177°C
o PAEK-5 / 163°C
x A
Ll

T T T T
50 100 150 200 250 300

Temperature [°C]

Figure 5. DSC curves of PAEK copolymers.

Table 3. Thermal and mechanical properties of the polymers.
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Figure 6. TGA curves of PAEK polymers.

T T
100 200 800

internal plasticization [41]. Therefore, with the in-
crease of 6F-BPA content, the 7, value of PAEK de-
creases with increasing 6F-BPA content, but it is still
higher than 160 °C.

It is seen from Figure 6 that PAEK copolymers have
high thermal stability, where T§ys, (temperature at
5% weight loss) is higher than 460 °C and Tyjg9,
(temperature at 10% weight loss) is 470-580°C. The
char yield at 800°C is 50—63%. The lactone ring
shows poor heat resistance, and PAEK-1 starts to de-
compose at 423 °C. Increasing the 6F-BPA content
decreases the lactone ring content of PHPH and con-
sequently increases the decomposition temperature
of PAEK [42—44]. In conclusion, the thermal stabil-
ity of PAEK copolymers increases with the increase
of 6F-BPA content, and the polymers have suffi-
ciently high 7, and excellent thermal stability.

3.4. Mechanical properties

Dynamic mechanical and tensile tests were per-
formed to determine the influence of bisphenol con-
tent on the mechanical properties of PAEKs. As
shown in Table 3, the introduction of large-volume

Samples T,* T, g" Tasv, Tensile strength | Tensile modulus | Elongation at break
[°C] [°C] [°C] [MPa] [GPa] [%]
PAEK-1 220 227 461 62+2 1.7+0.1 8.5+0.1
PAEK-2 209 217 486 59+3 1.6+0.2 7.3+£0.2
PAEK-3 196 200 504 55+1 1.540.1 7.1£0.1
PAEK-4 177 180 516 5342 1.4+0.1 6.2+0.3
PAEK-5 163 168 525 50+1 1.3+0.3 7.1£0.3
PEEK 148 143 551 964 1.9+0.2 150.0+0.2

T, glass transition temperature measured by DSC at a heating rate of 10°C-min ! under a nitrogen atmosphere;
T,b: glass transition temperature measured by DMA at a heating rate of 3 °C-min~! under a nitrogen atmosphere;

Tys0,: temperature at 5% weight loss.
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groups into the main chain of PEEK leads to a
decrease in the mechanical properties of the films.
Traditional PEEK is a linear, fully aromatic crys-
talline polymer, and it has high tensile strength and
elongation at break due to its rigid benzene ring,
flexible ether bonds, and carbonyl groups can en-
hance the intermolecular force in its molecular chain,
as well as its regular molecular segment structure.
The introduction of large volume PHPH and lower
polarity —CF5; groups could disrupt the regular
arrangement of PEEK and make the polymer have an
amorphous structure. Then the distance between mo-
lecular chains is increased and the intermolecular in-
teractions and molecular entanglement are reduced.
As a result, the tensile strength is 50-62 MPa, and
the tensile modulus is 1.3—-1.7 GPa. With the in-
crease of 6F-BPA segments, the rigidity of the mo-
lecular chain and the interaction force between mo-
lecular chains are reduced. As a result, the mechanical
properties of the polymer films are also reduced.

3.5. Dynamic thermomechanical properties

The thermal mechanical properties of polymers were
detected by dynamic thermomechanical analysis
(DMA) (Figure 7), and the results are shown in
Table 3. The storage modulus E' reflects the elastic
component of viscoelasticity, and the stiffness of a
material. The areas of the storage modulus curve
where the values change rapidly correspond to the
peaks in the tand curve, which represent the glass
transition temperatureThe polymers’ glass transition
temperature (1) increases as the proportion of PHPH
group increases. The DMA results are in good agree-
ment with the DSC results. The introduction of large
volume groups reduces the regularity of the main

104

103_

102 4

Storage modulus [MPa]

101 | —=— PEEK

—v— PAEK-1
—e— PAEK-2
—a— PAEK-3

—e— PAEK-4

100

T
150
Temperature [°C]

T
50 100 200

a)

250

chain and thus leads to a decrease in the initial storage
modulus of PAEK films compared to PEEK. With
the increase of 6F-BPA content and free volume, the
rigidity of molecular chains and intermolecular in-
teractions are reduced, and molecular chain seg-
ments are more likely to slide to sliding under exter-
nal forces. Therefore, the temperature range for the
rapid change in film energy storage modulus shifts
towards low temperature with the increase of 6F-BPA
content.

The plots of tand as a function of temperature are
presented in Figure 7b. The damping of the material
is also the internal friction, representing the ratio of
the energy lost by the material during the weekly
cycle to the maximum elastic energy storage. The
areas in the storage modulus curve where the values
change rapidly correspond to the peaks in the tand
curve and each peak of tan 6 corresponds to a specific
relaxation process. Each curve exhibits a single and
sharp loss peak. These results show that PAEK films
have single and outstanding 7. It is concluded that
PAEK films have excellent thermal mechanical
properties.

3.6. Dielectric properties

Figures 8a and 8b show the dielectric constant and
dielectric loss curves of PAEK films with different
6F-BPA contents at frequencies of 10°~10° Hz, re-
spectively. PAEK films and commercial PEEK films
are all 50+0.5 pm thick. Figure 8a shows that their
dielectric constants are lower than commercial PEEK
(3.3 at 1 MHz) and decrease as the test frequency in-
creases. The PAEK with different structures show dif-
ferent dielectric constants, which can be explained by
the Debye equation [23] (Equation (1)):

PEEK
PAEK-1

12 PAEK-2

PAEK-3
PAEK-4

tand

T
150
Temperature [°C]

50 200 250

b)

Figure 7. DMA curves of PAEK films: a) storage modulus and b) tand.
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where ¢, is the dielectric constant, N is the number
density of dipoles, o, is the electric polarization, og4
is the distortion polarization, p is the orientation po-
larization related to the dipole moment, 4y is the
Boltzmann constant, and 7 is the temperature.

The introduction of large-volume structures with
poor regularity can reduce the regularity and the
stacking density of the polymer chain and conse-
quently reduce the molar volume of the polymer and
N. The large volume —CF3 group has a C—F bond
with low polarizability and large bond energy, mak-
ing it difficult for the polymer to polarize and thus
leading to reduction of a, [41]. Therefore, the dielec-
tric constant of PAEK films at 1 MHz decreases

Table 4. Properties of PAEK polymers and copolymers.

from 3.08 to 2.31 with the increase of the 6F-BPA
content in the bisphenol system. Figure 8b reveals
that PAEK films exhibit relatively low dielectric
loss. The dielectric loss increases with the increase
of frequency because the molecular movement can
not follow up the variety of frequencies of the ap-
plied electric field [45]. At present, the dielectric
constant of standard polyimide (PI) films used in the
field of electronics and electrical appliances is about
3.2-3.6 (1 MHz), indicating that PAEK itself has a
relatively low dielectric constant compared to PI.
Compared to traditional PEEK, these novel PAEK
films have lower dielectric constant and dielectric
loss and better comprehensive performance.

The properties of previously reported PAEKSs are sum-
marized in Table 4. Low dielectric constant materials
are needed in electronics and electrical appliances,

Samples T, Tasv, Tensile strength | Tensile modulus | Dielectric constant Reference
[°C] [°C] [MPa] |GPa] at 1 MHz

PEEK-PFN-2 124 580.3 - - 3.20 [46]
PAEKSs 148-160 >527 95.2-104.0 2.68-3.06 2.75-2.95 [27]
APAEKSs - 530 65-70 1.6-2.0 2.6-2.7 [47]
DDSQ-PEEK 136 396 - - 1.95 [48]
PNAEK 22090 450 72.47 1.32 2.78 [49]
FPNAEK 225 443 76.58 1.39 2.49 [49]
AdRES-PEEK 181-250 460-492 41.3-48.3 2.07-3.82 2.69-2.95 [26]
AdNp-PEEK 205-278 480-508 55-89.5 1.95-2.15 2.67-2.92 [26]
NPEEK 167-194 472-545 62.8-104.1 1.5-3.18 2.57-2.99 [50]
iPrPEKC 186 455 95 2.73 2.81 [51]
iPrBPFL-x 209-232 439478 82-95 1.84-1.86 2.67-2.79 [51]
PHPH/6F-BPA-PAEK 177-220 486-516 53-59 1.4-1.6 2.45-2.70 This work

T4*: glass transition temperature measured by DSC except for PNAEK and FPNAEK;
T, glass transition temperature measured by DMA;

—: not measured.
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which helps to improve signal transmission speed
and reduce signal delay and signal loss. Excellent
heat resistance is also required to withstand the heat
generated by the environment and devices. The new
PAEK films prepared in this work have high heat re-
sistance (7, > 170°C) and thermal stability (Tyse, >
480°C), as well as low dielectric constant (2.45—
2.70, 1 MHz). Polymer thin film materials with good
heat resistance and low dielectric constant can re-
place traditional inorganic ceramic materials for in-
terlayer dielectric (ILD) and intermetallic dielectric
(IMD) in advanced chips.

3.7. Optical properties

Figure 9 shows the images of commercial PEEK
film and PAEK films. It is seen that PAEK films
have better transparency than commercial PEEK
film. PAEK-1 and PAEK-2 films are slightly yellow,
and they become colorless as more fluorine is intro-
duced. Figure 10 shows the UV-vis spectra of PAEK
films of 50+0.5 pm in the 200-800 nm wavelength
range. The cutoff wavelength of PAEK films is 320—
386 nm, and the higher the proportion of 6F-BPA in
the bisphenol system, the smaller the cutoff wave-
length of the polymer film and the higher the optical
transmittance. The visible light transmittance of
PAEK films at 450 nm can reach 80% or above,
which is much higher than that of commercial
PEEK. The introduction of —CF3 group improves the
transparency of PAEK films. This is mainly because
the introduction of strong electronegative fluorine
atoms causes damage to the conjugation and planar
structure of PAEK molecular chain and hinders the
conjugation of molecules, and therefore, the maxi-
mum absorption peak wavelength of visible light of
the polymer shifts to the short wave direction and
the transparency of the polymer is improved. Thus,
it can be used as potential optoelectronic materials
in display screens, mobile phones, and 5G mobile
device casings [52-54].

PEEK PAEK-1 PAEK-2

PAEK-3 PAEK-4 PAEK-5

Figure 9. Images of commercial PEEK film and PAEK
films.
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Figure 10. UV-vis spectra of PAEK films.

4. Conclusions

In this study, new PAEK copolymers containing
—CF3 and phenolphthalein groups have been suc-
cessfully synthesized based on molecular design.
These PAEK copolymers are amorphous and exhibit
excellent film-forming ability. Compared to com-
mercial PEEK, they exhibit good solubility in com-
mon organic solvents. With the increase of 6F-BPA
content in the bisphenol system, the mechanical
strength of the polymer film is decreased, and the
thermal stability of the polymers, transparency and
dielectric properties of the films are increased. When
the mole fraction of 6F-BPA is 50%, T, is 196 °C and
Tyse, 1s 504 °C under a nitrogen atmosphere. The ten-
sile strength of PAEK-3 film is 55 MPa, and the di-
electric constant at 1 MHz is 2.60. The dielectric loss
is 0.006. The visible light transmittance at 450 nm
is 80%. The properties of copolymers differ depend-
ing on the proportion of copolymerization units. This
study provides insights into the preparation of PAEK
films with low dielectric constant, high optical trans-
parency, good mechanical properties, and high ther-
mal stability and expands the application of PAEK
materials to microelectronics, optical waveguides,
and display devices.
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Abstract. Acrylonitrile butadiene rubber (NBR) films filled with zinc oxide (ZnO) were prepared via latex mixing. The
ZnO of commercial ZnO (ZnOwpy), ZnO nanoparticles (ZnOy,p), ZnOpgp-coated with calcium carbonate (ZnO,-C), and ti-
tanium dioxide (ZnO,,p-T) were investigated, and the mechanical and dynamic mechanical properties, crosslink density,
and antibacterial activity of the resultant films were explored. The study found that the particle size and distribution of ZnO
in the NBR films played a significant role in enhancing their properties. The incorporation of ZnO,,,, resulted in a greater
enhancement in the properties of the composite film than the ZnOwy microparticles, with the greatest enhancement achieved
with ZnO,,,-C. Furthermore, the composite films filled with 1 phr of ZnOy,,,-C exhibited 99.9% bacterial reduction efficacy
against Staphylococcus aureus and Escherichia coli according to ISO 22196:2011 due to the release of reactive oxygen
species and zinc ions across the rubber film layers to the bacterial surfaces. In addition, the bactericidal efficacy on the
surface of the composite films was investigated by varying the contact kill times in accordance with ASTM D7907-14. The
addition of ZnO,,,-C at 4 phr reduced both bacterial levels by 92.00 and 51.85%, respectively, within 30 min. Hence, this
research aims to contribute to developing new medical disinfection products, such as medical gloves and multipurpose rubber
sheets.

Keywords: rubber, polymer composites, recycling, industrial application, material testing

1. Introduction lower elasticity [1]. However, as with other commer-
Acrylonitrile butadiene rubber (NBR), also known cial rubber applications, NBR displays an inability
as nitrile rubber, is commonly synthesized through to kill microorganisms on its surface. Hence, the in-
the copolymerization of acrylonitrile and butadiene  corporation of antibacterial agents into the rubber
monomers. This synthetic rubber is widely distin- matrix has become necessary to inhibit the growth
guished by its excellent heat stability, abrasion re-  of microorganisms on the product surface. The bac-
sistance, green strength, and oil resistance; thus, NBR  teria Staphylococcus aureus, Pseudomonas aerugi-
is used in the production of several items, including  nosa, Escherichia coli, Klebsiella pneumoniae, Ser-
disposable gloves, gaskets, oil seals, hoses, O-rings, ratia marcescens, Bacillus cereus, enterococci,
automotive parts, footwear, etc. Notably, the need for ~ Acinetobacter spp., and coagulase-negative staphy-
NBR gloves has significantly increased since these  lococci are frequently reported as causing hospital-
present no allergenic concerns compared to commer-  associated infections. These microorganisms are re-
cial natural rubber (NR) gloves, though NBR has sponsible for human pathogenic diseases and cause
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various infections, such as cholecystitis and cholan-
gitis, peritonitis [2], nosocomial bloodstream infec-
tion [3], and respiratory and urinary infections [4].
Hospital-associated infections can be transmitted
among people via exposure to contaminated water,
food, and objects and physical contact with health-
care workers [2]. Therefore, the development of prod-
ucts with microbial inhibitory properties has become
a significant area of study.

Antibacterial agents are classified as organic and in-
organic substances that can destroy or inhibit the
growth of microorganisms by disrupting the bacter-
ial membrane structure, resulting in the loss of cyto-
plasmic components [5]. The applications of inor-
ganic antibacterial agents based on metal and metal
oxide nanoparticles have frequently been investigat-
ed. Incorporating chemicals with smaller sizes and
larger surface areas into the polymer matrix enhances
the bacteria-killing efficiency of rubber films due to
the resultant increased reactivity, unique quantum size
effect, catalytic activity, and ability to release metal
ions [6]. The majority of inorganic nanometals and
nanometal oxides, including silver [7], copper [8],
zinc oxide (ZnO) [9], titanium dioxide [10], etc.,
have been intensively studied due to their antimicro-
bial behaviors.

Among these inorganic agents, ZnO constitutes a
multifunctional species due to its unique physical
and chemical properties, such as high thermal con-
ductivity, a high refractive index, good photochem-
ical activity, UV blocking, and antimicrobial activity
together with easy incorporation into elastic poly-
mers. ZnO is harmless to humans and is currently
listed as generally recognized as safe (GRAS) by the
United States Food and Drug Administration (FDA).
Several mechanisms contribute to the antimicrobial
activity of ZnO, including (i) the generation of reac-
tive oxygen species (ROS), such as hydrogen perox-
ide, hydroxyl radicals ("OH), and superoxide anion
radicals (‘O57); (ii) the release of Zn>* ions; and
(iii) electrostatic interactions that cause the oxidation
of the bacterial cell membrane and cytoplasm [11].
In addition, ZnO nanoparticles are known to have an
inhibitory effect on several pathogens, including
Gram-positive and Gram-negative bacteria [12, 13],
fungi [14], multiple drug-resistant (MDR) bacteria
[15], and viruses [16].

However, ZnO is beneficial not only when used on
its own but also when added to various manufactured
materials in the plastic, fiber, glass, pigment, ceramic,
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and rubber industries. In the last-mentioned industry
in particular, ZnO is recognized as an activator in the
vulcanization reaction in rubber matrices, which in-
volves chemical crosslinking in unsaturated rubber
molecules. In addition, the incorporation of ZnO into
the polar NBR might contribute to electrostatic in-
teractions, which lead to ionic crosslinking networks
and enhanced mechanical properties [17]. In a study
investigating the incorporation of ZnO in NR films
via latex processes, modified ZnO, in particular,
showed effective disruption of E. coli through the
formation of ROS and Zn?" ions, while less enhance-
ment in the properties of the films was observed in
the case of unmodified ZnO due to its low surface
area and poor degree of dispersion [ 18]. This implies
that the potential role of ZnO is mainly influenced
by the degree of ZnO dispersion, the metric that de-
termines the synergistic effect of the improvement
in the mechanical and antibacterial properties of the
rubber film. However, due to their specific surface
areas, ZnO nanoparticles agglomerate easily, reduc-
ing the enhancement of the film properties. Thus,
this necessitates the modification of ZnO for the dis-
persion of ZnO nanoparticles in the latex compound,
related to increasing the effective surface area in the
targeted object.

Therefore, this research aims to evaluate the incor-
poration of ZnO into NBR composite films by vary-
ing the ZnO loadings from 0-20 phr. Different types
of ZnO were investigated, including white seal ZnO
(ZnOwp), ZnO nanoparticles (ZnOygp), ZnOpqp-coat-
ed with CaCOs in a 90:10 ZnOy,,,:CaCO3 weight ratio
(ZnOpgp-C), and ZnOyp-coated with TiO; in a 50:50
Zn0y,,:TiO, weight ratio (ZnOpgp-T). The reinforce-
ment of the NBR matrix with ZnO particles was eval-
uated based on its mechanical, crosslinking, and ther-
momechanical properties. The antibacterial activities
of the NBR composite films were investigated using
Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) as representatives of Gram-negative and
Gram-positive bacteria, respectively. This research
further aims to contribute to developing new medical
disinfection products, such as gloves and multipur-
pose rubber sheets.

2. Experimental section

2.1. Materials

Acrylonitrile butadiene rubber (NBR) latex, with a
solid content of 40% and containing 45% acryloni-
trile content, was purchased from Norrawat Chemical
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Limited Partnership (Samut Sakhon, Thailand). The
potassium hydroxide was manufactured by Qingdao
Hisea Chem Co. Ltd., (Qingdao, China). In addition,
50% Sulfur, 50% zinc 2-mercaptobenzothiazole
(ZMBT), and 50% Lowinox CPL (butylated reaction
product of para-cresol and dicyclopentadiene) were
purchased from Thanodom Trading Co., Ltd.
(Bangkok, Thailand). Various types of ZnO particles
used in this work are ZnO white seal grade (ZnOwy)
together with different types of ZnO nanoparticles
(ZnOyyp), including ZnOy,p-adsorbed calcium car-
bonate (CaCO3) at ZnO,,,:CaCOs ratios of 90:10%
by weight (ZnOy,,-C) and ZnO-adsorbed titanium
dioxide (TiO,) at ZnOy,,:TiO2 ratios of 50:50 by
weight (ZnOpg,-T). All ZnO were supplied by Global
Chemical Co., Ltd. (Samut Prakan, Thailand).

2.2. Preparation of NBR composite films

The NBR latex compound was carried out according
to the formulation presented in Table 1. The latex
compounding processes were initiated by the addi-
tion of potassium hydroxide solution, sulfur, ZMBT
and CPL into NBR latex using a mechanical stirrer
at 200 rpm. The mixing was continuously stirred at
room temperature for 24 h to form a homogeneous
latex compound. Then, the composite films were pre-
pared by stirring the NBR latex compound for 3 min
before filling ZnO and continued stirring for another
5 min. Afterward, the latex composite was poured
directly into a glass plate and dried at 50 °C for 24 h
in order to obtain the composite film at 0.1 mm of
thickness slabs sheet.

3. Characterization

3.1. Molecular structure of ZnO

3.1.1. Particle size analyzer

The ZnOwy, ZnOpap, ZnOyap-C and ZnOy,p-T were
dispersed in the deionized water at 1.0 wt%. Particle

Table 1. The formulation for the preparation of NBR com-
posite foams filled with different types of ZnO.

. Contents

Ingredients [phr]
40% NBR latex 100
10% Potassium hydroxide 1.0
50% Sulfur 2.0
50% ZMBT 1.0
25% ZnOwy
25% ZnOpyp 0-20
25% ZnOpyy-C
25% ZnOypap-T

size and distribution of ZnO suspension were char-
acterized using a light scattering particle size ana-
lyzer (HORIBA, LA600, Kyoto, Japan). The aver-
age particle size of materials was then reported.

3.1.2. Transmission electron microscope (TEM)
The morphologies of each ZnO particle were ana-
lyzed by a transmission electron microscope (TEM)
(Model JEOL, JEM-1400, Tokyo, Japan) that oper-
ated with an acceleration voltage of 80 kV. The pow-
der of specimens was dispersed in ethanol before
sonicating for at least 30 min. The dispersion was fi-
nally dropped on the carbon-coated copper grid until
the solvent evaporated completely, and the measure-
ment was then started.

3.1.3. Inductively coupled plasma optical
emission spectrometer (ICP-OES)

The qualification of Zn ions was analyzed by an in-
ductively coupled plasma optical emission spectrom-
eter (ICP-OES). The amount of total Zn ions in ZnO
particles were prepared by the ZnO powder of
100 pg/ml dispersed in deionized water. The sample
was incubated for 6 h before adding 0.5 ml of con-
centrated nitric acid. The solution was subjected to
Zn analysis by an Inductively coupled plasma optical
emission spectrometer (ICP-OES) (Optima 8000,
Perkin Elmer, Massachusetts, USA). The dissolution
of ZnO in an aqueous solution was also studied by
filtering the ZnO suspension after incubation before
analysis.

3.2. Properties of NBR/ZnO composite films
3.2.1. Tensile properties

Tensile properties of the NBR composite films were
measured using a universal testing machine (Model
3365, Instron® Inc., Massachusetts, USA). The dumb-
bell shape specimens were prepared according to
ISO 37 type 2. The tests were performed at a cross-
head speed of 500 mm/min.

3.2.2. Crosslink density

The crosslink densities of the composite film were
performed using swelling in acetone. The sample with
10x10x0.1 mm was weight before immersing it into
acetone at room temperature for 7 days according to
the ASTM D471-79. The swollen samples were re-
moved from the excess solvent before weighing the
sample immediately and drying them in a hot air
oven at 60 °C until the constant weight was reached.
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The crosslink density was calculated using the Flory-
Rehner equation [19] (Equation (1)):
In(1= Vo) +V, +yV;

vl /3 _ %

v=y (M)
where v is the crosslink density [mol/cm?], V; is the
molar volume of acetone, V; is the volume fraction
of rubber in a swollen network, v is the Flory-Hug-
gins interaction parameter between NBR and ace-
tone, which is 0.351 [19].

3.2.3. Dynamic mechanical analysis (DMA)
Dynamic mechanical properties of the composite
films were determined using a dynamic mechanical
analyzer (Model DMA 1 STARe System, Mettler
Toledo, USA). The samples were examined under the
tension mode in the temperature region from —80 to
100 °C with a heating rate of 5 °C/min at a frequency
of 10 Hz and a force of 0.2 N. The dynamic proper-
ties of storage modulus (£") and loss tangent (tan d)
were determined.

3.2.4. Morphologies

Morphological properties and energy dispersive X-ray
analysis (EDX) of composites were characterized by
scanning electron microscope (SEM) (Thermo Fish-
er Scientific, Massachusetts, USA) in order to see
the dispersion of unmodified and modified ZnO in-
side the NBR matrix. Also, optical microscopy (OM)
(Carl Zeiss Microscopy GmbH, Oberkochen, Ger-
many) was applied to clarify the dispersion, distri-
bution and roughness of the disinfectant films in a
wide area.

3.2.5. Antibacterial properties

The antibacterial activity of the composite film was
investigated against Staphylococcus aureus (S. au-
reus) (ATCC 6538P) and Escherichia coli (E. coli)
(ATCC 8739) as representative of Gram-positive
and -negative bacteria. The qualitative determination
of antibacterial properties was performed by inhibi-
tion clear zone testing. The bactericidal efficiency
on the film surface was determined according to
ISO 22196:2011 and ASTM D7907-14.

In inhibition clear zone testing, A single colony of
bacteria was incubated under the aseptic condition
in Luria Broth (LB) medium (Becton, Dickinson and
Company, New Jersey, USA) following incubation
at 37°C for 24 h in an incubator shaker (ES-60C,
Hangzhou Miu Instruments Co., Ltd, Zhejiang,

China). Further, the bacterial concentrations in the
suspensions were adjusted with LB to obtain turbid-
ity of 0.5 McFarland (approximately 10 CFU/ml)
and spread onto the LB agar plate. The composite
film with a diameter of 6 mm was sterilized with 70%
ethanol (Ajax Chemical Co. Ltd., Samutprakarn,
Thailand), then placed on the plate and incubated at
37°C for 24 h. The antibacterial activity of the com-
posite film was measured by the inhibition zone that
was observed surrounding the sample [18].

The quantitative determination of the composite
film surface was carried out according to
ISO 22196:2011. The colony of bacteria was inocu-
lated and cultivated at 37 °C for 24 h, and the bacte-
rial suspension was adjusted with LB to obtain tur-
bidity of 0.5 McFarland. The 400 pl of bacterial
suspension was added onto the composite film sur-
face (square pieces of 5050 mm), then covered
with 40x40 mm of sterilized polyethylene film to en-
sure even distribution of the bacterial suspension on
the surface of the composite film. The sterilized Petri
dishes containing the inoculated specimens were in-
cubated at 35 °C for 24 h. After the incubation time,
10 ml of neutralizer was added to the Petri dish and
shaken at 100 rpm. The bacterial suspension was
collected and diluted using a ten-fold serial dilution
method. The appropriate dilutions were then spread
on an LB agar plate, which was incubated at 35°C
for 24 h. Bacterial colonies that appeared on the agar
plates were counted and calculated as colony-form-
ing units per ml [CFU/ml]. The results were reported
as the percentage of bacterial reduction, as given in
Equation (2):

Reduction of bacteria [%] = AA+B 2)
where A and B are the average numbers of bacterial
colonies containing samples without and with an an-
tibacterial agent, respectively.

The standard testing for ASTM D7907 is the antimi-
crobial test method for the determination of bacteri-
cidal efficacy on the medical examination glove sur-
face, which has contact kill times of 0, 5, 10, 20, and
30 min. The bacteria suspension was prepared with
a turbidity of 0.5 McFarland. The 20 pl of bacteria
solution was dropped onto the 10 cm? specimen sur-
face and covered with sterilized polyethylene film.
The inoculated specimens were incubated at 35°C
for 0, 5, 10, 20, and 30 min. After the specified
time, the test specimen was transferred to a 50 ml
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centrifuge tube that contained 10 ml of neutralizer
solution. Then, the solution was vortexed for 15 sec-
onds. Serial dilution of the neutralizer was per-
formed. 100 pl of each dilution was placed with the
plate count agar and incubated at 35 °C for 24 h. The
number of colonies in the petri dish agar was count-
ed. The results were reported as the percentage of
bacterial reduction, as given in Equation (2).

4. Results and discussion
4.1. Molecular structure of ZnO and modified
Zn0O

Physical appearance

Figure 1 depicts the molecular structures of the dif-
ferent types of ZnO particles, namely, ZnOwp, ZnOy,p,
ZnOy,p-C, and ZnOy,,-T. One can observe significant
differences among the shapes of ZnOwy and ZnOpgp,.

tters Vol.17, No.9 (2023) 944-963

Nanorods approximately 3 pum in length are noted in
ZnOwpy, while the spherical ZnO,,, exhibits a parti-
cle size of approximately 20 nm. Thus, the smaller
particle size of the ZnOy,, might lead to a larger ten-
dency for agglomeration than the other ZnO particles
due to their large specific surface areas. However, in
the case of their incorporation into rubber, this can
provide the rationale for improving the crosslinking
propagation and properties of the rubber composites.
In the case of ZnO,,-C and ZnOy,p-T, depicting the
modification of ZnOy,, with CaCO;3 and TiO,, re-
spectively, one can observe the formation of smaller
and looser ZnOy,,;, agglomerates. In addition, the larg-
er size and higher concentration of the ZnOy,,-T par-
ticles indicate stronger agglomeration than in the
case of ZnOy,,-C. The smaller size and lower con-
centration of ZnOy,,-C led to the better formation of

500 nm
e ZnO

WH

500 nm Zn0,,-C

c)

500
D LI ZnO

nap

500 nm ZnO"ap-T

d)

Figure 1. Physical morphologies of commercial ZnOwy together with unmodified (a) and modified ZnO,,, shown in TEM
images. a) ZnOwy, b) ZnOyp, ¢) ZnOpgp-C, d) ZnOyp-T.
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Figure 2. Particle size distribution from particle size analyzer (a) and UV-visible absorbance spectra (b) of commercial
ZnOwy together with unmodified and modified ZnOpgp.

the modified chemical. Furthermore, ZnO,,,-C with
a Zn0Oy,p:CaCOs3 ratio of 60:40 was also investigated
in comparison to a 90:10 ratio, though the former
yielded unsuitable properties. Therefore, suitable
concentration ratios of ZnOy,, to CaCO;3 and TiO,
were used in the present work.

In addition, corresponding to the TEM images in
Figure 1, the particle sizes of the ZnO types, meas-
ured with a particle size analyzer, are indicated in
Figure 2a. As expected, the ZnOp,, and ZnOy,,-C,
using CaCOs to yield a modified core—shell filler,
had the smallest particle sizes — approximately 0.1 pm
— while the ZnOwy and ZnO,,,-T particles were ap-
proximately 1.5 um in size. Further, Figure 2b de-
picts UV-visible absorbance spectra of the unmodi-
fied and modified ZnO particles to assess their
absorption in the UV and visible regions. All four
types of ZnO exhibit strong UV absorption in the
range of 200400 nm, and the ZnOwy microparticles
show lower absorption in the visible light region. Re-
garding the ZnO nanoparticles, ZnO,,,-C exhibits a
spectral shift toward the longer wavelength region,
which induces electron movement after exposure to
UV and visible light. This is a factor that affects the
activation of the photocatalytic reaction for produc-
ing ROS on the rubber surface, which plays an im-
portant role in bacterial disruption.

ZnO particles are known to partially dissolve in
aqueous solutions, releasing Zn>* ions, which may
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have an impact on antibacterial activity. The total
and dissolved Zn”" ion concentrations in aqueous so-
lution were obtained from inductively coupled plas-
ma optical emission spectroscopy (ICP-OES), as
presented in Table 2. ZnOy,,-T shows the lowest
total Zn>" ion concentration compared with the other
ZnO types due to differences in the percentage of
ZnO in the particles: ZnOp,,-T consists of 50.2%
ZnO, while ZnOwy, ZnOy,p, and ZnOy,,-C contain
approximately 99.5, 97.8, and 91.4% ZnO, respec-
tively. ZnOp,p-C shows the highest concentration of
dissolved Zn?" ions, indicating that the modification
of ZnO reduces the agglomeration of ZnO nanopar-
ticles and enhances their dissolution. An increase in
the Zn?" concentration is principally responsible for
enhanced zinc ion levels that activate chemical cross-
linking and induce cytotoxicity in the disruption of
bacterial cell membranes based on photocatalytic
processes [20].

Table 2. Zinc ion contents of ZnOwy together with unmod-
ified and modified ZnOy,, received from coupled
plasma optical emission spectroscopy (ICP-OES).

Zn ion contents
ZnO types [mg/]
Total Zn Soluble Zn
ZnOwy 21.49+0.13 0.37+0.00
ZnOngp 20.224+0.26 0.22+0.00
ZnOpyp-C 21.96+0.03 3.90+0.05
ZnOpep-T 12.46+0.14 0.30+0.00
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4.2. Properties of NBR/ZnO composite films
4.2.1. Mechanical properties

Figure 3 shows the stress—strain curves of the NBR
composite films filled with different types and con-
centrations of ZnO, including the commercial ZnO
(ZnOwp) and the unmodified and modified ZnO,,
species. In addition, the mechanical properties, in
terms of the moduli, tensile strength, and elongation
at break, of each film are comparatively presented
in Figure 4; sharp increases in the curves, particular-
ly after 300% strain, are related to strain-induced
crystallization (SIC) behavior, which is known to
occur in NR [21]. Although NBR has a lower mo-
lecular weight and a shorter molecular main chain
than NR, the existing C=N bonds in NBR lead to
strong physical intermolecular forces among the
NBR chains, especially during the stretching of the
samples. Chemical crosslinking among NBR mole-
cules relating to sulfur crosslinking processes also
forms the rationale behind the restriction of the fail-
ure of NBR films during their stretching/extension
in tensile testing. As expected, the degree of chemi-
cal crosslinking existing in the films strongly corre-
lates to the activation reaction between the ZnO and
the accelerator, which is the main chemical for prop-
agating linkages between the main chains in the rub-
ber. Thus, considering Figure 3, the stress—strain
curves indicate two different SIC behaviors for ZnO
loadings higher and lower than 2 phr. SIC is not
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identified for 0, 0.5, and 1 phr of ZnOwy, ZnOpgp,
and ZnOp,p-T, which might be due to the poor dis-
persion of the ZnO species in the NBR matrix, lead-
ing to a lower potential for activating crosslinking
within the film. With a low crosslink density, exter-
nal forces can easily break the NBR films due to the
films’ low resistance to breakages. On the other
hand, in the case of ZnOy,,,-C, a strong increase in the
stress—strain curve is indicated after extension up to
at least 300% strain; this is due to the better disper-
sion ability of ZnOy,,-C, exhibiting better formation
within the filler than ZnO,,,-T. Considering the NBR
composite films with ZnO concentrations above
2 phr, strong SIC behavior can be observed for all the
ZnO types. This implies that all the films display
good resistance to breakage during extension at dif-
ferent optimal loadings within the NBR matrix. The
results of the tensile properties obtained from the
stress—strain curves are shown in Figure 4. Regard-
ing the 100% modulus and tensile strength, greater
efficiency in chemical crosslink propagation induces
a strong increase in the modulus of the composite
films. The modification of ZnOy,, with CaCOs effec-
tively improves the dispersion and distribution of
ZnO,p-C throughout the NBR matrix (Figures 4a and
4b). The activation of crosslinking is enhanced with
the increasing degree of ZnO dispersion, with the
optimal modulus achieved at approximately 10 phr
for all ZnO types. Thus, the increase in the modulus

NBR/ZnO,,, — O phr NBR/ZnO"ap NBR/ZnO"ap-C NBR/ZnOnap-T
—— 2phr
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35 1 —— 6 phr
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Figure 3. Stress-strain curves of NBR composites films filled with commercial ZnOwy together with unmodified and mod-

ified ZnOyqp.
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Figure 4. Tensile properties in terms of 100% moduli (a), tensile strengths (b) and elongation at breaks (c) of NBR composites
films filled with commercial ZnOyy together with unmodified and modified ZnOyqp,.

leads to the composite films’ resistance to failure.
The optimal ZnO concentration for ZnO,,, and
ZnOy,,-C occurs at 4 phr before decreasing sharply
with loadings above 4 phr. The unmodified ZnOy,,
and ZnOp,,-T show lower tensile strength at the
same level as that of commercial NBR gloves, par-
ticularly in the range of 6-20 phr. However, the low-
est elongation value of the NBR film filled with
ZnOy,p-C is still higher than that of commercial
gloves; as expected, due to the film’s strong resist-
ance to failure, a larger force was applied, and, there-
fore, the film withstood breakage during stretching
(Figure 4c¢). It should be noted that the commercial
glove might utilize a different formulation and chem-
ical concentration compared to the proposed com-
posites.

Considering the activation of chemical crosslinking
via the addition of ZnOwp, ZnOy,p, and modified
ZnOn,p, the chemical crosslink density (v) was esti-
mated based on the Flory—Rehner equation using the
swelling method, as depicted in Figure 5. One can
observe that v has a good correlation with the ob-
tained tensile properties of the NBR films. The op-
timal value of v for ZnOwy, ZnOpp, and ZnOy,p-T
occurs at a loading of 4 phr, while the optimal con-
centration of ZnO,,-C for activating molecular chain
crosslinking between the NBR molecules falls in the
range from 4-10 phr. Considering the degree of cross-
linking, one can note that the use of ZnO,,,-C leads to
a significantly higher v value than the other ZnO types.
It supports the hypothesis of the activation of the
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Figure S. Crosslink density of NBR composites films filled
with commercial ZnOwy together with unmodi-
fied and modified ZnOygp.

vulcanization reaction within the NBR matrix using
CaCOgs-coated ZnOy,p at the ZnOy,,:CaCO3 Wt%
ratio of 90:10. One can conclude that the modifica-
tion of ZnOp,p to ZnOy,,-C leads to excellent per-
formance in activating NBR crosslinking, which ex-
plains the improvement in the mechanical properties
of NBR relating to the proper dispersion and distri-
bution of ZnOy,p-C throughout the NBR matrix. For
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more details, Figure 6 displays the proposed chemi-
cal crosslinks among NBR molecules through sulfur
curing using ZnO as the activator and filler. Step A,
formations of ZnO and sulfur atoms together with
the accelerated complex origination based on the re-
action of ZnO and accelerator are initiated as seen
in (A1) and (A2) of Figure 6, respectively [22]. At
this step, reaction formation was activated by heating
during chemical crosslinking propagation, so-call
vulcanization processes, and therefore reaction effi-
ciency depends on surface areas and degrees of dis-
persion of ZnO particles which can react to sulfur
and also accelerator relating Zn ions releasing mech-
anism. In Step B, the chemical reaction to the NBR

Acrylonitrile butadiene rubber (NBR)

{:I + @& .

xS, yZnO -

8

- ! Step B

(B1)

‘l Step C

8"
@
¢

\\\

(A1)
g/do and/or

0S, — Zn — S0

@\\ Zinc-nitrile complex (C1)
([~

chains had innovated, and the rubber-bound pendant
groups were formed correlating the inserting —S,~O"
into the main rubber chains at the allylic carbon po-
sition in butadiene unit (B1) [22]. In parallel, the
zinc-nitrile complex formation is fabricated among
Zn ions and Zn compounds to the —CN functional
groups in the acrylonitrile unit (B2) of Figure 6 [23].
Zn ions play an important role in this step, and there-
fore, it was the reason for the high mechanical prop-
erties in NBR/ZnO,,,-C films since the ZnOy,,-C
had strongly released Zn ions regarding finding in
ICP-OES. Since the zinc-nitrile complex is con-
cerned, the active sulphurating agent formed during
the vulcanization reaction might be further involved

(A2

X

SX = Zn = 8X

L
Accelerator complex

]

Rubber bound pendant group

Chemical crosslinking via sulfur linkage (C2)
— Polysulphidic

— Disulphidic

— Monosulphidic

Figure 6. Proposed mechanism of chemical crosslinking and Zn ions interaction inside the NBR films filled with ZnO and
sulfur. Here, the black, gray, blue, purple, yellow, red, green and light blue atoms refer to carbon, hydrogen, nitro-
gen, zinc, sulfur, oxygen, ligand and X atoms, respectively.
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in the reaction with the nitrile group of NBR to form
a zinc-nitrile complex. As a ligand, this donates the
electron pair to the zinc present in the complex struc-
ture and accelerates the entire process [23]. There-
fore, in Step C, the (B2) is still existed as the (C2),
while the (B1) can propagate into (C1), relating the
formation of sulfur bonding among the NBR mole-
cules by means of poly-, di- and mono-sulphidic
crosslinks [22, 23].

4.2.2. Mooney-Rivlin model

The reinforcement efficiency of each ZnO type re-
garding the NBR composite film matrix can be ex-
plained by the arrangement of the NBR molecular
chains during extension by fitting the Mooney—
Rivlin model to the stress—strain data in Figure 3
using Equation (3) [24]:

o)
A—A"2

where 6°(1) is the reduced engineering stress; o())
is the engineering stress; and C; and C; are the char-
acteristic constants of network chains, determined
from the intercept and the slope of the curves, re-
spectively. The extension ratio, A, is given by A =
1 + ¢, where ¢ is the engineering strain. Based on the
relationship of the calculated reduced stress, " (}),
as a function of the inverse of the extension ratio

o (M)= =2(c+c\) 3)

Chemical interaction, C, [MPa]

T
5 10 15 20 25
a) ZnO content [phr]

(1/)), the chemical interactions of the films — the
chemical crosslinking among the NBR molecular
chains [25, 26] — are represented in Figure 7a, as com-
pared to the physical interactions in Figure 7b. The
obtained C; values are related to the y-intercept of
the linear fit to the plot of o’ (M) versus 1/\, and C,,
determined from the slope of the fit, is related to the
physical interactions (molecular chain entanglement
and physical absorption). From the incorporation of
the investigated ZnO types, the C; values were higher
than those of C;. This clarifies that most of the NBR
molecules have good interactions with the filler sur-
face through physical chain entanglement based on
their intermolecular chain attraction. The C, value
increases upon the addition of 4 phr of ZnO,,,-C,
which correlates well with the increased 100% mod-
ulus and tensile strength of the film. This implies that
the proper addition of ZnO,,,-C leads to better dis-
persion within the film and enhances the degree of
reinforcement provided by the filler to the rubber
matrix. In addition, considering the Cj, it is clearly
seen that the NBR/ZnO,,,-C showed the highest
chemical interaction inside the films relative to oth-
ers. It affirms the role of Zn ions releasing from the
ZnO particles relating to the chemical crosslinking
mechanism proposed in Figure 6. This strong cross-
linking among the NBR molecules results in the for-
mation of smooth surfaces on the NBR film, as
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Figure 7. Chemical interaction (a) and physical interaction (b) of the NBR composites films filled with commercial ZnOwy
together with unmodified and modified ZnOy,,, calculated through the Mooney-Rivlin equation.
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illustrated in the OM images presented in Figure 8.  posite films filled with ZnO,,,-C, while the other
The smoothest surface is observed in the NBR com-  composites exhibit significant filler agglomeration

Without Zn©

\ |

no agg!oméfafion ’

’

d,) d,)

Figure 8. Morphologies observed of the OM of the NBR composites films filled with commercial ZnOwy together with un-
modified and modified ZnOy,p,. a1), a) ZnOwpy, by), ba) ZnOpgp, €1), €2) ZNOpep-C, dy), dz) ZnOyy-T.
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and rougher surfaces. The SEM-EDX images demon-
strate the agglomeration of ZnO, ZnOy,,, and modi-
fied ZnO,,p, highlighting the effective dispersion and
distribution of ZnO,,-C within the NBR matrix, as
depicted in Figure 8.

4.2.3. Dynamic mechanical analysis

Not only the mechanical but also the dynamic me-
chanical properties of the NBR films need to be de-
termined with regard to the elasticity at different
temperatures. Figure 9 plots the storage modulus (&)
and loss tangent (tan d) as a function of temperature,
which ranges from —80 to 100 °C. In addition, Table 3
summarizes the glass transition temperature (7,) and
tand in terms of the maximum value (tand,,,x) and
the values at 0°C (tandg) and 60 °C (tande). The
highest value of &' was obtained for the pure NBR,
which shows a slightly higher ¢’ than the NBR films
filled with ZnOy,,-C and ZnOy,p. This might be due
to the strong chain entanglement of the polar NBR
chains, which effectively retards the physical chain
deformation at low strain levels. This reasonably
leads to obtaining the lowest T, and highest tan 6yax
for the unfilled NBR film, with both values referring
to the elasticity of the film. The NBR/ZnO,,-C com-
posite shows the lowest T, and highest tan 8, val-
ues from among the filled NBR composites since it
contains the highest crosslink density. The tempera-
ture that needs to be applied for the film to transition
from a glassy to a rubbery state is, therefore, very
low, and &' changes significantly, leading to a high
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tan dmax. On the other hand, the NBR films filled
with ZnOy,p and ZnOy,,-T show increased 7, and
decreased tandn. values relative to those of the
NBR/ZnO,,-C composite, with the NBR/ZnOwy
film yielding a considerably higher T, value, signif-
icantly above 0°C, and the lowest tan d,x. This im-
plies that the addition of modified ZnOy,y, in partic-
ular, ZnOp,p-C, improves the elasticity of the NBR
film to a greater extent than the other ZnO types by
imparting a superior crosslink density and enhanced
mechanical properties to the film.

The performance of the NBR films over the investi-
gated temperature range can be interpreted through
the tan o values at 0 and 60°C. One can note that a
lower tan d¢ value is needed, relating to the require-
ment of high elasticity when handling the films in
high-temperature conditions. In contrast, a higher
tan 9 is required due to the hardening of the films in
low-temperature conditions. Table 3 shows that
NBR/ZnO,,,-C yields the lowest tan 8¢9, which is re-
lated to the chemical crosslink density and elasticity

Table 3. Glass transition temperature (7,) and Tan delta
(tand) of NBR composite films filled with different
types ZnO at 4 phr.

T, tand tand
ZnO types °C] tan oy at 0°C at 60°C
NBR -8.50 0.726 0.582 0.188
NBR/ZnOwy 3.33 0.300 0.297 0.215
NBR/ ZnOpyp —4.33 0.357 0.335 0.087
NBR/ ZnOyp-C | —5.83 0.497 0.448 0.078
NBR/ ZnOpep-T | —2.67 0.302 0.298 0.152
0.8
—&— NBR
—e— NBRIZnO,,,
07 —e— NBR/ZnO'
NBR/znQ'*-C
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Figure 9. Storage modulus (a) and tand (b) of NBR composites films filled with commercial ZnOwy together with unmod-

ified and modified ZnO,,, at 4 phr.
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of the films. On the other hand, the NBR/ZnOwy
composite yields the highest tan 64y value due to its
significantly high 7, and low ZnOwy surface area
for reacting with the film during crosslink propaga-
tion. In addition, it was observed that the NBR/ZnOwy
composite exhibited the highest value of €’ at tem-
peratures above approximately 30 °C. This indicates
that the elasticity effectively decreased beyond room
temperature under dynamically low strain. This phe-
nomenon could be attributed to the embedding of
rubber molecules within aggregate and agglomerate
structures, known as occluded rubber. The presence
of numerous particulate aggregations in Figure 8
suggests the existence of extensive areas of occluded
rubber in the NBR/ZnOwy composite, which helps
counteract crosslinked rubber deformation during
low-strain application [27, 28]. Regarding tan d, al-
though the pure NBR shows the highest value, its
combination with ZnO,,,-C yields the highest value
relative to the other film composites. Therefore, con-
sidering the tensile properties and elasticity of the
films, the incorporation of ZnOy,,-C significantly
improved the film properties due to the filler’s large
surface area and good dispersion within the NBR
matrix.

4.2.4. Antibacterial properties of NBR
composite films

The incorporation of modified ZnO into NBR com-
posite films significantly impacted the films’ me-
chanical and dynamic mechanical properties based
on particle size, dispersion considerations and abil-
ity for generating chemical crosslinking inside the
films. In addition, given that ZnO displays excellent
antibacterial performance, the composite films filled
with modified ZnO (ZnO,,,-C) were evaluated in
comparison with those containing commercial ZnO
(ZnOwy) for their antibacterial activity through
qualitative and quantitative measurements. The
qualitative determination was carried out using the
Zone of Inhibition test, and the bactericidal efficien-
cy on the film surface was assessed according to the
ISO 22196:2011 and ASTM D7907-14 methods. This
antibacterial ability can be originated following the
photocatalytic processes onto ZnO particles. The
S. aureus (ATCC 6538P) and E. coli (ATCC 8739)
strains, which have been recognized as hospital-as-
sociated infections, were studied as representatives
of Gram-positive and Gram-negative bacteria, re-
spectively [29]; Figure 10 displays the results of the

Zone of Inhibition tests conducted on the NBR com-
posite films, and the observed diameters of the zones
of inhibition (clear zones) are given in Table 4. The
clear zones, where there is no growth of bacteria, are
notably visible in testing the composite films against
S. aureus. The composite film filled with ZnO,,-C
displays a larger inhibition zone than the one with
ZnOwpy, as shown in Table 4. One can observe the
formation of the clear zones after the addition of
2 phr ZnOwy and ZnOy,4,-C, as shown in Figure 10.
In addition, one should note that ZnO loadings over
10 phr are impractical due to the flocculation of the
ZnO particles during the process. On the other hand,
clear zones in testing the composite films against
E. coli are not observed, implying that the composite
films might have a greater bacterial killing ability
against S. aureus than E. coli.

The ISO 22196:2011 method was used to prove the
presence of antibacterial activity on the film surface
in direct contact with the bacteria. The colony-form-
ing units were counted to evaluate the antibacterial
activity of the NBR composites after 24 h of incu-
bation and assess the bacterial reduction efficacy, as
shown in Figure 11. The results indicate that the com-
posite films are effective against both bacterial types,
with a bacterial reduction efficacy of 99.9% at a
loading of at least 1 phr for ZnO,,,,-C and above 2 phr
for ZnOwy. Thus, these results demonstrate the an-
tibacterial ability of composite films incorporating
nano-sized ZnO particles with small sizes and high
specific surface areas, which are more effective in
inhibiting bacterial growth than equivalent amounts
of conventional ZnO. ZnO is recognized as a semi-
conductor material that has sufficient band gap en-
ergy to absorb photons for producing radical active
species. The presence of ZnO in NBR composite
films produces ROS, such as hydroxyl ("OH), super-
oxide ("O;"), and peroxy (HOQO") radicals and hydro-
gen peroxide (H,O,), which are released onto the
ZnO surface via a photocatalytic process and play
an important role in antibacterial mechanisms [30],
as can be seen in the proposed model of Figure 12.
In Figure 12a, upon exposure to light, electrons are
excited from the valence to the conduction band,
producing electron-hole pairs (ecy, , v "). The Ay
is formed in the valence band and oxidizes water or
moisture to form "OH, while the ecb- in the conduc-
tion band reduces oxygen to produce ‘O, ", which re-
acts further with H* to form HOO® and H,O, and is
finally reduced to "OH. Among the ROS, "OH and
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Figure 10. Agar disc diffusion of antibacterial against gram-positive Staphylococcus aureus (a) and gram-negative Es-
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NBR/ZnO,,,,

Staphylococcus aureus (ATCC6538P)

o

Escherichia coli (ATCC8739)

NBR/ZnO__-C

nap

cherichia coli (b) of NBR/ZnOwy and NBR/ZnOy,,-C with varying ZnO loading at 0-20 phr.

Table 4. Diameter of inhibition clear zone of the NBR composite films filled with ZnOwy and ZnO,,,-C.

Inhibition clear zone

. [mm]
ZnO loading
[phr] Staphylococcus aureus Escherichia coli
NBR/ZnOwy NBR/ZnOy,p-C NBR/ZnOwy NBR/ZnOyp,p-C

0.0 0.00 0.00 0.00 0.00
0.5 0.00 0.00 0.00 0.00
1.0 0.00 0.00 0.00 0.00
2.0 1.08+0.57 0.70+0.71 0.00 0.00
4.0 3.64+0.48 3.15+0.72 0.00 0.00
6.0 4.10+0.76 3.75+0.62 0.00 0.00
8.0 3.12+0.55 4.43+0.47 0.00 0.00

10.0 4.56+0.44 5.76+0.36 0.00 0.00

15.0 4.48+0.41 5.59+0.80 0.00 0.00

20.0 5.25+0.87 5.77+0.56 0.00 0.00
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Figure 11. Bacterial reduction efficacy against Gram-positive Staphylococcus aureus (a) and Gram-negative Escherichia
coli (b) of NBR films filled ZnOwy and ZnOy,,-C with varying ZnO loading at 0.5-6.0 phr.

H,0, are recognized as highly reactive species that
play a crucial role in antibacterial activity by pene-
trating the outer membrane of cells, oxidizing the
membrane lipids, enzymes, and proteins and causing
deoxyribonucleic acid (DNA) damage [31-33]. Fi-
nally, intracellular components become damaged,
leading to cell death. The release of Zn?* ions through
the rubber layer is another factor that plays a role in
bacterial inactivation. The solubilized Zn>* ions reach
the outer cell wall and penetrate the cell membrane,
reacting with the DNA within the bacterial cells by
impeding transportation along with amino acid pro-
cessing and by disrupting the enzyme system, which
leads to bacterial cell death [33] (Figure 12¢). In ad-
dition, the formation of ROS and the release of Zn**
ions are influenced by the ZnO particle size. ZnO
nanoparticles with smaller particle sizes and higher
specific surface areas are more efficient in producing
ROS and Zn?* ions [30], which is related to Figure 2
and Table 2. The incorporation of ZnO,,-C nanopar-
ticles at 0.5 phr leads to a greater reduction in both
bacterial types than the ZnOwyy microparticles. How-
ever, the release of both Zn?" and ROS is also related
to the ion’s movement across the bound rubber to the
film surfaces for attacking bacteria. In Figure 12b, it
is seen that the ion attraction of zinc-nitrile complex-
es is the key potential factor for the movement of the
existing ions. It is hypothesized that, after the photo-
catalytic processes, Zn>" had connected closely to the
ROS™ which easily moved into NBR through ion-ion
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intermolecular forces at the CN in the nitrile unit.
This carried both ions to the films’ surfaces and met
with bacteria and microorganisms relatively.

The bactericidal efficacy on the surface of the NBR
composite films against S. aureus and E. coli, with
varying contact kill times of 0, 5, 10, 20, and 30 min,
was determined according to the ASTM D7907-14
method, as shown in Figure 13. Bacterial reduction
occurs after a contact time of 0 min, as measured by
the number of colonies on the composite surface
after dropping a bacterial suspension onto the mate-
rial, covering it with a sterilized polyethylene film
for 15 s, and subsequently removing it with a neutral-
izer solution. This indicates that an antibacterial re-
action of ZnO is immediately triggered to kill mi-
croorganisms on the composite surface. The results
after a contact time of 30 min reveal that the incor-
poration of ZnOy,,-C at 4 phr in the composite films
leads to 92.00 and 51.85% bacterial reduction effi-
cacy against S. aureus and E. coli, respectively. Fur-
thermore, ZnO shows greater antibacterial activity
against S. aureus than the E. coli, bacterium, as shown
in Figure 13, respectively, due to differences in the
structure, chemical composition, and polarity of the
bacterial cell membranes. The Gram-negative E. coli
has a larger negative charge than the Gram-positive
S. aureus because of its additional lipopolysaccha-
ride layer with a negative potential [34], as depicted
in Figure 14; this leads to a lower concentration of
negatively charged free radicals, such as superoxide
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anions, and peroxide ions penetrating the E. coli bac-
terial cell wall. In addition, E. coli has two cell mem-
branes, including inner and outer ones, as shown in
Figure 14, while S. aureus has one. The outer mem-
brane of Gram-negative bacteria is covered with
lipopolysaccharides, which act as a permeability bar-
rier and protect the cells from potentially harmful
agents [35]. In comparing the ZnO types, ZnOp,,-C
exhibits a higher percentage of bacterial reduction
than ZnOwy due to its larger surface area, which
leads to a large production of ROS and Zn*" ions to
damage bacterial cells. In addition, when evaluating
the bacterial reduction efficiencies at different con-
centrations and contact times between rubber and
bacteria using ZnOyap, a 99.9% reduction was
achieved at a ZnOy,,, concentration of 2 phr for both
S. aureus and E. coli. In addition, at a ZnOy,, con-
centration of 4 phr, a reduction of 75.5+£3.5% for
S. aureus and 51.0+£7.5% for E. coli was observed,
surpassing the efficiencies of ZnOwy and showing
slight variation compared to ZnOy,,-C. This finding
aligns with the recent study by Krainoi et al. [18],
where ZnOy,, exhibited lower antibacterial efficien-
cy than modified ZnO,,, due to differences in dis-
persion and distribution within the rubber matrix.
However, while ZnOy,,, demonstrated high bacteria-
killing performance, its purity was found to be

/ Lipopolysaccharide

Outer membrane '+

Cell wall {

Cell membrane

a) Gram-negative E. coli

equivalent to that of ZnOwy at 99.9%, whereas
ZnOy,p-C exhibited a purity of only 90%. This result
indicates that nanoparticles present the advantage of
possibly reducing the amount of modified ZnO, es-
pecially ZnOy,p-C, in NBR composites while still
significantly improving their mechanical and dy-
namic mechanical properties and antibacterial activ-
ity. Therefore, using modified ZnO nanoparticles in
NBR composite films presents a good alternative to
applying medical disinfection products to prevent
the spread of pathogens.

5. Conclusions

NBR composite films incorporating different ZnO
types, including white seal ZnO (ZnOwyy), ZnO nano-
particles (ZnOy,p), CaCO;3-coated ZnOyyyp (ZnOyp-C),
and TiO,-coated ZnOp,p (ZnOyp-T), were investi-
gated via a latex processing technique. Based on the
characteristic structures of the ZnO types, the varia-
tions in particle size, band gap energy, and Zn>* ion
solubility affect the properties of the composite
films. The mechanical and dynamic mechanical prop-
erties, crosslink density, and antibacterial activity of
the composite films were considered; the results in-
dicated that the ZnO particle size and distribution
play an important role in improving the crosslink
density and mechanical characteristics. The composite

Lipoteichoic acid
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Cell wall
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Figure 14. Proposed model of antibacterial mechanisms of ZnO to Gram-negative E. coli (a) and Gram-positive S. aureus (b).
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filled with ZnO,,,-C activated chemical crosslink-
ing, which was in good agreement with the increased
tensile modulus, Mooney—Rivlin plot, and dynamic
mechanical results for this composite. In contrast,
the incorporation of ZnOy,, and ZnO,,p-T gave rise
to less enhanced properties in the composites due to
the presence of significant ZnO agglomeration. In
addition, the low specific surface area of the ZnOwy
microparticles in their reaction with the NBR mole-
cules during crosslinking led to the least favorable
composite properties. The antibacterial activity of
the composite films was evaluated through qualita-
tive and quantitative determinations using S. aureus
and E. coli as representatives of hospital-associated
infections. The results indicated that both the NBR
composite films with ZnOwy and ZnOy,,-C exhibit
an inhibition zone against S. aureus, while no such
observation was made for E. coli. However, antibac-
terial activity on the composite film surface in direct
contact with the bacterial cells, tested according to
ISO 22196:2011, was observed against both bacter-
ial types, with 99.9% bacterial reduction efficacy at
loadings of 1 phr for ZnO,,,-C and over 2 phr for
ZnOwy. Bacterial cell structure disruption was
achieved through the formation of ROS radicals and
the release of Zn?" ions, which can be related to the
obtained band gap energy and partial solubility of
ZnO to release Zn?". In addition, in accordance with
ASTM D7907-14, the bactericidal efficacy on the
composite film surfaces at various contact kill times
between 0 and 30 min was determined. The addition
of ZnOpep-C at 4 phr yielded 92.00 and 51.85% bac-
terial reduction efficacy within 30 min against S. au-
reus and E. coli, respectively. The results suggest that
the use of nanoparticles could reduce the amount of
modified ZnO, particularly ZnO,,,-C, in NBR com-
posites, which is in good agreement with the meas-
ured mechanical, dynamic mechanical, and antibac-
terial properties of the composites. To prevent the
spread of pathogens, the use of modified ZnO nano-
particles in NBR composite films in, for example,
gloves and multipurpose rubber films presents a
suitable alternative to using medical disinfection
products.
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Abstract. The use of machine learning to fine-tune the properties of materials is a remarkable achievement in the 21% century.
Three machine learning (ML) methods were used to fine-tune and optimize the impact strength of polylactic acid (PLA)
with different plasticizers: KNN (K-nearest neighbors), SVR (Support Vector Regression), and ANN (artificial neural net-
works). The results demonstrated that, though ANN reached a higher R? score of 0.901 than the other two ML methods,
KNN, with an R? score of 0.839, showed more stability than ANN. Based on the current research, KNN is recommended for
experimentalists to fine-tune the impact strength of variational plasticizers. The experiment study case with polyethylene
glycol 1000 (PEG1000) and octyl epoxy stearate (OES) plasticizer showed good agreement and prediction with experiments.
It even showed the fine-tuned impact strength as a function of plasticizer content results, which cannot be achieved by only
experiments.

Keywords: biodegradable polymers, mechanical properties, modelling and simulation

1. Introduction plastics industry [4]. However, despite its advantages
Polylactic acid (PLA) is a biopolymer material that  in comparison to petroleum-based polymers, PLA is
has a high potential to be developed due to particular  relatively brittle, stiff, and has low impact strength
properties such as degradability, biocompatibility, [5]. These deficiencies make the use of PLA limited
good processability, and relatively good mechanical  to short-term or merely disposable products [6]. The
properties in comparison to other biopolymers [1-3].  insufficient impact strength of PLA limits its appli-
The increasing attention to climate change and glob-  cation to broader uses, such as electronic device
al warming makes PLA an alternative material inthe  housing and so on [7]. The use of plasticizers is one
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of the methods to modify PLA’s impact strength [8].
However, owing to the wide variety of plasticizer
types, it is challenging to select appropriate plasti-
cizers to obtain the specific values of impact strength
and optimize them. The trial-and-error experiments
require a lot of costs and time, thus rendering these
methods ineffective.

The use of machine learning (ML) to guide plastics
engineers to find new types of materials is increasing-
ly common, for example, Kim et al. [9] used a genetic
algorithm (GA) in tandem with ML to design polymer
with specific glass transition temperature and high
bandgap. The advantage of using GA with ML is that
they require less number of hyperparameters than
other generative models. In addition, there have been
many efforts to optimize specific properties of poly-
mers and polymer composites, such as dielectric prop-
erties using kernel ridge regression (KRR) [10] and
the least absolute shrinkage and selection operator
(LASSO) method [11], glass temperature using active
learning [12], gas permeabilities using gaussian
process regression [13], mechanical properties using
artificial neural networks (ANN) [14] and convolu-
tional neural networks (CNN) [15], and to design
smart, self-sensing fiber reinforced plastics using
ANN [16]. However, most of these efforts described
are too complicated to be useful for ordinary users,
and some require large databases for example ANN.
Lukasiak et al. [17] employed KNN to recognize a
pattern of polymeric materials. Tapkin ez al. [18] used
a simple machine-learning method of K-nearest
neighbors (KNN) and support vector machine (SVM)
to classify Bitumen Images and use them for poly-
propylene concentration prediction. Costa et al. [19]
and Gajarska et al. [20] used KNN to classify of poly-
mer e-waste and twenty polymers respectively by
means of laser-induced breakdown spectroscopy
(LIBS). However, KNN and SVM were largely used
in classification or pattern recognition.

In this paper, the impact strength of plasticized PLA
is predicted and optimized using simple machine
learning methods: support vector regression (SVR),

Table 1. Statistical information of the plasticized PLA dataset.

KNN, and ANN with a relatively small database. The
reason for using these methods is that they are sim-
ple and can be used even by beginner industrial
users. The use of SVR and KNN is for representative
simple supervised ML models, while ANN is for
complex ones. ANN is one of the most common
methods in the deep learning regime, albeit still the
simplest. The other reason is the limitation of data.
It is well known that SVR and KNN are suitable for
small sets of data but these methods will easily lead
to overfitting. Thus, it needs to be compared with the
ANN model which is suitable for a large data set,
however according to Feng et al. [21] fine-tuned
deep neural network (DNN) shows better general-
ization performance in comparison to simple super-
vised ML methods.

This study does not use inverse design to select new
materials, instead using simple experiments to vali-
date and select specific plasticizer types based on op-
timized ML methods. The advantage of our approach
is that it is simple and can be used by an ordinary
user or plastics engineer to optimize their material
selection.

2. Methods

2.1. Dataset characteristics

The prediction of plasticized PLA impact strength in-
volves a dataset containing data from previous exper-
iments with information on the PLA matrix and plas-
ticizer properties. After sorting, cleaning, and
trimming the data samples, a total of 54 samples were
collected from 11 different previous experiments,
which consisted of 14 different types of plasticizers
with content in the range of 1 to 30% that were melt-
blended with PLA (molecular weight in the range of
86170 to 207000 g/mol). The input parameters used
for prediction are PLA molecular weight, plasticizer
molecular weight, plasticizer density, as well as plas-
ticizer content, and the parameter to be predicted is
mechanical impact strength. Statistical information
for this dataset is shown in Table 1. Plasticizer con-
tent measures the weight ratio of plasticizer to PLA.

No. Features Mean Minimum Maximum Standard deviation
1 PLA molecular weight [kg-mol ] 137.08 86.17 207.00 4481
2 Plasticizer molecular weight  [kg-mol™] 0.80 0.16 1.37 0.42
3. |Plasticizer density [g-em™] 1.03 0.90 1.30 0.12
4 Plasticizer content [wt%] 11.00 1.00 30.00 6.87
5 Impact strength [kJ-m™] 29.98 4.80 62.90 14.48
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2.2. Machine learning models

In this paper, we use SVR, KNN, and ANN to pre-
dict plasticized PLA impact strength which is pro-
grammed using Python programming language ver-
sion 3.8. SVR and KNN are the classic and simplest
shallow ML methods and can be easily understood
by plastics engineers and experimentalists. Both
methods are on the extreme end of the spectrum of
shallow ML methods. SVR requires a minimal num-
ber of tuning parameters and can be used properly
with careful feature selection, while KNN has a lot
of tuning parameters but is also sensitive to outliers.
We realize that in polymer science, outlier data exist
due to many unknown or hidden experiment settings.
The development of the KNN and SVR models is
done by using the Scikit-learn Python library. The
KNN model involves K parameters, which describe
the number of closest data points to be taken as a
representation of the data points to be predicted. The
predicted result of the KNN model is the average of
the output of the closest data points, as shown in
Equation (1):

- 1
Y= £ 2 en Vi M)

where y(x) is the predicted result, & denotes the
number of closest data points to the input data x, and
yj represents the labels of those data points [22]. Eu-
clidean distance was used as the distance calculation
metric since it is the default and widely used metric
in KNN, as well as generally works great on low-di-
mensional numeric data compared to other metrics.
Euclidean distance calculation can be performed
using Equation (2) below:

d(p.q)=dlg.p)= X" (a=p) )

where d(p,q) is the Euclidean distance between two
points of ¢ and p.

The SVR model is built using the radial basis func-
tion (RBF) kernel and includes C and gamma param-
eters. The kernel is a function that is useful for pro-
jecting low-dimensional original data to higher
dimensions, as well as converting SVR model com-
puting systems from linear to non-linear and having
different mapping capabilities, which can affect the
performance of the SVR model. RBF is one of the
kernels in SVR that can be used for almost all types
of data and involves the gamma parameter, which

describes the magnitude of the influence distance
from a data point, thus affecting the degree of cur-
vature of the line or plane defined by the model [23].
The gamma (y) value is determined by the RBF ker-
nel free parameter value (o), which is expressed
through Equation (3) below:

1
V=752 3
Unlike the gamma parameter, parameter C is a penalty
factor, which can be used for all types of kernels to
balance empirical risk and model confidence level.
Parameter C affects how much deviation the SVR
model can tolerate, which is directly correlated with

the slack variable (§) [24], as shown by Equation (4):
7= min: Hwl + X (& -€) )

where T'is the SVR goal to minimize the function on
the right-hand side of the equation, w is weight, and
is the penalty parameter.

The ANN model is built using the TensorFlow library
and involves parameters such as the number of hidden
layers and the number of nodes in each layer, epoch,
batch size, and learning rate. Epoch describes the
model training cycle against all data in the training
dataset. The batch size describes the amount of data
that will be passed into the ANN model at one time,
while the learning rate describes how fast the ANN
model learns by determining the weight adjustments
to the model based on the gradient loss for each epoch.
When it comes to training the model using the data
set, each of those models has its own way of inter-
preting the data, thus resulting in different capabili-
ties and limitations. The advantages and disadvan-
tages of using these models are explained in Table 2.
The data set will be fed into each model to see which
model can handle the data well based on their supe-
riorities and limitations.

2.3. Prediction performance evaluation

The performance of these models in predicting plas-
ticized PLA impact strength was known by calculat-
ing the R? score, root mean square error (RMSE), and
relative root mean square error (RRMSE). The R?
score is an evaluation metric that represents the mag-
nitude of the difference between the model’s predict-
ed value and the actual value in the dataset, which is
calculated based on Equation (5):
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Table 2. The advantages and disadvantages of KNN, SVR, and ANN models [25-30].

KNN

SVR

ANN

Advantage Disadvantage Advantage

Disadvantage Advantage Disadvantage

Does not work .
well with large

data sets and high-
dimensionality. .

Generally works
well in high-di-
mensional spaces.

* No training period.
 Easy to implement.

* Has few parame-

ters to set. Robust to outliers.

Sensitive to noise |,
and missing data.

* Gives good results Easy to implement.

even if there is not » Has few parame-

 Not suitable for
large data sets.

* May be difficult to
interpret and un-
derstand.

» Can be applied to
complex non-linear
problems.

» Works well with
large data sets.

* Has many parame-
ters to set.

Computations are
difficult and time-
consuming.

» Does not work * Provides quick * Weights and biases

cnough informa- |* To work properly, ters to set. well when the predictions after are initialized ran-
tion about the data | the features must number of features | training. domly, making the
(few data). be expressed in the exceeds t'he. num- r.esult.ing prédic-
same scale. ber of training data. tions inconsistent.
S (5-y, )2 2.4. Experimental design
i= 1 1 . . . . o .
RP=1- ; : 3 (5)  Validation of the machine learning model prediction
2 i=1 (yi—¥) results was also carried out through experiments.

where 7, y, yi, dan §; are the sum of the data, the actual
value, the average value, and the model’s predicted
value, respectively. The R? score value is in the range
—o to 1, where the level of accuracy will be higher
if the value is close to 1 [31]. Meanwhile, RMSE is
an evaluation metric that measures the standard de-
viation of the prediction error, represented by the
square root of the average difference in the model’s
predicted value and the actual value, which is calcu-
lated using Equation (6) below:

n ~ 2
RMSE = /L5 (5,- )

The RMSE value is in the range of 0 to +oo, where
the level of accuracy will be higher if the value is
closer to 0, indicating the closer the distance between
the predicted value and the actual value [32].

A dimensionless variant of RMSE is RRMSE. RRMSE
is a measure of root mean square error that has been
scaled against the actual value and then normalized
by the root mean square value. RRMSE may be used
to compare various measurement techniques, where-
as RMSE is constrained by the original measure-
ments’ scale. An increased RRMSE happens when
the predictions turn out to be wrong. RRMSE ex-
presses the error as a percentage or relative and the
value is calculated using Equation (7):

(6)

Ly 55
ZL] (y1)2

RRMSE = (7

The same impact resistance experiments as Sungsanit
et al. [33] and Ferri et al. [34] were re-conducted,
involving samples in the form of polyethylene glycol
(PEG) and octyl epoxy stearate (OES) plasticized
PLA. PLA was obtained from Repreper Tech Co., Ltd
(Kowloon, Hong Kong) in the form of plastic pellets,
PEG1000 (molecular weight of 1000 g-mol™") was
obtained from Merck (Darmstadt, Germany), and
OES (molecular weight of 408 g-mol™") was obtained
from Traquisa (Barcelona, Spain). Mixing of dried
PLA and PEG1000 (with content variations of 5, 10,
15, and 20 wt%) was done in a theomixer at a tem-
perature of 190 °C and a stirring speed of 30 rpm for
15 minutes, while dried PLA and OES (with content
variations of 1, 3, 5, 10, 15 and 20 wt%) were mixed
at a temperature of 180°C and a stirring speed of
60 rpm. The impact resistance testing was carried out
at room temperature using the [zod method, accord-
ing to the ASTM D256 standard specification. The
2.5 millimeters-depth notched specimens with the
size of 64x12.7x3.2 mm were injection molded and
were dried in the vacuum oven overnight prior to
testing. The test was performed using a Davenport
impact tester with a pendulum hammer of 1.36 J.

3. Results and discussions

3.1. KNN model performance

Three ML algorithms were used: KNN, SVR, and
ANN. The parameters of these algorithms were op-
timized to obtain the best R? score. First, the KNN
algorithm was built to do prediction with a variation
of the K parameter which shows the number of near-
est neighbors. KNN uses the distance between data
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Table 3. Effect of variations in K values on KNN perform-

Table 4. Effect of variations in C and gamma values on SVR

ance. performance

K R? score RMSE RRMSE c Gamma | R*Score | RMSE RRMSE

1 0.839 0.080 15.327 0.1 1 0.420 0.264 50.840

2 0.583 0.129 24.667 1 1 0.576 0.226 43.484

3 0.428 0.151 28.890 10 1 0.664 0.201 38.677

4 0.319 0.165 31.516 100 1 0.653 0.204 39.325

5 0.306 0.167 31.816 1000 1 0.666 0.200 38.594

6 0.240 0.175 33313 0.1 0.1 0.093 0.330 63.590

7 0.158 0.184 35.064 1 0.1 0.464 0.254 48.874

8 —0.019 0.202 38.574 10 0.1 0.546 0.234 44972

9 —0.166 0.216 41.261 100 0.1 0.671 0.199 38.295

10 -0.294 0.228 43.455 1000 0.1 0.689 0.193 37.229

0.1 0.01 -0.086 0.361 69.558
to make classifications or predictions regarding the 1 0.01 0.115 0.326 62.803
grouping of an individual data point. Usually, the 10 0.01 0.448 0.258 49.620
smaller number of K, the higher accuracy should be 100 0.01 0.492 0.247 47.559
obtained. Here K was varied from 1 to 10. The results 1000 0.01 0.561 0.230 44.251
are shown in Table 3. From the table, as K is in- 0.1 0.001 —0.112 0.366 70.404
creased, the R? score decreases. RMSE sees a similar 1 0.001 —0.085 0.361 69.547
pattern in which as X is increased, the RMSE score 10 0.001 0.117 0.326 62.721
is getting worse. It can be understood that a higher 100 0.001 0444 0.259 49777
value of K, makes the algorithm less sensitive to the 1000 0.001 0.480 0-250 48.122
noise. In addition, our dataset is small, and many 01 00001 0115 0-366 70490
. . . .. 1 0.0001 | —0.112 0.366 70.400
hidden variables may exist since the mixing of PLA
.. . 10 0.0001 —0.085 0.361 69.546

and Plast1c1zer is a complex process. So, Thus, the 100 00001 I 0326 2713
maximum accuracy should be obtained in a low 1000 0.0001 0.444 0359 29,758

value of K, in our case is 1 with an R? score of 0.839.

3.2. SVR model performance

SVR is an ML algorithm that is built based on the
Support Vector Machine (SVM) method but for re-
gression instead of classification. Basically, SVR
finds the best fit line for the data points, thus creating
a hyperplane that has the maximum number of data
points. The varied parameters in SVR are C, which
is a regularization parameter to express tolerance for
data point misrepresentation, and gamma, which is a
parameter that determines how much curvature there
is in a decision boundary. A larger gamma indicates
a greater curvature at the boundary, but there is a re-
gression problem in this case. The results of the vari-
ation of C and gamma are given in Table 4. From the
table, it was found that the maximum R? score is
0.689 with a C and gamma of 1000 and 0.1, respec-
tively. Considering the complexity of the relationship
between features and the target, a larger tolerance is
expected. However, the smaller gamma means the re-
gression boundary curvature is not complex.
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3.3. ANN model performance

The ANN algorithm was employed as the third
model. After optimization, the following parameters
were kept constant: testing set fraction to total data
of 0.3, random state of 101, the activation function
of ReLU for both input and hidden layers, the acti-
vation function of linear for output layer, Adam op-
timizer, and the mean squared error (MSE) as loss
function. Here, the number of hidden layers and the
number of nodes were varied to obtain the optimum
R? score. The results are shown in Table 5. It was
found that the optimum R? score was obtained with
three hidden layers with nodes of 128, 64, and 32 for
every hidden layer. Here 1000 epoch was used. Here
we found that the number of layers needed is only
three, although it is a common conception that the
deeper the layer, the more complex the relationship
could be captured. However, the number of nodes is
quite large, which means the model has a wider net-
work and the complexity of the regression boundary.
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Table 5. Effect of variations in the number of hidden layers
and nodes in each hidden layer on ANN perform-

ance.
Number of nodes in the layer of | .
i 5 3 R*score | RMSE | RRMSE
8 - - 0.507 0.153 | 26.860
16 - - 0.705 0.118 | 20.762
32 - - 0.560 0.144 | 25377
64 - - 0.580 0.141 24.782
128 - - 0.690 0.121 21.279
8 8 - 0.494 0.155 | 27.192
16 16 - 0.641 0.130 | 22.920
32 32 - 0.660 0.127 | 22.306
64 64 - —0.063 0.216 | 37.705
128 128 - 0.597 0.138 | 24.284
8 16 - —0.257 0.165 | 29.020
8 32 - 0.424 0.165 | 29.020
8 64 - 0.201 0.187 | 32.681
8 128 - 0.684 0.118 | 20.567
16 32 - 0.415 0.160 | 27.971
16 64 - 0.160 0.192 | 33.515
16 128 - 0.104 0.198 | 34.608
32 64 - 0.082 0.201 35.040
32 128 - 0.369 0.166 | 29.057
64 128 - —0.760 0.278 | 48.567
8 8 8 0.138 0.194 | 33.951
16 16 16 —0.627 0.267 | 46.650
32 32 32 0.525 0.144 | 25.195
64 64 64 —0.566 0.262 | 45.772
128 128 128 —0.276 0.236 | 41.307
32 32 8 0.529 0.144 | 25.108
64 64 8 0.165 0.191 33.430
64 64 32 —0.554 0.261 45.590
64 32 16 —0.143 0.224 | 39.104
64 32 8 —0.245 0.234 | 40.807
64 32 32 0.395 0.163 | 28.435
64 8 -0.674 0.271 47.325
32 8 —0.259 0.235 | 41.032
128 64 32 0.901 0.068 12.037
128 64 —0.171 0.227 | 39.584
128 32 0.433 0.158 | 27.543

This reflects the complex relationship between fea-
tures and targets.

3.4. Summary of optimized model
performance and performance stability
The summary of the optimized R? score is given in
Figure 1. However, we also conduct tests on the sta-
bility of the accuracy. It was found that although
ANN gives greater accuracy, the model itself has a
wildly fluctuating R? score. This may be due to a
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Figure 1. Optimized R? score plots of a) KNN model,
b) SVR model, and ¢) ANN model.

small quantity of data since ANN needs much larger
data points. Thus, we recommend KNN may be used
to predict impact strength although the accuracy is
smaller than ANN. The accuracy and stability of the
results are shown in Figure 2.

3.5. Correlation coefficients and the feature of
importance
The Pearson correlation coefficient (PCC), or corre-
lation coefficient, measures the linear correlation be-
tween features and outputs, which is tabulated in
Table 6, and the feature importance measures are
presented in Table 7. It should be noted that PCC
does not measure nonlinear relationships. According
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Figure 2. Performance (R? score) stability of KNN, SVR,
and ANN models.

to Table 6, it can be seen that all of the input features
are almost independent of each other. It can also be
seen that plasticizer density is more correlated to im-
pact strength in comparison to other features, fol-
lowed by plasticizer molecular weight, PLA molec-
ular weight, and plasticizer to PLA content. This
means that it is preferable to change plasticizer den-
sity to observe the change in impact strength in com-
parison to other features. A negative sign of plasti-
cizer density PCC means that as the plasticizer
density is increased, the impact strength will likely
decrease. Jacobsen and Fritz [8] conducted experi-
ments by adding plasticizer PEG1500, glucose mo-
noesters, and partial fatty acid esters and found that
at similar plasticizer contents, the impact resistance
of plasticized samples is similar, especially for glu-
cose monoesters and partial fatty acid esters addi-
tion. The glucose monoesters and partial fatty acid
esters both have similar densities of 1.06 and 1.03,
respectively. As pure PLA has no plasticizer, the value
of plasticizer density is zero, and according to our
model, as we increase plasticizer density, the impact
strength decreases, and we found that in our experi-
mental setup, this was true, as pure PLA has higher
impact strength (though Jacobsen and Fritz used im-
pact resistance, it can be assumed that impact strength
behavior will be somewhat similar). However, the

Table 7. Feature importance of ANN model.

Feature Feature importance
PLA molecular weight 0.135
Plasticizer molecular weight 0.268
Plasticizer density 0.289
Plasticizer content 0.066

PLA-PEG1500 system cannot be explained by the
model, since according to our model it should have
a smaller impact strength due to the higher density
of the plasticizer in comparison to glucose mo-
noesters and partial fatty acid esters. We suggest that
maybe other features affect the impact strength of
the PLA-PEG1500 system, and since PCC only
measures linear correlation, other effects, such as
nonlinearity, could not be captured.

Similar behavior occurs for plasticizer content and
PLA molecular weight, which has negative PCC. For
plasticizer content, Jacobsen and Fritz [8] also re-
ported that for glucose monoesters and partial fatty
acid esters plasticizers with content above 2.5%, the
impact resistance decreased as the plasticizer content
was increased. Wang et al. [35] also reported that the
impact strength of printed PLA increased with de-
creased molecular weight to some extent, which sup-
ports our model.

Opposite behavior was observed for the plasticizer
molecular weight feature, which has a positive effect
on impact strength. Jacobsen and Fritz [8] also re-
ported that the PEG1500-PLA system has higher im-
pact resistance than PLA glucose monoesters and
PLA partial fatty acid esters, despite the fact that glu-
cose monoesters and partial fatty acid esters have a
lower molecular weight than PEG1500. The results
of the feature of importance showed a similar pat-
tern. Plasticizer density, PLA molecular weight, and
PLA molecular weight have more importance on the
model or prediction side, while plasticizer content
does not seem to have strong importance according
to the model. It can be understood that when the
plasticizer content is changed, the impact strength

Table 6. Pearson correlation coefficient of plasticized PLA dataset.

PLA molecular Plasticizer molecular Plasticizer Plasticizer Impact
weight weight density content strength
PLA molecular weight 1 -0.11 0.52 0.15 —0.48
Plasticizer molecular weight —-0.11 1 —0.11 -0.31 0.50
Plasticizer density 0.52 —-0.11 1 0.15 —0.58
Plasticizer content 0.15 -0.31 0.15 1 -0.04
Impact strength —0.48 0.50 —0.58 —0.04 1
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does not always increase or decrease, and the effect
may be superficially random or not well understood
by our model.

3.6. Experimental comparison

The experimental comparison was conducted, al-
though the number of samples was small. The model
used in this comparison is KNN. The reason is as
mentioned in the discussion and results subsection
that although the ANN gives more accuracy than
KNN, the accuracy values are fluctuating while KNN
gives stable yet reliable accuracy. The other reason
for using KNN is that, based on the cross-validation
that has been conducted, KNN showed a higher R?
score than SVR and ANN.

The comparison between experiments and predic-
tions is demonstrated in Figure 3. It can be seen that
the prediction and the experimental results are close
enough for the concentration of PEG1000 and OES
to reach 20% concentration. It can be seen that the
effect of the addition of plasticizers PEG1000 and
OES is complex. Despite the limited number of ex-
perimental results, our model can predict the behav-
ior of the impact strength. The advantage of using
ML before experiments are that ML can guide ex-
perimentalists in finding the most efficient amount
of plasticizer to fine-tune the target property. In our
case, the experimentalist can fine-tune by varying
plasticizer content to obtain maximum impact
strength, which in our case study is predicted to be
4 and 5% of the concentration of PEG1000 and OES,
respectively.

4. Conclusions

Three ML models, KNN, SVR and ANN to predict
the impact strength of plasticized PLA have been suc-
cessfully developed. It was found that ANN has the
highest R? score of 0.901 in comparison to 0.839 of
KNN and 0.689 of SVR. The optimized R* score of
ANN was obtained at three hidden layers with 128,
64, and 32 nodes, for SVR it was optimized at C and
gamma of 1000 and 0.1 respectively, and for KNN at
K of 1. However, the R? score stability was found to
be fluctuating for ANN, while KNN and SVR shows
stable results. Thus, we recommend that KNN can be
used as a model instead of ANN, given the small num-
ber of experimental data. This may be due to a small
number of data since ANN needs much larger data
points. PCC analysis revealed that plasticizer density
had the highest correlation with impact strength, fol-
lowed by plasticizer molecular weight, PLA molecu-
lar weight, and plasticizer content. This indicates that
to some extent, it is preferable to alter plasticizer den-
sity in order to examine the effect on impact strength,
as opposed to altering other characteristics. Lastly, the
experimental comparison was conducted for PLA and
PEG1000, and OES as plasticizers. It was found that
KNN can predict the complex relationship between
plasticizer content and impact strength which can not
be easily captured by experiments. We suggest that
our approach can be used by experimentalists to con-
duct the fine-tuning of optimization.
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Abstract. A promising process to design non-isocyanate polyurethane (NIPU) foams has been developed. The transurethane
polycondensation reaction between fatty biscarbamates, fatty diols, and diamines was used to synthesize a biobased amino-
telechelic NIPU oligomer. The prepared oligomer (hard phase) was mixed with an amino-telechelic polydimethylsiloxane
(PDMS, soft phase) and then reacted with a biosourced tri-epoxide molecule as crosslinking agent, in the presence of
water/ethanol mixtures as physical blowing agents. The crosslinking reaction was followed by Fourier transform infrared
spectroscopy (FTIR) and rheometry. The foams can be obtained in less than 2 hours at 95 °C. The prepared foams exhibited
cell diameters ranging from 130 to 3090 um, as well as densities ranging from 55 to 950 kg/m3. Their thermal stability
thresholds were above 300 °C. They displayed glass transition temperature values ranging from —20 to —18°C, and low
values of the Young modulus ranging from 2.0-10° to 5.7-103 Pa. The hysteresis loss, the recovery time, and the firmness of

these foams were dependent on the PDMS content and/or the morphological parameters.

Keywords: processing technologies, polymer synthesis, thermosetting resins, NIPU, foam

1. Introduction

Polyurethanes (PUs) are a family of versatile and es-
sential polymers that can be found in many applica-
tion fields such as construction, furniture, bedding,
transportation, footwear, and everyday appliances.
Polyurethane foams have a significant share of the
polyurethane market that is projected to attain
13 million tons in 2024 [1-4].

Commercial PUs foams are usually prepared by reac-
tion of poly-ols with poly-isocyanates. Often, CO; is
used as a blowing agent and is produced in-situ by the
reaction between water and isocyanate [5—7]. A wide
range of versatile PU foams can be designed using
this straightforward pathway. Nevertheless, iso-
cyanates are toxic chemicals triggering social and
health concerns, which have led to a strengthening of
the law against them. For instance, PU formulations
containing more than 0.1% w/w of residual isocyanate
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are forbidden since 2009. To face this worldwide
issue, the development of new isocyanate-free
processes is of great interest. Today, the literature
mentions very few processes for the synthesis of non-
isocyanate polyurethane foams (NIPU). These
processes are mainly based on the synthesis of a
poly(hydroxyurethane) (PHU) matrix from diamine
and cyclic carbonates [8—18]. Nevertheless, with one
exception, the final foam can only be obtained using
high temperatures and/or reaction times, due to the
low reactivity of the cyclocarbonate groups.

One technique to design PHU foams is to use phys-
ical blowing agents that evaporate during the poly-
merization process. Solkane, which is a fluorocar-
bon, was used to prepare PHU foams. The process
was performed during 14 h at 80 °C [8]. Supercritical
CO, was also used as a blowing agent to prepare
PHU foams [9, 10]. Grignard ef al. [9] conducted the
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foaming process at 40 °C under 100 or 300 bars for
3 to 24 h, then at 80°C for 1 min. Mao et al. [10]
performed the foaming process at 80 °C under pres-
surization by CO, at 150 bar for 6 h.

The second and major technique involves the use of
chemical blowing agents. Cornille ef al. [11] have
prepared PHU foams using a self-blowing process.
Poly(hydrogenomethylsiloxane) (PHMS) was used
as a foaming agent that releases H; in-sifu by the re-
action of its SiH groups with a (di-)polyamine during
the polymer network formation. The foams were ob-
tained upon heating at 80 °C for 12 h, then at 120°C
for 4 h, respectively. They also succeeded in prepar-
ing these foams at room temperature for three days,
using a thiourea catalyst [ 12]. Using the same process,
Sternberg and Pilla [13] have prepared carbonated
Kraft Lignin, using glycerol carbonate or dimethyl
carbonate, and have reacted them with hexamethyl-
enediamine (HMDA) in the presence of PHMS as a
blowing agent, and dimethyl sulfoxide (DMSO) to
dissolve the lignin part. The foams were obtained at
150°C after 12 hours.

Clark et al. [ 14] have developed an exotic self-blow-
ing PHU foam through the reaction of polyamine
with cyclocarbonated sorbitol. A concomitant side re-
action led to release of CO; at 100 °C, forming the
foam after 20 h of reaction.

Monie et al. [15] prepared a self-blowing poly(hy-
droxyurethane-co-hydroxythioether) foam by react-
ing a cyclocarbonate, a diamine, and a thiol for 4 h
at 100°C. CO, was generated in-situ as a result of
the reaction of the thiol groups with the cyclocarbon-
ates. In another work, they reacted a thiolactone with
amine groups to generate the thiols. The prepared
foams had several bonds (hydroxyurethanes, thioeth-
ers, and amides) [16]. Coste et al. [17] used aminol-
ysis of a thiocyclic carbonate to initiate the reaction
between the released thiols and cyclic carbonates,
resulting in the release of CO, and blowing out the
PHU matrix. Recently, Bourguignon et al. [18] re-
ported a promising process to prepare water-induced
self-blown PHU foams. They added water and a cat-
alyst, such as 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU) or KOH, to hydrolyze 5 membered cyclic
carbonates in the temperature range of 80-100°C,
for 3—-5 hours. This hydrolysis reaction released in-
situ CO, that acted as a blowing agent in PHU for-
mulations composed of a tris(cyclic carbonate) and
a diamine. In addition, they showed that by preheat-
ing all the components of the formulation separately

for 5 minutes at 100 °C, mixing them and injecting
them into a preheated mold (100 °C), they reduced
the foaming time from 3 h to 30 min. The resulting
foams exhibited properties quite similar to those of
their analogues prepared without preheating (3 h),
except for a lower density.

The transurethane polycondensation reaction be-
tween dialkyl dicarbamates [ 19-24] and diols, or be-
tween dialkyl carbonates and diamines [25-31], is one
of the most attractive route to NIPUs. Indeed, com-
pared to PHUs, NIPUs exhibit conventional polyure-
thane structures. In addition, NIPUs can be made
from a large selection of dialkyl dicarbamates or di-
alkyl dicarbonate molecules, ccomparedto the few
commercially available diisocyanate analogues that
are precursors of PUs. However, unlike the polyad-
dition reaction between polyamine and poly(cyclic-
carbonates), the transurethane polycondensation can-
not be used directly to prepare crosslinked NIPU
because it is achieved at high temperatures and vac-
uum to remove the released methanol and to displace
the equilibrium. This problem can be circumvented
by preparing telechelic NIPU oligomers allowing
post-crosslinking via polyaddition reactions under
mild conditions [21-32].

Xi et al. [25] have prepared NIPU foams by reaction
of glucose with dimethylcarbonate (DMC), followed
by a reaction with hexamethylene diamine, in the
presence of silane as a crosslinking agent. They used
NaHCOj as a chemical foaming agent that decom-
poses at high temperature releasing CO,. The foam-
ing process took 30 min at 200 °C. These authors
prepared similar NIPU foams using maleic acid as
foaming initiator and glutaraldehyde as crosslinking
agent. The final foams were obtained at room tem-
perature for 5 h, followed by curing at 103 °C for 4 h
[25-27]. In another work, they used this same
process at room temperature to prepare NIPU foams
based on mimosa tannin. The curing of the obtained
foams was performed at 70—-80 °C overnight [27, 28].
Recently, they prepared self-blowing NIPU foams
from tannic acid and citric acid, using a similar pro-
cedure [29]. The curing process was performed
overnight at 70 °C then at 25°C for 2 days. Singh
and Kaur [30] have prepared similar foams through
a reaction between xylose, dimethyl carbonate and
hexamethylene diamine, in the presence of citric
acid. The foaming/curing process lasted 2 h at 90 °C
then 24 h at room temperature. Smith et al. [31] have
used this methodology to produce foams from tannic
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acid, chitosan and DMC, in the presence of glu-
taraldehyde and other carboxylic acids, i.e. malic
acid, maleic acid, citric acid and aconitic acid. The
final foams were obtained after 72 h at room tem-
perature.

Recently, our team has prepared several biobased
amino-terminated NIPU using the transurethane poly-
condensation between dimethylcarbamates, diols
and diamines [32]. Then, they reacted them with a
polyepoxide molecule, in the presence of PHMS or
its copolymer poly(methylhydroxysiloxane)-co-poly
(dimethylsiloxane) (PHMS-co-PDMS) as blowing
agents, to obtain NIPU foams displaying conven-
tional PU structures. The foams were obtained after
30 min of heating at 100 °C (without any preheating)
or after 14.5 h at room temperature, which was, as far
as we know, the faster process to get NIPU foams
[32]. However, this process releases hydrogen, which
may limit its use in industry for safety reasons.

In this paper, we propose a solution to this problem-
atic by implementing a green and straightforward
process allowing the preparation of biobased NIPU
foams from biobased diols and diamines (derived
from vegetable oils), dimethyl carbonate (which can
be produced from CO,), a biobased polyepoxide (de-
rived from glycerol) as a crosslinking agent, an amino
terminated PDMS as a soft segment template and
surfactant, and water and/or ethanol as a blowing
agent. The morphological, thermal and mechanical
properties of these materials were investigated.

2. Materials

Dimethyl carbonate (DMC, 99%, Sigma Aldrich,
France), poly(dimethylsiloxane) bis(3-aminopropyl)
terminated (PMDS-A, Sigma Aldrich, France) and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 98%,
Sigma Aldrich, France). Polyglycerol polyglycidyl
ether (DENACOL EX512, Nagase ChemteX, France).
Dimer fatty diamide (Priamine® 1074, Cargill, France)
and dimer fatty diol (Pripol® 2033, Cargill, France).
All solvents and other reagents were used as re-
ceived.

3. Synthesis

3.1. Synthesis of bis-methyl dicarbamate
based on Priamine® 1074 (BMC)

Priamine® 1074 (1 eq.), TBD (0.1 eq.) and DMC

(10 eq.) were mixed and stirred for 6 h at 80°C, ina

single-neck round-bottom flask furnished with a mag-

netic stirrer. The mixture was then cooled down to
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room temperature, and then washed with water in di-
ethyl ether. The organic phase was dried over MgSQOy,,
which was then removed by filtration. After solvent
evaporation, the product was recovered as an orange
viscous liquid. 'H NMR (300 MHz, CDCls) § [ppm]:
4.64 (broad, 2H; NH), 3.65 (s, 6H; OCH3), 3.15 (m,
4H; NHCH,), 2.52 to 1 (m, 56H; CH and CH>), 0.87
(m, 6H, CH3). 13C NMR (75 MHz, CDCI3) § [ppm]:
157.1 (C=0), 52.0 (OCH3), 41.1 (NHCH,), 32.0 to
22.8 (CHy), 19.8 (CH), 14.2 (CHj3).

3.2. Synthesis of methylcarbamate-terminated
NIPU oligomer (NIPU-MC)

Pripol® 2033 (6g, 11.2mmol), BMC (16.74 g,
25.7 mmol), and TBD (0.16 g, 1.1 mmol) were mixed
under a nitrogen stream and stirred for 16 h at 160°C,
in a neat three-neck round-bottom flask furnished with
a mechanical stirrer. Then, the medium was placed
under vacuum at 0.5 mbar, during 2 h at 160°C. The
product was recovered as an orange viscous oil.
"H NMR (300 Hz, CDCl3) & [ppm]: 4.66 (broad, 3H;
NH), 4.02 (t, 4H; OCH,), 3.65 (s, 6H; OCH;), 3.14
(m, 8H; NHCH,), 2.52 to 1 (m, broad, 173H; CH and
CH,), 0.85 (m, 6H, CH;). 3CNMR (75 MHz,
CDCl3) 6 [ppm]: 157.1 (C=0), 156.8 (C=0), 64.83
(C-0), 51.9 (OCH3), 41.0 (NHCH,), 40.9 (NHCH,),
37.4t022.7 (CHy), 19.8 (CH), 14.2 (CHj3).

3.3. Synthesis of amine-terminated NIPU
oligomers (NIPU-A)

Priamine® 1074 (32.72 g, 60.6 mmol), NIPU-MC
(35.79 g,20.2 mmol.), and TBD (0.28 g, 2.0 mmol)
were mixed under a nitrogen stream and stirred for
16 h at 160°C, in a neat three-neck round-bottom
flask furnished with a mechanical stirrer. The medi-
um was then placed under vacuum at 0.5 mbar, dur-
ing 2 h at 160°C. The final product was recovered
as an orange viscous oil. NIPU-A: "H NMR (300 Hz,
CDCl3) 8 [ppm]: 4.68 (broad, 8H; NH), 4.02 (t, 3H;
NH(CO)OCH,), 3.65 (s, residual; OCHj3), 3.62 (t,
2H; HOCH,), 3.14 (m, 12H; NHCH,), 2.6-2 (m,
392H; CH and CH>), 0.88 (m, 6H, CH3). '3C NMR
(75 MHz, CDCls) & [ppm]: 163.7 (C=0), 158.9
(C=0), 157.1 (C=0), 156.8 (C=0), 64.8 (C-0), 53.4
(OCHs3), 42.2 (NHCH,), 40.4 (NHCH,), 37.4 t0 22.8
(CHy), 19.8 (CH), 14.2 (CH3).

3.4. Preparation of NIPU foams
In a polypropylene mould, NIPU-A, DENACOL
EX512, PDMS-A and a mixture of water/ethanol
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were mechanically blended together at variable molar
ratio. Then, the formulation was stirred during 2 min
at 2400 rpm using a Speedmixer DAC 150.FVZ.K.
A homogenous blend was obtained. The formulation
was then placed in an oven at 95 °C during 120 min
to produce the final NIPU foam.

4. Analysis

4.1. Fourier transform infrared spectroscopy
(FTIR)

FTIR analysis was achieved with PerkinElmer Spec-

trum 2000 FTIR (France). This instrument was fur-

nished with a diamond attenuated total reflectance

(ATR) device (ATR MK II Golden Gate, Specac,

France). Spectra were acquired in the 600 to 4000 cm™!

range, using 10 scans in a nominal resolution of

8cm.

4.2. Nuclear magnetic resonance (NMR)

"H NMR and '*C NMR spectra were acquired with
a Bruker 300 Fourier transform spectrometer (France)
at 300 and 75 MHz, respectively. The prepared oligo-
mers were analysed in CDCls, in the presence of
tetramethylsilane (TMS) as an internal standard.

4.3. Size exclusion chromatography (SEC)
Average molecular weights (M, and My,) and disper-
sity (D= My/M,) of NIPU-MC, NIPU-A, and
PDMS-A were evaluated by size exclusion chro-
matography (SEC). These compounds were dis-
solved in dichloromethane, filtered (0.45 pm) and
analysed at 25 °C by a Varian PL-GPC50 instrument
(France) furnished with two mixed packed columns
(PL gel mixed type C). The mobile phase was di-
chloromethane. Calibration was performed using
poly(methyl methacrylate) (PMMA) standards (from
875 to 62000 g/mol).

4.4. Assessment of M, of NIPU-A and
PDMS-A by titration of amine groups
NIPU-A or PDMS-A (1.5 g) was dissolved iso-
propanol/toluene mixture (25 ml, volume ratio 1/1)
at 50°C. The assay was then performed using a so-
lution of HCI in isopropanol (0.1 mol/I). Bromocre-
sol green was used as a colorimetric indicator. As-
suming an average amine functionality of 2.0 for
these oligomers, the average molecular weight was

calculated using Equation (1):

2 M ligomer
Mn_ [HCI]'Veq (1)

where mgligomer 15 the weight of oligomer sample,
[HCI] is the concentration of the HCI titrant solution,
Veq 1s the volume at the equivalence (or stoechiomet-
ric) point.

4.5. Determination of phr: stoichiometric
parts by weight of curing agent per
100 parts of epoxy resin

The phr value was calculated as Equation (2):

4 — AHEW
p EEW

100 )

Amine hydrogen equivalent weight (AHEW) was de-
termined as Equation (3):

M(amine — terminated oligomer)

AHEW = numberof active amine hydrogen G)

Epoxy equivalent weight (EEW) was determined as
Equation (4):

M(epoxy resin) 4
number of epoxy function @

EEW =

4.6. Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) analysis was
achieved under a nitrogen flow, using a DSC Q2000
instrument (TA Instruments, France) with a heating
rate of 10 °C/min, in the range of —50 to 200 °C. The
glass transition temperature (1) was calculated from
the second heating cycle using the midpoint method.
The area and width of the exothermic peak were
used to determine the enthalpy of reaction and the
curing range, respectively.

4.7. Thermogravimetric analysis (TGA)
Thermo-gravimetric analysis (TGA) was performed
under a nitrogen flow, using a TGA Q500 device (TA
Instruments, France), with a heating rate of 10 °C/min.
The thermal stability of the prepared NIPU foams
was estimated through the temperature at 10% of
weight loss (7709).

4.8. Dynamic mechanical analysis (DMA)
Dynamic mechanical analysis was achieved with the
DMA Q800 (TA Instrument, France). Each sample
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was cut into a 10x4 mm cylinder. The mechanical
behaviour of the foams was measured with compres-
sion clamps in strain ramp mode at room tempera-
ture. A preload force of 0.02 N and a strain rate of
2%/min were used, up to 75% of the total foam strain.
The resilience was measured in the creep mode at
room temperature. The foams were compressed to
50% of their initial thickness with a displacement
time of 10 min and a recovery time of 20 min.

4.9. Scanning electron microscopy (SEM)

The prepared NIPU foams were imaged with JEOL
scanning electron microscope (JEOL Neoscope
JCM-6000, France). Samples were sputter-coated
with gold (JFC 1300 Autofine coater: JEOL, France)
before imaging. Cross-section morphologies were
recorded at 15 kV accelerating voltage, in high vac-
uum secondary electron mode.

4.10. Rheological study

Rheological analysis was performed on a DHR-2
rheometer (TA Instruments, France) using a parallel
plate geometry (925 mm), with a geometry gap of
500 um and a shear rate of 10 s!. Measurements
were performed on a temperature range of 30 to
200°C with a heating rate of 3 °C/min. Viscosity
measurements were conducted in the flow tempera-
ture ramp mode. The gel point (GP) was assessed
using isothermal and temperature ramp tests in os-
cillatory mode with a frequency of 1 Hz.

4.11. Swelling index (S7)

Each NIPU foam was immersed in 20 ml of CH,Cl,
and stirred for 24 h. Swelling index was calculated
as Equation (5):

mf -

m

s1="2"" 100 (5)
where m¢ is the mass of the sample after 24 h of im-
mersion in CH,Cl, and m; its initial mass.

4.12. Extractible content
Extractible content was calculated as Equatiom (6):

m; —m,
m 100 (6)

Extractible content =

m; is the initial mass of the sample, m; is the residual
mass after extraction in CH,Cl, for 24 h, followed
by drying at 50 °C for 24 h.
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4.13. Apparent density
Cylindrical NIPU foams were prepared in a specific
mould. The top of the foam which was out of the
mould was carefully cut to afford a perfect cylindri-
cal geometry. Apparent density (p,) was calculated
as Equation (7):

m.

pa:ﬂ:'l"z'l’l (7)

m; r, and h are the initial mass, the radius and the
height of the cylindric foam, respectively.

A digital caliper was used to measure the dimensions
of the foams.

5. Results and discussion
5.1. Preparation of an amino-telechelic NIPU
(NIPU-A)
An amine terminated NIPU oligomer (NIPU-A),
based on fatty branched diamines (Priamine® 1074)
and dialcohols (Pripol® 2033), was prepared in three
steps in bulk conditions without any purification
(Figure 1). In order to limit the chain extension dur-
ing the polymerization process, an excess higher
than 2 in BMC (for preparation of NIPU-MC) and
in Priamine® (for the preparation of NIPU-A) was
used (Figure 1). Consequently, free Priamine®, play-
ing the role of reactive diluent, was present in the
final liquid product, which exhibited suitable viscos-
ity for the preparation of initial foam mixtures.
The bis-methyl dicarbamate based on Priamine
1074 (BMC) was prepared by the reaction of a large
excess of DMC (10 eq) with Priamine® 1074, in the
presence of TBD as catalyst. The reaction was con-
ducted at 80 °C for 6 h, as previously described [19—
24, 32]. The 'H NMR analysis displayed a total dis-
appearance of the signal of amine groups at
2.65 ppm. The signal of the methyl protons arose at
3.65 ppm. The signal of the methylene groups in the
a position of the methyl carbamate groups was ob-
served at 3.15 ppm. The signal at 4.64 ppm arose
from the nitrogen proton of the carbamate groups. The
band at 1715 cm™ in the FTIR spectrum (Figure 2)
corresponds to the H bonded stretching vibration of
C=0 of the methyl carbamate groups. The bands at
1526 and 3300 cm™! correspond to the bending and
stretching vibrations of N—H bonds, respectively.
The DSC analysis did not show any thermal phe-
nomenon above 80°C. The TGA analysis showed
good thermal stability with 77¢s, > 200°C.

®
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Figure 1. Synthesis pathway of the NIPU-A oligomer.
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Figure 2. FTIR spectra of compounds BMC, NIPU-MC and
NIPU-A.

The NIPU oligomer with methylcarbamate chain-
ends (NIPU-MC) was prepared by reacting 2.3 eq of
BMC with Pripol® 2033 at 160 °C, under a nitrogen
flow overnight, and then under vacuum for 2 h, in
the presence of TBD, as similarly performed in a
previous work [32]. The FTIR spectrum (Figure 2)
showed the persistence of the urethane bands. The
"H NMR analysis revealed the decrease of the peak
of the methyl carbamate groups at 3.65 ppm as well
as the absence of a triplet at 3.62 ppm arising from
protons in the alpha position to the primary alcohol
function. One can also observe the presence of a
peak at 4.03 ppm arising from protons in the alpha
position to the oxygen of the median urethane func-
tion, suggesting that the oligomerization was suc-
cessful (Figure 3). SEC analysis showed a mixture
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Figure 3. 'H NMR spectrum in CDCI of methylcarbamate-
terminated NIPU oligomers (NIPU-MC).

of oligomers and BMC (Figure 4). The obtained M,
value for NIPU-MC was 2520 g/mol with a disper-
sity of 2.8 (Table 1).

Finally, the NIPU-MC was reacted with 3 eq of Pri-
amine® 1074 leading to a NIPU oligomer with amine
end-groups (NIPU-A), as similarly performed in a
previous work [32]. The FTIR spectra of this oligo-
mer (Figure 2) displayed urea bands at 1630 cm™!
(C=0 stretching) and 1575 cm™! (N-H bending),
suggesting that the excess of amine groups caused a
side transurethane reaction along the chain of the
NIPU-A, releasing mono- and/or di-alcohols. This
supposition was confirmed by 'H NMR analysis
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Figure 4. SEC chromatograms in CH,Cl, of amine-termi-
nated NIPU (NIPU-A) (Molecular weight values
in PMMA equivalent).

(Figure 5), which showed a decrease in the signal of
the median urethane function at 4.03 ppm, an in-
crease of the peak at 3.13 ppm emanating from both
urea and urethane groups, and an appearance of a
triplet at 3.62 ppm coming from released alcohol
groups. SEC analysis confirmed also this hypothesis
by displaying a mixture of oligomers, Pripol® 2033
and Priamine® 1074 (Figure 4) with M, value of
1240 g/mol, and dispersity of 1.6 (Table 1). The
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Figure 5. "H NMR spectra of the prepared NIPU-A oligo-
mer.

absolute M, value (considering an ideal structure with
an average functionality in amine groups of 2) of the
prepared NIPU-A was determined by amine titration
(amine index) and was 1385 g/mol (Table 1).

"H NMR analysis allowed the calculation of the
urea/urethane ratio (x/y’) in the NIPU-A oligomer, as
Equation (8):

X _  9%Urea

Y =~ %Urethane ®)

where:

%Urethane = y/(x + y)-100;

%Urea = x/(x + y)-100;

y= 14.03 ppm/z;

x = (13.13 ppm — 14.03 ppm)/4 ;

I the integration of peaks.

This ratio was about 86/14 (Table 1).

NIPU-A displayed viscosity values of 39 Pa-s at
30°C and 0.40 Pa‘s at 100°C. PDMS-A displayed
relatively lower viscosity values, i.e. 0.04 and
0.01 Pa-s, respectively.

TGA analysis showed T, of 289 °C for PDMS-A
and of 316°C for NIPU-A. The T, values of these
compounds are supposed to be lower than —50 °C be-
cause they were not detectable by DSC in the tem-
perature range of —50 to 200 °C.

5.2. Preparation of the NIPU foams

The NIPU foams were prepared by the epoxy-amine
reaction between NIPU-A, PDMS-A and DENACOL
EX512, which is a bio-based tri-epoxy compound,
prepared from glycerol. Foaming was then carried out
by adding water/ethanol mixtures at different ratios
as physical blowing agents, and heating between 73
to 120°C for evaporation (Figure 6). PDMS A was
chosen as a soft phase model to obtain foams with
chemical structures close to those previously pre-
pared using PHMS and its PDMS-PHMS copolymer
as crosslinking and blowing agents, and to compare

Table 1. Physico-chemical properties of the NIPU-MC, NIPU-A and PDMS-A.

. Viscosity
Oligomer , M2 M, | Ty Urea/urethane 4
code K K fgmatl| 7 gt ey N gy raoy | AHE 20
NIPU-MC | Priamine® 1074 | Pripol® 2033 | 2520 | 2.8 - - - 0/100 - -
NIPU-A | Priamine® 1074 | Pripol®2033 | 1580 | 1.9 | 1420 | 316 39/0.40 86/14 337 200
PDMS-A - - 1040 | 1.6 | 1020 | 289 | 0.04/0.01 - 255 152

“Determined by SEC;

"Determined by titration;

°Determined by '"H NMR;

dphr: stoichiometric parts by weight of curing agent per 100 parts of epoxy resin;

AHEW: Amine hydrogen equivalent weight. The epoxy equivalent weight (EEWpgnacor Exsi2) Was fixed at 168.
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their properties as a function of the nature of the
blowing agent and the crosslinking density [32]. In-
deed, PDMS-A has no reactive groups along the
chain that increase the crosslinking density, and it
cannot release hydrogen gas.

The amine and epoxy groups were introduced in the
stochiometric proportions, considering that one amine
group can react with two epoxy groups. Therefore,
the amine-index of NIPU-A and PDMS-A assessed
by titration was used for calculation of AHEW
(Equation (2)) and phr (Equqtion (1)) (Table 1).
The average functionality of the starting monomers
mixture of 3.4 and the critical conversion at the gel
point of 0.58 were calculated using Carothers’ equa-
tions (f, Equation (9) and P., Equation 10)):

y Z”iﬁ
T=5 ©)

(10)

where 7; is the molar quantity of the monomer i and
fi is the functionality of the monomer 7 (f; =4 for
NIPU-A and PDMS-A (since one amine group can
react twice) and f; =3 for DENACOL EX512).

The crosslinking reaction was first monitored by dy-
namic rheology, in the absence of foaming agent. The
approximative temperature of the gelling point (GP),
at a low heating rate of 3 °C/min, was determined as
the temperature where G’ (storage modulus) was
equal to G" (loss modulus), i.e. at the cross-section
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Figure 7. Rheological study of NIPU-A/PDMS-A/
DENACOL EX512 formulations as a function of
temperature, at a heating rate of 3 °C/min.

of the two curves (Figure 7). One can observe that the
gelling point temperature was about 116 °C regard-
less the PDMS-A concentration. However, this tem-
perature is very high and may cause all the foaming
agent to evaporate before gelling begins.

Since the boiling temperature of water is 100 °C and
the water/ethanol mixture boils at temperatures rang-
ing from 78 °C (azeotropic) to about 95 °C (water-
rich mixture), we have tested foaming at close tem-
peratures, i.e. 73, 74, 76, 79, 85, 95, 100, 105 and
120°C. Formulations based on NIPU-A, PDMS-A
and a blowing agent (water/ethanol mixtures at sev-
eral ratios) were heated at the set temperature for 2 h,
which is more than enough time for the expansion
and evolution of the foam (Table 2). Photos of some
prepared NIPU foams are depicted in Figure 8. This
preliminary study showed that 95°C was the best
temperature to get foams combining good expansion
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L

F13-2%-100/0

Figure 8. Photos (on the left) of NIPU foams based on 2% of PDMS-A and water as foaming agent at different temperatures
(F1, F9, F11 to F13) and their corresponding SEM images (on the right).
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and apparent mechanical properties. Indeed, at a
temperature below or equal to 85°C, foams could
not be obtained, whereas above 95 °C, the blowing
agent evaporation was very fast leading to foams
presenting macro-cellular morphologies and/or a
thick layer of crust, as well as poor mechanical prop-
erties.

An isothermal study, in the absence of the blowing
agent, was then conducted at 95 and 100 °C to have
an idea about the minimal time required to get the
gel point (Figures 9 and 10) and to define a universal
time for the process. The GP was reached after 194
to 354 s at 95°C (using formulations with 0 to 10%
of PDMS) and after 133 s at 100 °C (using formula-
tion with 2% of PDMS).

In complement to this study, we have performed an
isothermal DSC study at the same temperatures (for-
mulations with 2% of PDMS) to evaluate the time re-
quired to get the critical conversion of the epoxy-
amine system (Figures 11 and 12). The formulations
having a high reactivity at 95 and 100 °C, the baseline
of the DSC curve couldn’t be observed at the begin-
ning. However, the end of the epoxy-amine reaction,
attested by the end of energy release, was observed

10
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10~ — PDMS-A 0%
— PDMS-A 2%
— PDMS-A 5%
0 100 200 3060 400 500 — PDMS-A 10%
10-°
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Time [s]

Figure 9. Isothermal rheological study at 95°C of NIPU-A/
PDMS-A/DENACOL EX512 formulations as a
function of time.

— Storage modulus
—— Loss modulus

200 400 600

Time [s]

800 1000

Figure 10. Isothermal rheological study at 100 °C of NIPU-
A/PDMS-A (2%)/EX512 formulation as a func-
tion of time.

after about 45 min at 95°C and after about 30 min
at 100 °C, which is well after the gel point and well
within the two-hour curing time.

5.3. Characterizations of the prepared NIPU
foams

The composition and properties of the prepared

NIPU foams at the optimal process conditions are

depicted in Table 2.

It is noteworthy that the foams were elaborated fol-

lowing three main parameters:

1 The molar content of PDMS-A (from 0 to 10%)

for a fixed blowing agent composition (H,O

100%) and a fixed temperature (95 °C) (Foams:

F1, F6, F7 and F8);

The blowing agent composition (water/ethanol ra-

tios (mol/mol): 100/0, 90/10, 75/25, 50/50, 0/100)

for a fixed value of concentration of PDMS-A

(2%, a fixed temperature and a fixed total volume

of the blowing agent at the liquid state (80 ml)

(Foams: F1 to F5; F9 vs. F10);

The foaming temperature for a fixed formulation

(Foams: F1, F9, F11 to F13; F2 vs. F14; F3 vs.

F15; F4 vs. F16 and F5 vs. F17).
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Figure 11. Isothermal DSC study at 95°C of NIPU-A/
PDMS-A (2%)/EX512 formulation as a function
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Figure 12. Isothermal DSC study at 100°C of NIPU-A/
PDMS-A (0 to 10%)/EX512 formulations as a
function of time.
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Table 2. Composition, apparent density (p,), physical and thermal properties of the prepared NIPU foams.

Foams PDMS-A, p | Water/ethanol, z | Tiaming Pa Average cell diameter | Extractible | Swelling index

|Fn-p-z]* [%] [mol/mol] [°C] [kg/m3] [pm] [wt%] [wt%)]
[F1-2%-100/0] 2 100/0 95 190+40 590+270 1542 1180+410
[F2-2%-90/10] 2 90/10 95 90+4 1540+400 2142 1350490
[F3-2%-75/25] 2 75/25 95 115440 430+150 20+1 1480+210
[F4-2%-50/50] 2 50/50 95 125420 4654215 1943 730+130
[F5-2%-0/100] 2 0/100 95 280425 280+120 13+2 1100150
[F6-0%-100/0] 0 100/0 95 325460 600+500 13£1 650+130
[F7-5%-100/0] 5 100/0 95 120+7 4004250 19+5 1500+170
[F8-10%-100/0] 10 100/0 95 160+60 830+300 13+3 1200+130
[F9-2%-100/0] 2 100/0 85 950+60 140+125 9+1 290+10
[F10-2%-75/25] 2 75/25 85 830+20 140+85 14+1 260+9
[F11-2%-100/0] 2 100/0 100 140+6 580+250 23+3 1150+70
[F12-2%-100/0] 2 100/0 105 55+7 3090+880 25+4 1820+160
[F13-2%-100/0] 2 100/0 120 80+17 1240+430 2542 1400410
[F14-2%-90/10] 2 90/10 79 670+30 n.a 25+3 260+10
[F15-2%-75/25] 2 75/25 76 880+40 n.a 13+1 280+10
[F16-2%-50/50] 2 50/50 74 790+10 n.a 11£2 290+10
[F17-2%-0/100] 2 0/100 73 910+50 n.a 16+1 300+5
F-commercial PU [12] - - RT 100 600+250 8 980
F-NIPU reference [32] - - 100 170+40 360+220 18+2 840+110

2F: means foam, n: is the number of the prepared foam, p: is the percentage of PDMS-A, z: is the water/ethanol ratio.

The properties of the prepared NIPU were compared
to those of a selected commercial conventional PU
foam recently described in the literature [12]. They
were also compared to a NIPU foam previously pre-
pared from the same NIPU-A and DENACOL
EX512 in the presence of PHMS as a crosslinking
and in-situ hydrogen-releasing chemical blowing
agent [32].

FTIR analysis of the prepared foams exhibited a
small residual band of the epoxide group at 830 cm™!
(Figure 13). The urethane/urea ratio was similar to
that of the NIPU-A precursor.

Scanning electron microscopy (SEM) was used to
analyse the morphologies of the prepared foams.

Ve o (€POXY)

[F8-10%-100/0]

3600 3100 3600 2100

Wavenumber [cm™]

1600 1100 600

Figure 13. FTIR spectra of some prepared foams.

Some images are depicted in Figure 14. All the pre-
pared foams exhibited open cells. Foams prepared
above 95 °C presented heterogeneous macro-cellular
morphologies with cell size above 1 mm and stan-
dard deviation ranging from 430 to 880 pwm (Table 2).
Surprisingly, the foam F2-2%-90/10 prepared at
95°C also exhibited a macro-cellular morphology
(15404400 pm). The non-expanded materials pre-
pared at 85 °C exhibited little cells with low size of
about 140 pum. All the other foams prepared at 95°C
displayed micro-cellular morphologies with cell
sizes ranging from 2804120 to 8304300 um. The
foams prepared with 50 to 100% of ethanol exhibited
the lowest cell sizes. Furthermore, it seems that the
amount of PDMS-A in the formulation has not a sig-
nificant impact on the cell size values, considering
the standard deviations. Furthermore, one can ob-
serve that these values are in the range of the F-com-
mercial PU (600+250 um) [12] and the F-NIPU ref-
erence (360+£220 pum) [32].

Foams prepared at temperatures above 100 °C as well
as the foam F2-2%-90/10 prepared at 95 °C exhibited
the lowest density values (55 to 90 kg/m?®), which is
in consistency with their macro-cellular morphologies
and cell size values (Table 2). According to the liter-
ature [11] these foams can be considered as low-den-
sity flexible foams. As expected, the non-expanded
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Figure 14. SEM images of the prepared foams, as a function of the H,O/Ethanol ratio (z) and the PDMS content (p).
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material prepared at 73 to 85 °C displayed the highest
apparent density (67030 to 950+60 kg/m?). All the
other foams exhibited apparent density values be-
tween 115+40 and 325+60 kg/m3, consistent with
their corresponding average values of cell size.
These foams can be considered as high-density flex-
ible foams [11]. These values are also consistent with
those of PHU foams (190 to 300 kg/m?), described
recently in the literature [11, 12]. They were also in
the range of the F-commercial PU (100 kg/m?) [12]
and F-NIPU reference (170+40 kg/m?) [32].

The crosslinking densities of the prepared foams
were estimated through their swelling and extractible
percentages in dichloromethane (Table 2). Because
of their affinity with dichloromethane and their porous
structure, the prepared foams displayed high swelling
percentages, ranging from 730 to 1820%. The foam
prepared at 105 °C (F12) exhibited the highest value
of swelling percentage (1820%) and extractible
(25%), suggesting the lowest degree of crosslinking.
The foam prepared at 120 °C (F13) also possessed a
low crosslinked density since they exhibited 25% of
extractible percentage and a relatively high swelling
percentage (1400%). The foam prepared at 100°C
(F11) displayed lower crosslinking density than its
analogue prepared at 95 °C (F1), with extractible val-
ues of 23 vs. 15%, respectively, and close swelling
percentages (about 1160%). The non-expanded ma-
terials prepared at 73 to 85 °C exhibited the lowest
swelling percentages due to their non-alveolar struc-
tures (256 to 300%). On the other hand, they dis-
played similar extractible percentages ranging from
9 to 25%, compared to the other foams. All the foams
prepared at 95 °C with 2% of PDMS exhibited good
and intermediate crosslinking densities with swelling

percentages ranging from 730 to 1480% and ex-
tractible percentages of about 19%. The foam without
PDMS-A showed the lowest swelling and extractible
percentages (650 and 9%, respectively), whereas the
foams based on PDMS-A (2 to 10% of PDMS-A)
showed higher values of these two parameters. This
can be explained by the higher solubility of the PDMS
chains in dichloromethane compared to NIPU-A.
Furthermore, the F-commercial PU and the F-NIPU
reference exhibited close swelling percentages of
980 and 840%, respectively, compared to the pre-
pared foams. Nevertheless, the commercial foam
presented a higher crosslinking degree attested by a
lower extractible content (8%). The higher extent of
extractables in the case of the prepared foams can be
explained by a lower theoretical critical conversion
at their gel point (58%) as well as by the residual
presence of non-reactive chemical functions in the
NIPU-A.

Thus, on the base of the morphological characteri-
zations, we could confirm that 95 °C was the optimal
temperature to prepare the foams. The thermome-
chanical properties were then performed only on
foams prepared at this temperature (Table 3).
Differential scanning calorimetry was used to assess
the thermal properties of the prepared foams. Typical
DSC curves are displayed in Figure 15. The foams ex-
hibited close 7, values ranging from —17 to —20°C
regardless of their PDMS content (Table 3), which
is close to the T, value of the F-NIPU reference
(-16°C) [32]. The F commercial PU showed a high-
er Ty value of 0°C [12].

Thermogravimetric analysis was used to evaluate
the thermal stability of the prepared foams. Typical
TGA curves are presented in Figure 16. The thermal

Table 3. Mechanical and thermal properties of the optimal NIPU foams prepared at 95 °C.

Foam HLP Ryso,? ILD)s0,b Young modulus T, T10%
[Fn-p-z]* (%] [s] [kPa] [10° Pa] [°C] [°Cl
[F1-2%-100/0] 257+4 7 1.12+0.05 3.7+0.02 -19 314
[F2-2%-90/10] 2445 9 0.77+0.05 2.0+0.01 -20 311
[F3-2%-75/25] 2444 19 0.74+0.05 3.0+0.01 -19 305
[F4-2%-50/50] 2244 1.21£0.10 3.0+0.01 -18 316
[F5-2%-0/100] 3243 3.58+0.18 5.7+0.03 -20 322
[F6-0%-100/0] 48+2 3.79+0.50 4.0+0.02 —20 325
[F7-5%-100/0] 3245 23 1.09+0.06 3.340.01 -18 308
[F8-10%-100/0] 2544 7 0.93+0.08 2.1+0.01 -19 320
F-commercial PU [12] - 35 - 230.00 0 328
NIPU reference [32] 21+1 13 — 20.0+0.20 -16 323

2F: means foam, n: is the number of the prepared foam, p: is the percentage of PDMS-A, z: is the water/ethanol ratio.
bHL: hysteresis loss; Roso,: Recovery time to 95% of the initial height of the foam; /LD,s.,: indent load deflection at 25%.
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Figure 15. DSC curves of a) F2 to F5 compared to F1 and b) F6 to F8 compared to F1.
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Figure 16. TGA curves of a) F2 to F5 compared to F1 and b) F6 to F8 compared to F1.

temperature at 10% of weight loss (7¢9) varied

from 305 to 325°C (Table 3), which is close to the

values of the two foams used as references (323 and

328°C)[12, 32].

Flexible foams can be used in a wide range of appli-

cations and their specifications for PU foam can be

very different. In this work, we have chosen to use

DMA as ultimate tool to characterize the mechanical

properties of our foams. Three main mechanical pa-

rameters are studied in industrial foam, especially
for bedding and seating:

1 Firmness or Indent load deflection (/LD), which
is evaluated by the force required to compress a
foam to 25% of its original height. Commonly
used in the mattress foam industry, this parameter

108
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g
—_ 103
2
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a) Strain [%]

80

is an indicator of the softness of the foam [32].
The lower the force applied, the softer the foam.
Hysteresis loss (HL), which is assessed by subtract-
ing the total energy (area under the loading stress-
strain DMA curve) and the return energy (area
under the recovery curve) divided by the total en-
ergy [33]. This parameter indicates the material’s
ability to absorb energy. Usually, a strain of 75% is
employed to assess the hysteresis loss (Figure 17).
The recovery time to 95% of the initial height of
the foam (Rys0,) is recorded after a starting 50%
compression.

The values of these three parameters for foams
prepared at the optimal temperature of 95°C are de-
picted in Table 3.

50
45 — [F1-2%-100/0]
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Figure 17. Mechanical properties by DMA of the optimal NIPU foams prepared at 95 °C. a) Stress-strain curves, b) creep

mode: 10 min at 50% strain at 35°C.
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However, in the case of foams, there are too many
morphological parameters (such as porosity, number
of open cells, cell size, wall thickness, bulk density,
and degree of crosslinking) that could have an im-
pact on the mechanical properties. It is therefore
often difficult to find structure/property relationships
easily, except in the case where only one or two pa-
rameters are preponderant. In this case, we will note
it in the discussion.

Three parts can be distinguished in the DMA stress-
strain curves (Figure 17). The first one, between 0 to
10% of strain, is the region of linear elasticity; it is
correlated to the deformation required to cause the
bending of the foam edges. The plateau zone be-
tween 10 and 50-60% deformation is attributed to
the collapse of the foam after cell compression. The
last part, where the stress is significantly increased
over a lower strain, is attributed to the complete
compression of the cells (foam densification). There-
fore, due to their smaller cell volume, denser foams
tend to have a smaller plateau.

The NIPU foams F2, F3, F4 and F8 exhibited HL
values varying between 22 and 25%, close to the
F-NIPU reference (21%). The foam F6 exhibited an
HL value close to 50%. Foams F5 and F7 displayed
intermediate HL value of 32%. For probably mor-
phological reasons, the foam F1 exhibited a very
high value of HL (257%).

The prepared foams exhibited low Ryso, values rang-
ing from 7 to 23 s (Table 3). The F NIPU reference
was in this range (13 s). Foams F3 and F7 exhibited
the highest values of Rgse, (19 and 23 s, respective-
ly). This can be correlated to their lowest crosslink-
ing density attested by their highest swelling and ex-
tractible percentages.

The prepared foams showed /LD;sq, values ranging
from 0.74 to 3.79 kPa (Table 3). It can be observed
that this parameter is influenced by the PDMS-A
content in the foams. Indeed, the /LD;50, value de-
creased from 3.8 kPa to about 1.1 kPa, then to about
0.9 kPa, when the percentage of PDMS-A increased
from 0 to 2—5%, then to 10%, respectively. This is
probably due to the soft character of the PDMS chain.
We can also notice that when the percentage of
ethanol in the blowing agent increases from 10-25%
to 50%, then to 100%, the ILD,sv, increases from 0.7
to 1.2 kPa, then to 3.6 kPa.

Finally, due to their softness and alveolar micro-
structures, the prepared NIPU foams showed low
values of Young’s modulus, ranging from 2.0-10° to
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5.7-10° Pa (Table 3). For the same reason, this param-
eter changed in the same way as /LD;sq, with the per-
centage of PDMS-A in the foam, i.e., it decreased
from 4.0-103 Pa to about 3.5-103 Pa and then to
2.1-10° Pa when the percentage of PDMS-A in-
creased from 0 to 2—-5% and then to 10%, respective-
ly. All the prepared foams exhibited lower Young’s
modulus values than the F-commercial PU
(230-10° Pa) and the reference F-NIPU (20-10° Pa),
which could be explained by the fact that these ref-
erence materials lack PDMS-like soft phase. The
Young’s modulus also changed similarly as /LD;s,
with the ethanol/water ratio in the blowing agent,
i.e., it increased from 2-10° to 3-10° Pa and then to
5.7-10° Pa when the percentage of ethanol in the
blowing agent increased from 10 to 25-50% and
then to 100%, respectively.

6. Conclusions

In this work, we have successfully prepared partially
biobased flexible NIPU foams from a biobased syn-
thesized amino-terminated NIPU (NIPU-A), a bio-
based polyepoxide molecule (DENACOL EX512)
and an amino-terminated PDMS (PDMS-A), using
water/ethanol mixtures as blowing agent. NIPU-A
was obtained through the transurethane polyconden-
sation approach from a fatty diamine, a fatty diol and
DMC (a CO;, derivative). DSC and dynamic rheolo-
gy revealed that the operating conditions to get foams
from the different starting formulations were at least
45 min at 95°C. The obtained optimal foams dis-
played heterogeneous cell diameters ranging from
400 to 1540 um and high apparent densities chang-
ing from 90 to 320 kg/m3. They showed thermal sta-
bilities above 300 °C. They presented negative 7T,
values (from —18 to —20°C) as well as low Young
modulus values (from 2.0-103 to 5.7-10° Pa), which
is in consistent with their soft physical character. The
prepared high-density flexible polyurethane foams
exhibited disparate values of hysteresis loss. The re-
covery time was short and seemed to be mainly im-
pacted by the crosslinking density of these foams.
The indent load deflection at 25% as well as the
Young modulus were mainly influenced by the
PDMS-A content within the foams, which also would
explain the differences observed with the F-commer-
cial PU and the F-NIPU reference. Finally, this work
highlights the interest of the transurethane polycon-
densation route to prepare telechelic oligomers,
which can be used in the preparation of valuable
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NIPU materials. The new process developed in this
work can be extended to a variety of chemical struc-
tures leading to a variety of foam properties.
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