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Zinc Oxide Nanoparticles
Kanyarat Kumnoedauy?, Pattareeya Damrongsak?, Kitsakorn Locharoenrat?,

Badin Damrongsak?*
!Biomedical Physics Research Unit, Department of Physics, Faculty of Science, King Mongkut’s Institute of Technology Ladkrabang,
Bangkok, 10520, Thailand
2Department of Physics, Faculty of Science, Silpakorn University, Nakornpathom, 73000, Thailand
*Corresponding author e-mail: badin@rocketmail.com

Received: 9 February 2022 / Revised: 27 April 2022 / Accepted: 26 May 2022

Abstract

Zinc oxide nanoparticles (ZnO NPs) have recently been studied as a multi-functional and multi-target
nanomedicine for cancer treatment. They can be used not only as a nanocarrier for delivery of the chemotherapy
drug but also as an antiradical agent due to their photo-catalytic and photo-oxidizing abilities. Our previous work
showed a potential use of commercial-available ZnO NPs without and with carboplatin for the treatment of
retinoblastoma. The aim of this work was to synthesize ZnO NPs having smaller particle size than the commercial
ones, i.e., 100 nm average diameter, in order to improve the reaction time. ZnO NPs were prepared by a sol-gel
technique and calcined with different calcination conditions. The structure and particle size of ZnO powders were
characterized using an x-ray diffractometer and a particle size analyzer. Average nanoparticle sizes of 16.32 +
1.64 nm were achieved at a calcination temperature of 300 degree Celsius and 1 hour holding time. The antiradical
activity of prepared ZnO NPs in cooperation with ultraviolet irradiation was assessed using a putative model of
cancer cells, i.e., 2,2(diphenyl-1-picryhydrazyl) radicals (DPPH*). An optical spectroscopy was used to detect the
decrease in peak absorbance of the antiradical solution at a wavelength of 515 nm, which in turn can be used to
calculate the percent remaining of DPPH*. The disappearance of DPPH* with respect to the reaction time revealed
that prepared ZnO NPs (16.32 = 1.64 nm) improved response time as compared with ZnO NPs (100 nm).
Moreover, the effective ZnO concentrations to reduce the initial DPPH* concentration by 50%, also known as the
EC50 value in the present study, is lower indicating the improvement of anti-proliferative activity when compared
to the commercial ZnO NPs.

Keywords: Antiradical, DPPH, Sol-gel, ZnO nanoparticles

1. Introduction

Zinc oxide nanoparticles (ZnO NPs) are a
wide band gap semiconductor with a particle size
less than 100 nm. They are one of the most abundant
metal oxides, making them relatively inexpensive.
ZnO NPs have, moreover, been proven non-toxic
and safe to be used in food and drugs, approved by
FDA (The US Food and Drug Administration).
Therefore, they have received an extensive research
for a long period in wide varieties of applications,
from semiconductor devices (Bhati, Hojamberdiev,
& Kumar, 2020; Narayana et al., 2020; Rahman,
2019; Shashanka, Esgin, Yilmaz, & Caglar, 2020)
and cosmetic products (Awan et al., 2018; Nguyen,
Nguyen, Le, & Le, 2020) to biomedical applications
(da Silva, Caetano, Chiari-Andreo, Pietro, &
Chiavacci, 2019; Martinez-Carmona, Gun’ko, &
Vallet-Regi, 2018; Mishra, Mishra, Ekielski,

V0l.09, No.2 DOI:10.14456/ssstj.2022.6

Talegaonkar, & Vaidya, 2017;). Currently, ZnO NPs
play a significant role in modern anticancer
applications (Bisht & Rayamajhi, 2016; Chen et al.,
2019; Singh, Das, & Sil, 2020; Wahab et al., 2014).
They not only show relatively high biocompatibility
but also selective cytotoxicity against cancerous
cells.

It was reported that the cytotoxicity of ZnO
NPs is size-dependent. The nanoparticles with a
diameter below 10 nm can penetrate more deeply in
tumors and affect the cell viability; however, these
small-diameter ZnO NPs can penetrate and cause
toxicity to normal tissues as well. The target size for
ZnO NPs is in a range of 10 — 100 nm, which is
considered suitable for biomedical applications.
Several methods have been studied to prepare the
ZnO NPs (Devi & Velu, 2016; Manikandan, Endo,
Kaneko, Murali, & John, 2018; Wallace, Brown,
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Brydson, Wegner, & Milne, 2013; Wasly, Abd El-
Sadek, & Henini, 2018). Among them, a chemical
sol-gel process has many advantages due to ease of
synthesis,  cost-effectiveness and  excellent
homogeneity and purity. The most common
precursors for synthesis of ZnO NPs are zinc acetate
dihydrate, methanol and sodium hydroxide. It was
reported that the size of ZnO NPs was affected by
the variation in pH value of the solution (Alias,
Ismail, & Mohamad, 2010). The particle size was
found to decrease with an increase in the pH value.

The most widely used method for evaluating the
antiradical properties of ZnO NPs is by scavenging
free radicals of 2,2—diphenyl-1-picrylhydrazyl
hydrate (DPPH*) with varying the concentration of
the nanoparticles (Brand-Williams, Cuvelier, &
Berset, 1995). UV-visible spectrometry is typically
employed to measure the absorbance of the mixtures
as the indirect measurement of the antiradical
activity.

In our previous study (Pairoj et al., 2019), the
antiradical performance of commercial ZnO NPs
was investigated for being used as an anticancer
drug for retinoblastoma treatment. The results
showed that the nanoparticles alone had low
antiradical efficiency and the number of reduced
DPPH* increased by applying UV illumination. In
this work, we aimed to prepare ZnO NPs with a
diameter less than 100 nm (the size of the
commercially available ZnO NPs) in order to
improve the antiradical activity. The sol-gel method
was chosen to synthesize ZnO NPs. The synthesized
NPs were characterized and compared with those
results obtained from the commercially available
nanoparticles.

2. Materials and Methods
2.1 Materials

Precursors used for the formation of the zinc
oxide nanoparticles were zinc acetate dihydrate
(Zn(CH3C00)2+2H,0) with > 99.5% purity and
sodium hydroxide (NaOH) with >97% purity. Both
were purchased from KemAus. Sodium hydroxide
was used to control the pH of the solution. Methanol
(> 99.9%, from Labsupplies) was used as a reagent
and DI water was used for dilution.

2.2 Methods
(1) Synthesis of ZnO NPs

V0l.09, No.2 DOI:10.14456/ssstj.2022.6

The ZnO sols were prepared by adding 0.15
M (Zn(CH3CQ0O0)2+2H,0) to methanol at room
temperature. The solution was stirred at a
temperature of 70°C for 90 min using a magnetic
stirrer until a clear solution without turbidity was
obtained. The pH level of the solution affects the
particle size of synthesized ZnO powders (Alias et
al., 2010; Rani, Suri, Shishodia, & Mehra, 2008).
Therefore, the prepared solution was adjusted to the
pH value of 10 by adding 1.5 M NaOH, aiming to
control the size of ZnO particles close to 10 nm. The
resulting milky white gel was then stirred at a
temperature of 70°C for 60 minutes. After this
process, the sol was centrifuged for 15 minutes at
5000 rpm. The sample was washed with a 40:60
mixture of DI water and ethanol in order to remove
organic materials left on the surface of synthesized
ZnO powders. The sediment was dried at 100°C for
8 hours. Finally, the dried precipitate was calcined
in air at 300°C for 60 minutes.

(2) Physical characterization
The crystal structure of the synthesized

samples was determined by the Rigaku X-ray
diffractometer (XRD). The X-ray source of Cu Ka
radiation, having the monochromatic wavelength of
1.5406 A, was used. The diffraction pattern was
recorded in the range of 20-80° for the ZnO samples.
The XRD results were compared to the Joint
Committee on Powder Diffraction Standards
(JCPDS) data file. The crystallite size of the samples
was estimated using the Scherrer formula:

KA
Bcoscos 0

Y

dxrp =

where dxgp is the average diameter of nanoparticles,
K is a shape factor (0.9 for spherical particles), A is
the wavelength of X-ray source (1.5406 A), B is the
line broadening of the strong XRD peak (101) at half
its peak height, and 0 is the Bragg angle.
(3) Determination of antiradical activity

The antiradical activity of the prepared
ZnO NPs was determined by a spectrophotometric
method, also called DPPH method. In this method, a
solution of 2,2-diphenyl-1-picrylhydrazyl (DPPH¥*)
was used as the putative model of cancer cells
(Aruoma & Cuppett, 1997), acting as a free radical
source. Prior adding a solution of synthesized ZnO
NPs into the solution, the DPPH* the solution had a
deep violet color. When a solution of synthesized
ZnO NPs was added into the DPPH* solution, the
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free radicals were scavenged resulting in a change of
the color in the solution as shown in Figure 1. This
process was quantitatively monitored by measuring
the absorbance spectra of the solution using Avantes
UV-visible spectrometer.

A QO

| by .

N + ZnONPs —— NH
Radical
ON NO, ON NO,
=z —d
N ‘ N !
NO, NO,
DPPH* (purple) DPPH-H (yellow)

(b)

Figure 1. (a) Mechanism of the DPPH* scavenging
activity of the ZnO NPs. (Marin-Flores et al., 2021)
(b) The color change of DPPH* with respect to the
different concentrations of ZnO NPs at 1440 min. A,
B, C, D, E, F, G, and H represent 1.000, 0.500,
0.250, 0.125, 0.0625, 0.03125, 0.0156, and 0.0078
mg/ml respectively.

In this experiment, a 100 uM solution of the
DPPH* Methanol was prepared and then added with
a solution of the synthesized nanoparticles at various
concentrations, ranging from 0.0078 to 1.000
mg/ml. The mixture was sonicated for 90 minutes at
room temperature. Each mixed solution was
illuminated by an 8 W, 254 nm UV lamp
(Spectroline: CX-21, Germany) in order to introduce
the photoexcitation process. After that, the solution
was taken for measuring the absorbance at a peak
wavelength of 515 nm for a time duration from 0 to
1440 minutes (no decrease in the absorbance can be
observed). The percentage of residual DPPH* with
respect to the reaction time was calculated using:

%RemainingDPPH* = z— x 100 )
s

where Cjs and Css are to concentration of DPPH* at
initial state and steady state, respectively. The

V0l.09, No.2 DOI:10.14456/ssstj.2022.6

concentrations of DPPH* were determined by using
the linear equation obtained from the calibration
curve reported in Pairoj et al., 2019.

CDPPH* = (AbSSISTlm - 0.0132)/0.0072 (3)

3. Results and Discussion

The X-ray diffraction pattern of prepared ZnO
NPs was shown in Figure 2. It showed the diffraction
peaks at angles of 31.78°, 33.9°, 36.8°, 47.63°,
56.67°, 62.94° and 67.98°,  respectively,
corresponding to the Bragg reflections (100), (002),
(101), (102), (110), (103) and (112) of ZnO having
a typical hexagonal wurtzite structure. All peaks
were in good agreement with the standard JCPDS
file no. 01-084-6784 (Kinnunen, Lahtinen, Arstila,
& Sajavaara, 2021). From Scherrer formula, the
average crystalline size of the prepared ZnO NPs
was 16.32 = 1.64 nm. The size of the synthesized
nanoparticles was approximately 5 times smaller
than that of commercial ZnO NPs (Sigma Aldrich,
USA having a diameter of 100 nm) which was used
as a reference.
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Figure 2. XRD pattern of the synthesized ZnO
NPs.

The antiradical activity of prepared ZnO NPs
was measured by monitoring the color of the DPPH*
solution after adding the ZnO NPs for some period
of time until the reaction reaches a steady state. The
solution was illuminated by a constant power UV
light source at a room temperature. At every 10
minutes, one tube of the samples was taken out in
order to measure the absorbance spectrum. Figure 3
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shows an example of the monitored absorbance
spectra for the DPPH* solution in the presence of
ZnO NPs with the concentration of 0.25 mg/ml. It
can be observed that a peak intensity at 515 nm
moderately decreases with time and starts reaching
a steady state after 250 minutes. A decrease of the
peak absorbance is related to a change in color of the
solution, which can be implied that the added ZnO
NPs scavenged the free radicals in the DPPH*
solution over time. The peak absorbance values at
the wavelength of 515 nm were recorded to
determine the antiradical activity of the tested ZnO
NPs.
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0.6 4
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0.4
0 min
R

034

Absorbance (a.u.)

—

0.0 m , , = e 1440 min
450 475 500 525 550 575 600
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Figure 3. Absorbance spectra for the DPPH*
solution in the presence of ZnO NPs with the
concentration of 0.25 mg/ml at a different time
interval.

The peak absorbance at 515 nm as a function of
exposed time for the prepared ZnO NPs with
different concentrations was plotted and compared
with those obtained from the reference commercial
ZnO NPs. For a quantitative comparison, the
DPPH* concentration that calculated from equation
(3) was plotted against the exposed time in order to
estimate the rate of reaction (Rs). For a sake of
clarity, only the linear region was considered. The
rate of reaction at which the DPPH* concentration
decreased over the exposed time can then be
estimated from the slope. Figure 4 shows the peak
absorbance of the DPPH* solution and DPPH*
concentration in the presence of ZnO NPs. The rate
of reaction corresponding to the concentration of the
synthesized and the reference ZnO NPs was shown
in Figure 5. As can be seen, the rate of reaction
increases when the nanoparticle concentration
increases, having a similar trend for both the ZnO
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NPs prepared in this work and the commercial ones.
The rate of reaction obtained from the nanoparticles
in this work, which have much smaller particle size
(16 nm), was slightly higher. Interestingly, it was
observed that the rate of reaction of the commercial
ZnO NPs reached the saturation state when the
solution concentration was over 0.25 mg/ml. On the
other hand, the smaller size of the prepared ZnO NPs
still kept attacking the free radicals even though the
concentration was as high as 1 mg/ml.

To summarize, the ability of the free radical
scavenging activity of the prepared ZnO NPs was
better than the reference nanoparticles. This was due
to the relatively smaller size of the prepared
nanoparticles, making them be able to penetrate
more deeply in the putative model or in our case the
DPPH*. In addition, the smaller size leads to a high
surface area to volume ratio, which in turn increases
a surface contact to the targeted radicals. In addition,
under UV irradiation, the prepared nanoparticles
were able to release much more amount of toxic
Zn2+ ions into the DPPH* due to the large surface
area.
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Figure 4. Peak absorbance at 515 nm and DPPH*
concentration corresponding to the exposed time for
the DPPH* solution in the presence of ZnO NPs
with the concentration of (a) 1.000 mg/ml, (b) 0.500
mg/ml, (c) 0.250 mg/ml, (d) 0.125 mg/ml, (e) 0.0625
mg/ml, (f) 0.03125 mg/ml, (g) 0.0156 mg/ml, and
(h) 0.0078 mg/ml.

V0l.09, No.2 DOI:10.14456/ssstj.2022.6

0.0
— = This work

01 '_ o e ® Pairoj et al. [20]

-0.24

034

0.4

-0.54

Rs (uM/min)

-0.6

-0.7 4

-0.84

107 10" 10°
log[ZnO concentration] (mg/ml)

Figure 5. Rate of reaction (Rs) corresponding to the
concentrations of ZnO NPs; a black line represents
the data from the prepared ZnO NPs in this work,
while a red line represents the data obtained from the
reference commercial ZnO NPs.
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Figure 6. The percentage of residual DPPH* with
respect to the reaction time at the different
concentration. A, B, C, D, E, F, G, and H represent
1.000, 0.500, 0.250, 0.125, 0.0625, 0.03125, 0.0156,
and 0.0078 mg/ml respectively.



Available online at httpmwww .ssstj.sci.ssru.ac.th

Suan Sunandha Science and Technology Journal
©2022 Faculty of Science and Technology, Suan Sunandha Rajabhat University

@
=1

®  This work
1 ® Pairoj et al. [20]
704 e
N .
S 60 LA
@ \
> -
EC, =0.0078
Bl o w EC,, = 0.0366
- W\
» 5‘\
1} H . ]
Soad N \
T \\
& 304 \
g .
< i
= H
§ 209 '
£ H ']
& e \
104 ~
ES LI s & $
1 L)
0 T T T

107 10" 10°

log[ZnO concentration] (mg/ml)

Figure 7. The percentage of residual DPPH* with
respect to a mole ratio of antiradical agent to
DPPH*. The effective concentration (EC50) value
of each antiradical agent is also presented.

In biological studies, a half maximal effective
concentration (EC50), which is defined as the
concentration of ZnO NPs sample required for a
50% decrease in the DPPH* concentration, is
typically used to express and compare the efficiency
of the antiradical activity with different other
samples. Thus, the amount of residual DPPH* in the
presence of the prepared ZnO NPs at different
concentrations was calculated using equations (2)
and the percent remaining of the DPPH*
corresponding to the reaction time was shown in
Figure 6. In Figure 7, The percentage of residual
DPPH* at a steady state (1440 minutes of the
reaction) with regard to the concentration of ZnO
NPs was plotted in order to estimate the EC50 value.
As can be seen, the EC50 value in this work was
approximately 5 times lower than the EC50 obtained
from the commercial ZnO NPs. This can be implied
that the antiradical activity had significantly
improved.

4. Conclusions

ZnO NPs were synthesized by using a sol-gel
method. By adjusting the pH of the solution, ZnO
NPs with an average particle size of 16.32 + 1.64 nm
were achieved. The free radical scavenging capacity
of the ZnO NPs at different concentrations was
analyzed using the DPPH test; in this study, the rate
of reaction and EC50 value were determined and
compared with results obtained from the commercial
ZnO NPs used in our previous work. According to
the experimental results, the ability of the free
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radical scavenging activity of the prepared ZnO NPs
was significantly improved over the reference
nanoparticles. The EC50 value of the ZnO NPs in
this work was approximately 5 times better than the
results from the commercial ZnO NPs (100 nm in
diameter). This was obvious that the relatively
smaller size of the prepared ZnO NPs made them
penetrating deeper into the DPPH*. Because of the
large surface area, the particles had more chance to
contact the targeted radicals and, under the UV
photoexcitation, were able to produce many toxic
Zn?" ions, increasing the antiradical activity.
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Abstract

The synthesis of polyurethane relies on a toxic and petroleum-based isocyanate reactant. The aim of this research
was to synthesize Polyurethane using environment-benign and renewable starting materials such as carbon dioxide
and soybean oil. The carbonated soybean oil was first prepared from carbon dioxide (CO-) and epoxidized soybean
oil (ESBO) using zinc glutarate (ZnGA) as a catalyst but the result of FTIR indicated the absence of the peak of
cyclic carbonate around 1800 cm. Therefore, in this work, the synthesis of Polyurethane was modified from A.
Lee (Lee & Deng, 2015) using tetramethylammonium bromide (TBAB) as a catalyst. The as-synthesized
carbonated soybean oil (CSBO) was allowed to react with two types of substances, 3-aminopropyltriethoxysilane
or diethylenetriamine with the molar ratios of cyclic carbonate:NH, of 1:1 with THF or DMF as solvents to obtain
Polyurethanes (ULTHF, ULDMF, U2THF, U2DMF). After 3 hours lignin solution was added to form a film.
Raman spectra confirmed the catalyst removal from CSBO. FTIR spectra showed the peak around 1800 cm
assigned to cyclic carbonate of CSBO, and a new peak of urethane linkage around 1700 cm (C=0 stretching) of
Polyurethanes. The conversion of epoxide to cyclic carbonate was also confirmed by *H-NMR. Upon adding
lignin into the Polyurethanes, the lignin-urethane U1THF, and ULDMF formed films whereas U2THF, and
U2DMF formed viscous liquids. In terms of applications, all four formulations can be potentially applied as
bioadhesives.

Keywords: Non-isocyanate polyurethanes, Bio-based polyurethane, Epoxidized soybean oil, Bioadhesives

1. Introduction

The conventional polyurethanes are usually
synthesized by a polycondensation reaction between
a diol and a diisocyanate (Caraculacu & Coseri,
2001; Kathalewar, Joshi, Sabnis, & Malshe, 2013).
However, isocyanates are derived from non-
renewable resources and notably toxic chemicals. In
addition, that is synthesized from an even more toxic
substance phosgene which causes environmental
hazards. The exposure to isocyanates can cause
health effects (Gupta & Upadhyaya, 2014).

Due to the use of isocyanate in conventional
polyurethanes, there is a substantial interest to
develop alternative, environmentally friendly
methods and materials for preparing polyurethanes
(non-isocyanate routes). Polycondensation,
rearrangement, and ring opening routes still use
toxic agents such as phosgene, aziridine, acyl azide,
etc. Among these routes, one of the most attractive
methods is the polyaddition reaction of cyclic
carbonate with amines (Cornille, Auvergne,
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Figovsky, Boutevin, & Caillol, 2017; Rokicki &
Piotrowska, 2002). The reaction of carbon dioxide
with epoxide groups to form cyclic carbonate is very
effective to further the polymerization reaction such
as the polymerization of copolycarbonate (Ree, Bae,
Jung, & Shin, 1999; Taherimehr & Pescarmona,
2014).

Soybean oil as feedstocks for polymeric
materials attracts increasing attention because they
are inexpensive and available in large quantities.
(Pfister, Xia, & Larock, 2011). They have been
utilized to replace petroleum chemicals to produce
coatings, inks, plasticizers, lubricants, and
agrochemicals. (Maisonneuve, Lamarzelle, Rix,
Grau, & Cramail, 2015; Rokicki, Parzuchowski, &
Mazurek, 2015).

Recently, several researchers accomplished
synthesizing polyurethane using soybean oil as a
starting material using a non-isocyanate reaction
route. In 2008, Javni et al. (Javni, Hong, & Petrovic,
2008) prepared polyurethane by a non-isocyanate
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route by reacting carbonated soybean oil with
diamines. Carbonated soybean oil was reacted with
different diamines such as 1,2- ethylenediamine,
1,4-butylenediamin and 1,6-hexylenediamine. The
results showed that polyurethane could be prepared
with a wide range of mechanical properties which
was useful for industrial applications (Javni et al.,
2008; Maisonneuve et al., 2015; Rokicki et al.,
2015). The Poly (butylene carbonate) can
successfully be synthesized based on carbon dioxide
(COy) and 1, 2-butylene oxide using a self-prepared
zinc glutarate (ZnGA) as a catalyst as reported by
Chunsakul et al. (Chunsakul, Seadan, &
Suttiruengwong, 2019).

Therefore, the aim of this study was to
synthesize Polyurethane using environment-benign
and renewable starting materials such as carbon
dioxide and soybean oil. The carbonated soybean oil
was first prepared from carbon dioxide (CO2) and
epoxidized soybean oil (ESBO) using zinc glutarate
(ZnGA) as a catalyst but the result of FTIR indicated
the absence of the peak of cyclic carbonate around
1800 cm-L. Therefore, in this work, the synthesis of
Polyurethane using tetra-n-butylammonium
bromide (TBAB) as a catalyst. Chemical analysis of
synthesized polyurethanes was carried out using
FTIR, NMR and Raman spectroscopy. The peel
strength was conducted and compared with
commercial pressure sensitive adhesive.

2. Materials and Method
2.1 Materials

Epoxidized soybean oil was donated by
Applied DB public company LTD, Thailand.
Carbon dioxide (99.8%) was purchased from MSG
Company. Titanium tetrachloride (TiCl), Tetra-n-
butylammonium bromide (TBAB), Lignin, alkaline,
(3-Aminopropyl) triethoxysilane were purchased
from Sigma Aldrich, Singapore. N,N-dimethyl-
formamide (DMF) was obtained from RCI Labscan.
THF was purchased from QReC. Ethyl acetate was
purchased from SCHARLAU. Diethylenetriamine
was purchased from FLUKA. All other chemical
reagents were analytical grade.

2.2 Synthesis of Carbonate Soybean Oil
(CSBO)

The ESBO (50 g) and TBAB (5 mole%
with respect to the epoxy content) were first added
into the reactor. The reactor was pressurized at 70
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bar with CO,. Then the reactor was stirred at 400
rpm and heated up to 140°C. After the reaction time
of 72 h, the reactor was cooled at 50°C. The product
was dissolved in ethyl acetate and then washed
catalyst from product solution by adding distilled
water. The mixture was separated using a separatory
funnel. Both water and ethyl acetate were removed
via rotary evaporator. The reaction is shown in
scheme 1.

Scheme 1. Synthesis of carbonate soybean oil.

2.3 Synthesis of Polyurethane

3 g of CSBO (cyclic carbonate, measured
by 'H NMR) was dissolved in 20 ml with two
different solvents (THF and DMF). The as-
synthesized carbonated soybean oil (CSBO) was
allowed to react with two types of substances,
(3-Aminopropyl) triethoxysilane or diethylene-
triamine with the molar ratios of cyclic carbonate:
NH; of 1:1) with THF or DMF as solvents to obtain
Polyurethanes (U1THF, U1DMF, U2THF, and
U2DMF), where Ul and U2 denote polyurethane
from  (3-Aminopropyl) triethoxysilane  and
polyurethane from diethylenetriamine respectively.
The reaction mixture was stirred at 70°C for 3 h.
After the reaction, the product was poured into a
Teflon mold and oven at 70°C for 7 h.

2.4 Synthesis of lignin-Polyurethane

After 3 hours of reaction for the preparation
of Polyurethanes (ULTHF, ULDMF, U2THF, and
U2DMF), the solution of lignin alkali dissolved in
two different solvents (THF/water and DMF/water)
(12 ml/8 ml) was added. The reaction mixture was
stirred at 70°C for 12 hours, then the product was
poured into Teflon mold and oven-sampled at 70°C
for 7 hours.
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2.5 Characterization
2.5.1 Raman Spectroscopy

The catalyst was successfully removed
from carbonate soybean oil which is characterized
by Raman spectroscopy (Bruker, USA). The Raman
spectra were recorded between 107-3781 cm™ and
used a laser source 785 nm with the resolution of
9-18 cm™.

2.5.2 FTIR Analysis

The chemical structure and functional
groups of carbonate soybean oil, Polyurethane, and
lignin polyurethane from Epoxidized soybean oil,
and CO; were characterized with Fourier transform
infrared spectrometer; FTIR (VERTEX70, Bruker,
USA). The FTIR spectra were recorded in the range
of 4000-400 cm and used the resolution of 4 cm™.

2.5.3 'H-Nuclear magnetic resonance (*H-
NMR)

Nuclear magnetic resonance (NMR) using
NMR Spectrometer from Varian (400MHz) with H
probes. In The NMR spectroscopic measurements,
chemical shifts were calibrated with the chemical
shifts of the solvent used (D-chloroform).

2.5.4 T-Peel test

The T-peel test of samples (Figure 1) were
measured at room temperature with a crosshead
speed of 100 mm/min by a universal testing machine
(NRI-TS500-5B).

25.4 mm

/

—a g
v

50 mm

Figure 1. Sample of T-peel test.

3. Results and Discussion
3.1 Characterizations of carbonate soybean
oil

The synthesized cyclic carbonates from
epoxides are shown in scheme 1. Under the high-
pressure condition, the tetrabutylammonium ion
activates the epoxide ring followed by the
nucleophilic attack by the bromide ion. Then it
attacks the carbon dioxide to produce the cyclic
carbonate, which simultaneously allows the bromide
to leave and the catalyst to be released (Chunsakul
et al.,, 2019; Doll & Erhan, 2005). However, the
catalyst is removed using an extraction method
using ethyl acetate and water.
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Figure 2. Raman spectra of Tetra- n- butyl
ammonium bromide (TBAB), Epoxidized soybean
oil (ESBO), and Carbonate soybean oil (CSBO).

The results in Figure 2 showed that Raman
spectra of TBAB appears the characteristic peak of
TBAB at Raman shift 265 cm™, the Raman spectra
of ESBO showed a peak of the epoxy group at
doublet 1260 and 1280 cm-! and the Raman spectra
of CSBO showed a new peak C=0O of cyclic
carbonate around 1600-1800 cm?® but no
characteristic peak of C-C stretching of TBAB and
characteristic doublet peak of the epoxy group.
Therefore, the result confirmed the catalyst removal
from CSBO.

Figure 3 presents the FTIR spectra of
ESBO, and CSBO for comparison. Table 1 and 2 list
the vibration modes and wavenumbers of IR
absorption peak of ESBO and CSBO respectively.

yom

e

ESBO

CSBO

Intensity

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3. FTIR spectra of Epoxidized soybean oil
(ESBO), and Carbonate soybean oil (CSBO).
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Table 1. Vibration modes and Wavenumbers of IR
absorption peaks in FTIR spectra of ESBO.

Peak value Group
(cm™)

3000 - 2800 Stretching vibration of saturated C-H
bond

1750 - 1700 Stretching vibration of C=0

1280 - 1200 Stretching vibration of C-O (ester
bond)

825 Stretching vibration of C-O (epoxy
group)

Table 2. Vibration modes and Wavenumbers of IR
absorption peaks in FTIR spectra of CSBO.

Peak value Group
(cm)

3000 - 2800 Stretching vibration of saturated C-H
bond

1800 Stretching vibration of C=0 (cyclic
carbonate group)

1750 - 1700 Stretching vibration of C=0

1280 - 1200 Stretching vibration of C-O (ester
bond)

The results in Figure 3 and table 1 revealed
that the peak at 825 cm-1 corresponded to the
characteristic peak of C-O stretching (epoxy group).
The FTIR spectra of CSBO showed the new
characteristic peak corresponding to the cyclic
carbonate group. The characteristic peak of cyclic
carbonate (C=0) is indicated at 1800 cm and the
peak of the epoxy group disappeared.

In addition, the physical appearance of
ESBO was a colorless liquid but after reaction with
CO;, the product was a brown liquid, and the
viscosity was increased. Therefore, it was confirmed
that the synthesis of CSBO was successful.

¥~ = cH,

y /“\/\/\/\/<l’/\/\/\/\

K)y—o" o
o

A

el

C

A

D
G g}l I

oo S
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Figure 4. NMR spectra of ESBO.
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Figure 5. 'H-NMR spectra of CSBO.

The 'H-NMR spectra of ESBO and CSBO
were used to propose the chemical structure and it
confirmed the conversion of epoxide to cyclic
carbonate. Figure 4 showed the NMR spectra of
ESBO, where the peak at 2.80-3.20 ppm
corresponded to the epoxy group. Figure 5 showed
the NMR spectra of CSBO, which showed the peak
at 4.20-5.10 ppm assigned to cyclic carbonate
groups.

The performance of the carbonation
reaction was evaluated through the conversion
carbonation or yield (% Y) of cyclic carbonate. The
mole of epoxide and carbonate groups were
calculated from the integrals of the H-NMR
spectrum (Figure 4 and 5). The central carbon (K)
signal was taken as the spectrum normalization
factor. The mole of epoxide groups (Em) was
calculated with the signals corresponding to epoxy
rings (1) (Equation (1)). Similarly, through Equation
(2), the mole of carbonate groups (Cm) was
calculated from the signals (M) (Gonzalez Martinez,
Vigueras Santiago, & Hernandez Lopez, 2021).

Then quantitative results, 100% conversion
of ESBO into CSBO was confirmed via the 1H-
NMR spectrum. It was clear from Figure 5 that the
original epoxy groups at 2.80 - 3.20 ppm
disappeared while the new signals at 4.20 - 5.10 ppm
corresponding to the cyclic carbonate group
appeared. The calculated moles of the epoxy group
and cyclic carbonate group are 4.26 and 2.53
respectively. The yield of cyclic carbonate was
found to be 61% (Equation (3)).

M
%Y = Z—"‘ x 100 3)



Available online at httpmwww .ssstj.sci.ssru.ac.th

Suan Sunandha Science and Technology Journal
©2022 Faculty of Science and Technology, Suan Sunandha Rajabhat University

3.2 Characterization of Lignin-
Polyurethane

CSBO

UITHF 1

TN W Y
[ Vi
: \//A'

T T T
500 1000 500

Intensity

T T T T
4000 3500 3000 2500 2000

Wavenumber (cm™)

Figure 6. FTIR spectra of Carbonate soybean oil
(CSBO), UITHF, and U1IDMF.

Table 3. Vibration modes and wavenumbers of IR
absorption peaks in FTIR spectra of ULTHF and
U1DMF.

Wavenumber Groups
(cm™)

3300 Stretching vibration of N-H (Urethane
linkage)

3000 - 2800 Stretching vibration of saturated C-H bond

1800 Stretching vibration of C=0 (cyclic
carbonate group)

1600 Stretching vibration of C=0 (Urethane
linkage)

1500 Stretching vibration of C-N (Urethane
linkage)

1280 - 1200 Stretching vibration of C-O (ester bond)

1078 Stretching vibration of Si-O

CSBO

U2THF

Intensity

U2DMF /

7ﬁ\\¥§ A a\\ (’4¥ 7”‘777\\ /’\/ I A fon
: N | ﬂ R i
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V :
4000 35'00 30‘(}0 25‘00 2(;00 1 5’00 ](J'UU 5(‘]0
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Figure 7. FTIR spectra of Carbonate soybean oil
(CSBO), U2THF, and U2DMF.
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Table 4. Vibration modes and Wavenumbers of IR
absorption peaks in FTIR spectra of ULTHF and
U1DMF.

Peak value Group
(cm)

3300 Stretching vibration of N-H (Urethane
linkage)

3000 - 2800 Stretching vibration of saturated C-H
bond

1800 Stretching vibration of C=0 (cyclic
carbonate group)

1600 Stretching vibration of C=0 (Urethane
linkage)

1500 Stretching vibration of C-N (Urethane
linkage)

1280 - 1200 Stretching vibration of C-O (ester
bond)

The results in Figure 6 and 7 and Table 3
and 4 showed that the FTIR spectra of ULTHF was
similar to UI1DMF. That showed the new
characteristic peak corresponding to the Urethane
linkage. That peak C=0 stretching at 1600 cm-, C-
N stretching at 1500 cm, and N-H stretching at
3300 cm. The characteristic peak of cyclic
carbonate (C=0) was indicated at 1800 cm™ was
decreased. Therefore, the result can be confirmed
that the ring-opening reaction turns into urethane
linkage.

In addition, the characteristic of Si-O-Si
stretching at 1078 cm™ intensity was increased as
shown in Figure 6. The appearance of Si-O-Si is due
to the self-condensation of (3-Aminopropyl)
triethoxysilane. (Kathalewar et al., 2013; Robles,
Csoka, & Labidi, 2018). Therefore U1THF and
U1DMF samples were able to form into films.
However, U2THF and U2DMF samples were
viscous liquid. They could not be fabricated into the
film.

Upon adding lignin into the Polyurethanes,
the lignin-U1THF and Lignin-U1DMF formed into
films whereas lignin-U2THF and lignin-U2DMF
were viscous liquid. However, UITHF and U2THF
formed a heterogeneous phase. This was probably
due to the distinguished solubility of lignin alkali
and THF. On the other hand, the solubility of lignin
alkali in DMF was better. Thus, UIDMF and
U2DMF mixtures were homogeneous.
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3.3 T-Peel test

T-Peel test

0.25

0.2

0.15

0.1

0.05 I I
0

U2THF U2DMF Lignin-U2THF  Lignin-U2DMF

Peel foree (N/25.4 mm)

Sticky note

Figure 8. Peel force of viscous liquid polyurethanes
compared with sticky notes.

Figure 8 showed the peel force of the
samples compared to commercial sticky notes.
U2THF and U2DMF have the same peel force
(around 0.15 N/25.4 mm). U2THF-lignin U2DMF-
lignin showed the peel forces of 0.12 N/25.4 mm and
0.10 N/25.4 mm respectively. In all cases, the peel
force was lower than that of the sticky note. Without
lignin, the adhesive performance was better in terms
of the peel force. This may be due to the phase
separation of lignin and polyurethane, which could
not form the continuous phase. Although all
specimens showed lower peel strengths than the
commercial one. It could possibly be recommended
as pressure sensitive bioadhesives.

4, Conclusion

Polyurethane was successfully synthesized
using carbon dioxide and soybean oil as renewable
starting materials. ULTHF and ULDMF specimens
could be fabricated into films whereas U2THF and
U2DMF were viscous liquid. After adding lignin
alkaline, U1 THF-Lignin and U2THF-Lignin formed
a heterogeneous phase but U1DMF-Lignin and
U2DMF-Lignin were homogeneous phases. Peel
strengths of all specimens were lower than the
commercial one. In terms of applications, the
synthesized polyurethane can be potentially applied
as pressure sensitive bioadhesives.
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Abstract
The single use packaging is widely used in various products; ranging from food to non-food contact, from

commodity to specialty purposes. Most of these materials are derived from non-renewable fossil resources. In a
sustainable manner, it needs to be recyclable or compostable. Good mechanical properties together with
biodegradability can make the product more recyclable. In this study, the elasticity for films consisting of
polybutylene adipate-co-terephthalate (PBAT) blended with polylactic acid (PLA) (10, and 20 %wt), additive and
reactive agents were evaluated. The blends were prepared via a twin-screw extruder. The film specimens were
prepared by cast film extrusion. The films were then stretched with different ratios (1.5, 2 and 2.5 times) by the
uniaxial machine. The mechanical properties, elasticities and surface morphology of uniaxially stretched PBAT
and PBAT blend films were characterized by tensile testing and scanning electron microscope (SEM), respectively.

The tensile strength of stretched films tended to improve while the elongation at break reduced at higher stretching
ratios. The surface morphology of stretched films revealed that the degree of orientation was increased after higher

stretching ratios. The ability to recover in the plastic deformation region of stretched films was increased at the
higher stretching ratios.

Keywords: Elasticity, Polybutylene adipate-co-terephthalate, Biodegradable plastics, Stretchability

1. Introduction recycle or composting options for such a plastic. For

composting options, the existing compostable
polymers poly polybutylene adipate-co-terephthalate

(PBAT), polylactic acid (PLA), and polybutylene
succinate) (PBS) are the most popular ones. In 2020,
global production capacities of biodegradable
polymer were more than  bio-basednon-
biodegradable polymers. Top 3 of biodegradable

polymers are Starch blends, PLA and PBAT,
respectively (European Bioplastics, 2020). In the
packaging use, PBAT is generally considered the

Nowadays most of the food and non-food
packages are made from fossil-based polymers such
as polyqropylene) (PP), high density polyethylene)
(HDPE), low density polyethylene) (LDPE), linear
low density polyethylene) (LLDPE), polyethylene
terephthalate) and etc. These plastics, particularly the

single use plastic, are generally not biodegradable
and accumulate for a very long time. Based on the

single-use plastic waste statistics, 380 million tons of

single-use plastic (or 50% of the total plastic most suitable alternative to low-density polyethylene
production) were generated each year and we use based products due to its properties similar to LDPE
them only once, the same amount of plastic becomes and because of its high molecular weight and long
trash in a year (SeedScientific, 2021). Regarding the chain branched molecular structure, high elongation
single-use plastic packaging, the thin films are most at break, high failure energy and good processability
dominated in terms of the applications both for food on blown and cast film lines (BASF, 2013;
and non-food items. It is interesting therefore to find Pietrosanto, Scarfato, Di Maio, & Incarnato, 2020).

sustainable solutions. Two of the main options are
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In recent years, the research development and
improvement of PLA and PBAT have been popular
in many applications (Chen, Han, Zhang, & Dong,

2021; Deng, Yu, Wongwiwattana, & Thomas, 2018;
Hongdilokkul et al, 2015; Li et al, 2017; Su,

Duhme, & Kopitzky, 2020). Su et al. 2020) prepared
uncompatibilized PBAT/PLA blends with different
techniques. In blown films production, using PLA
contents (10-30 %wt), the tensile strength of blown

films tended to increase in MD while the elongation
at break increased. However, the tensile strength of

pressed panels and flat films processes were not
different except 30 %wt PLA in the pressed panels

process, which decreased. For the same composition,

the mechanical properties of blown film production
were higher than pressed panels. Hongdilokkul et al.

(2015) used peroxide as a reactive agent in
PLA/PBAT blends. They reported an improved

interfacial adhesion between PLA and PBAT phase,
leading to the improvement of the drawability. When

blended with 20 «wt PBAT, the drawability,

processability and toughness properties of PLA were
greatly improved. Likittanaprasong, Seadan, and

Suttiruengwong (2015) enhanced impact property of
polydactic acid) with different flexible copolymers.
They used 6 flexible copolymers. When copolymers

were added into PLA, tensile strength and modulus
of PLA/copolymers were decreased as a result of

elasticity of copolymers. PLA/copolymers were
more flexible than PLA. The elongations at break of
PLA/copolymers were increased resulting from the
PLA/copolymers samples more ductile than PLA
sample. The that different
copolymers had different impact resistance. Chen et
al. 2021) prepared toughened PLA nanocomposites
by combining the modification nano-SiO; and pre-

results indicated

stretching. The modulus and tensile strength of
PLA/SIO, nanocomposites were higher than those of

pure PLA because SiO; nanoparticles played a
reinforcement role in the PLA matrix. After pre-

stretching, a brittle-to-ductile transition occurred in
the PLA/SIO, nanocomposites. When the pre-
stretching ratio PSRy was 0.5, 1.0, 1.5 and 20, the

elongation at break, modulus and tensile strength at
break were higher than undrawn PLA. The
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elongation at break was decreased with increasing
PSR while modulus and tensile strength at break
were increased greatly. This was due to the degree of

orientation, which was increased with the increment
of PSR. Thus, in this work, we proposed another way

of improving the mechanical properties of PBAT
and PBAT blend films by stretching method. The

effect of stretching on the mechanical properties,
elasticity and surface morphology of PBAT and
PBAT blend films were investigated.

2. Materials and Methods
2.1 Materials

PBAT grade Ecoflex® F Blend C1200, BASF
was purchased from Polymat Ltd. PLA grade 4043D

was purchased from NatureWorks. Di (tert-
butylperoxyisopropyl benzene (DB), Perkadox 14s,
having 40% of peroxide, was supplied by Akzo
Nobel, Netherlands. Multi-functional epoxy chain
(ECE), ADR-4368C  was
purchased from BASF Co. Ltd. Ethylene copolymer
(E) Biomax® strong 120) was purchased from

Dupont CO. Ltd.

extender Joncryl®

2.2 Methods
2.2.1 Preparation and stretching of films

The PBAT/PLA blended with additive and
reactive agent was prepared by a twin-screw
extruder. The melting blending process was carried
out at temperature profile of 80-190°C with a screw
speed of 200 rpm except neat PBAT and PBAT_E5.
Both compounds were carried out at 80-135°C with
the same screw speed as the PBAT/PLA blends. The

compositions of polymer compounds were shown in
table 1. The compound films were prepared by a cast

film extruder. The cast film extrusion process was
carried out at 105-150°C (neat PBAT and PBAT_E5)
and 110-210°C (PBAT/PLA blended with additive
and reactive agent) with screw speed 80 rpm. Then
the stretched films were fabricated with 1.5, 2 and
2.5 times of original length by a uniaxial machine as
shown in Figure 1. The stretching temperature was
provided at ~60°C by heat gun. After stretching, they
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were cooled down to room temperature by air before
they were unloaded from the grips.

Figure 1. Uniaxial machine.

Table 1. The composition of polymer compounds.

2.2.2 Tensile testing

The mechanical properties of samples were
measured at room temperature with a crosshead
speed of 50 mm/min by a universal testing machine
(NRI-TS500-5B) according to ASTM D882 The

standard films were cut from the unstretched and
stretched samples along the stretching direction

2.2.3 Cyclic testing

Elasticities of the samples were measured by a
universal testing machine in cyclic test mode. The

cyclic tests were performed at maximum stress (Gmax,

Ethylene DB ECE

Samples PBAT PLA copolyrzer phn phrn) phn
PBAT 100
PBAT_E5 100 - 5 - -
P90 L10 DB02 ECEO1 90 10 - 0.2 01
P90_L10_E5 DB02_ECEO.1 90 10 5 02 01
P80 _L20 DB02 ECEO.1 80 20 - 0.2 01
P80 _L20 E5 DB02 ECEO0.1 80 20 5 0.2 01

of 30 MPa and a crosshead speed of 50 mm/min. The

specimens of unstretched and stretched were cut the
same as tensile testing.

2.2.4 Scanning electron microscopy (SEM)

Surfaces morphology of the samples were
investigated by a Field Emission Scanning Electron
Microscope, FESEM) MIRA3 TESCAN CO,, LTD,

Czech Republic. Gold sputtering was performed to
coat on samples before testing.

3.Results and Discussions

3.1 Mechanical properties
The mechanical properties of unstretched PBAT,
PBAT_E5 and PBAT/PLA blend films were

measured by tensile testing at room temperature.
Figure 2. showed the stress-strain curves of
unstretched PBAT, PBAT_E5 and PBATPLA
blend films. Unstretched PBAT film showed tensile
strength and elongation at break at 254 MPa and
55129, respectively. When adding ethylene

copolymer, tensile strength of unstretched PBAT _
E5 film decreased from 25.4 MPa to 21.9 MPa while

elongation at break slightly increased from 551.29v
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Figure 2. Stress-Strain curve of unstretched PBAT,

PBAT_E5 and PBAT/PLA blend films.

to 561.89%. For PBAT/PLA blend films, elongation
at break of PBAT/PLA blend films was decreased a

lot after blending PLA into PBAT while tensile
strength slightly increased except tensile strength of
P90 _L10 _E5_DB 02 _ECE 01 film slightly

decreased. When compared neat PBAT film with
P90_L10_DB02_ECE0.1andP80_L20_DBO0.2_
ECEOQ.1 films, tensile strength increased from 254
MPa to 274 MPa and 278 MPa respectively,
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Figure 3. Stress-Strain curve of unstretched films
and stretched films (1.5x, 2x and 2.5x) a) PBAT and
b)PBAT_E5.

whereas elongation at break was decreased from
55129% to 22465% and 209.08% respectively

because PLA is rigid polymer when compared to
PBAT. Rigid polymer has high tensile strength and

modulus (Pitivut, Suttiruengwong, & Seadan, 2015).
When comparing PBAT/PLA blend films with and

without additive, tensile strength of P90 L10 _E5
_ DB02 _ ECEO1 and P80 _ L20 _ E5 _

DB0.2_ECEO0.1 decreased from 27.4 MPa and 27.8
MPa to 22.6 MPa and 254 MPa respectively while
elongation at break increased from 224.65% and
209.08%10 298.13%and 214 51+ respectively because

ethylene copolymer was more flexible than PLA
(Likittanaprasong et al., 2015). Tensile strength of all

unstretched films was slightly different but
elongation at break of unstretched PBAT/PLA

blends film was significantly decreased. Therefore,
unstretched PBAT and PBAT _ E5 films were
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Figure 4. Surface morphology of unstretched films
a)PBAT and b)PBAT_ES5 and stretched films 2x) ¢
PBAT 2x and d)PBAT_E5 2x.

selected for stretching to improve mechanical
properties and studied elasticity after stretching.

After stretching PBAT and PBAT_E5 films,
Figure 3. represents the stress-strain curves of
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unstretched and stretched PBAT and PBAT_E5
films with different ratios. It was obvious that the

tensile strength of stretched PBAT and PBAT_E5
films were different after stretching. With increasing

the stretching ratio, the stretched PBAT and
PBAT_E5 transformed from a ductile to brittle
behavior and tensile strength of stretched PBAT and
PBAT_ES5 films tended to increase while elongation
at break tended to decrease because of stretched
films in the cold drawing zone of polymer and the
orientation of the polymer chains during in
stretching process (Su et al,, 2020). At the highest
stretching ratio 2.5x), tensile strength of stretched
PBAT and PBAT_ES5 films increased by 164« (from
25.4 MPa to 66.71 MPa)and 186« from 21.9 MPa to
63.22 MPa but elongation at break decreased by 71+
(from 551.29% to 165.19%) and 63% (from 561.89% to
206.15%), respectively. This may be due to the fact

that by stretching, the stretched polymers chains
were oriented along uniaxial machine direction and
the degree of orientation was increased with the
increment of stretching ratio (Chen et al., 2021).

3.2 Morphology of unstretched and stretched
films

Figure 4. shows Surface morphology of unstretched
and stretched PBAT and PBAT_E5 films with
stretching ratio 2x. Surface morphology of
unstretched PBAT and PBAT_E5 films show
droplet voids on film surfaces were illustrated in
Figure 4 a and b). But unstretched PBAT and
PBAT_E5 showed different film surfaces. When
adding ethylene copolymer into PBAT, film surface
of PBAT_E5 film was rougher than PBAT film
because ethylene copolymer particles were
elongated and dispersed on the film surface After
stretching PBAT and PBAT_E5 films. Surface
morphology of stretched PBAT and PBAT_E5 were
shown in figure 4 ¢cyand d), the droplet voids became
elongated void due to the orientation of the stretched
films in uniaxial machine direction. It confirmed the
increased degree of orientation with the increment of
stretching ratio, resulting in tensile strength of
stretched films increased while elongation at break
decreased as mentioned above. The increase in
tensile strength may be resulted from the degree of
the crystallinity. However, a role of the crystallinity

was not investigated in this work.
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Figure 5. Stress-Strain curve from cyclic test of

unstretched films and stretched films (1.5x, 2x and

25x)a)PBAT and b)PBAT_ES.

3.3 Elasticity of unstretched and stretched

films

Elasticity of unstretched and stretched
PBAT and PBAT_E5 films were tested by cyclic
testing. It was reported in the form of «recovery. The

cyclic tests were performed at maximum stress 30
MPa. Figure 5. showed the stress-strain curves from

cyclic tests of unstretched and stretched PBAT and
PBAT_E5 films. In case of unstretched PBAT and

PBAT_ES films, they cannot be tested at maximum
stress 30 MPa because tensile strength of
unstretched PBAT and PBAT_ES5 films were 254

MPa and 219 MPa, respectively. The unstretched

PBAT and PBAT_ES5 films were tested at maximum
stress 20 MPa and 15 MPa, respectively. It found that

wrecovery of unstretched PBAT and PBAT_E5
films were 18.09% and 25.25%, respectively. After
stretching, wrecovery of stretched PBAT and



Available online at httpmwww .ssstj.sci.ssru.ac.th

Suan Sunandha Science and Technology Journal
©2022 Faculty of Science and Technology, Suan Sunandha Rajabhat University

Table 2. %Recovery of unstretched and stretched PBAT and PBAT _ES5 films.

Sample Stretching ratio Recovery ()
PBAT 1 18.09
PBAT 15x 15 2480
PBAT 2x 2 4841
PBAT 25x 25 7424
PBAT_E5 1 2525
PBAT_E5 15x 15 4011
PBAT_E5 2x 2 64.64
PBAT_E5 25x 25 86.15

PBAT_ES5 films increased with increasing stretching
ratio because increment of stretching ratio resulted
in tensile stress of stretched films equal to 30 MPa
at lower wstrain. At lower wstrain, film showed

higher elasticity than at higher «strain because when

the film was drawn continuously, the film entered
more deformation zones. Thus, the film possessed

higher strength.

4. Conclusions

The stretching process can improve mechanical
properties and elasticity as indicated by tensile
strength of PBAT and PBAT _ES5 films increased by
164% and 186% but elongation at break decreased by
71% and 63% respectively when stretching at the
highest ratio (2.5x) due to stretched films are oriented
along the uniaxial machine direction and the degree
of orientation increased. The elasticity shows in the
form of wrecovery. wxRecovery of stretched PBAT

and PBAT_ES5 increased when stretching at the
highest ratio due to elasticity of films increased.

SEM shows surface morphology of stretched PBAT
and PBAT_E5 which indicates the longer elongated
voids when stretching. It confirmed stretched films

are oriented along the uniaxial machine direction.

More work needs to be carried out to ensure the
application including the coefficient of friction, the
shelf-life and the economics analysis of the products.
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Abstract
Poly Butylene Succinate (PBS) is one of the biodegradable polymers with good physical properties but its barrier

properties such as the oxygen barrier are poor. The aim of this study was to investigate the barrier and seal
properties of PBS by blending with biodegradable poly hydroxybutyrate-co-hydroxyvalerate (PHBV). PBS and
PHBV 80,20 and 70,30 %ww) with and without reactive agents were prepared using an internal mixer. Film
specimens of 100 micrometers in thickness were prepared using compression molding. The morphology, barrier
properties and peel-seal strength were investigated. Morphological observations using scanning electron
microscope (SEM) showed an improved dispersion of PHBYV in the blends after adding the reactive agents. The
oxygen barrier and water vapor barrier were determined using ASTM D3985 and ASTM E96, respectively. The

results showed that the addition of PHBV into the blend films led to lower OTR and WVTR when compared to
the neat PBS. The addition of reactive agents can further improve the OTR and WVTR of PBS/PHBYV blends due

to the compact and dense structure of the films. Peel-seal behavior of the films was examined by the different
sealing temperatures, which determined the failure mechanism after peeling. The blend films with reactive agents

after sealing temperature between 105 and 115°C were peeled from the substrate with adhesive and cohesive
failures showing the easy peel mode.

Keywords: Polybutylene succinate), Polychydroxybutyrate-co-hydroxyvalerate), Reactive blending film, Barrier
properties, Peelable film

1. Introduction usually sent to landfills after using. With the high

The growing environmental concern on plastic material property requirements of these plastics
pollution has gained global attention. It was reported including a light weight (micro-scale thickness), high
that more than 340 million tons of plastic waste were toughness, complex structures (multi-layer) and
generated around the world, with around 46+ of this contamination due to direct contact with foods (Wu
waste from the packaging sector in 2018 (Wu, Misra, et al,, 2021), the collection, separation and recycle
& Mohanty, 2021). For the food packaging are very complicated. Urgent efforts are directed
applications, it is a single-use packaging alone that towards finding alternative solutions, including the
generates a large amount of plastic wastes. Amongst use of renewable, biobased, and biodegradable
these, the plastic top seal for sealing trays is one of plastics (Rodriguez-Uribe et al,, 2021). One of the
the interesting items, which is difficult to be options can be the compostable plastics as they offer
replaced with the sustainable option. Top seal is the composting option, especially for a food contact

packaging, where recycling was complexed by the

mostly made from non-biodegradable polyolefins )
economics of scale and waste management. For food

and polyethylene terephthalatey (PET) or even ) )
packaging uses, the poor water vapor and gas barrier

multilayer films. Th ren ily r | n . . .
ultilaye s. They are not easily recycled and properties of most biodegradable plastics are the

V0l.09, No.2 DOI:10.14456/ssstj.2022.9
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major limitations for top seal applications. The main

approach to improve this performance of
biodegradable plastics includes polymer blending.

The method is easily adopted in the industrial
processes (\Wu et al., 2021).

Poly butylene succinate or PBS is one of the
biodegradable aliphatic polyester and is synthesized
from 1,4-butanediol and succinic acid monomers by

the polycondensation reaction. PBS has mechanical

properties comparable to polyolefins like
polyethylene (PE)and polypropylene (PP)Muthuraj,

Misra, & Mohanty, 2017). On the other hand, the

disadvantage of PBS with packaging application is
its poor barrier to moisture and oxygen (Rodriguez-

Uribe et al.,, 2021). A study conducted by V. Siracusa
et al. (Siracusa, Lotti, Munari, & Dalla Rosa, 2015)
reported the oxygen transmission rate (OTR) of PBS

films prepared by compression molding and with a
thickness of 1447 um was ~281 cm®m?2.day*bar?. J.

Xu (Xu, 2015 reported the water vapor transmission
rate WVTR) of PBS films made by using hot-press
and with a thickness of 51 pm was 83.8 gm2day™.
To obtain high oxygenwater vapor barrier blends,

one component with a high barrier should be
incorporated. Accordingly, the polymer blending by

high barrier properties materials can result in
products with better barrier properties. Among

biopolymers,
hydroxyvalerate

Polyhydroxybutyrate-co-
(PHBV) as a family of
Polychydroxyalkanoates) (PHAS) has relatively high

barrier properties and proven biodegradability has
attracted the attention of the packaging application.

This group of polymer is a polyester derived from
microorganism, including bacterial fermentation of
starting raw sugars or lipids (Nuchanong, Seadan,

Khankrua, & Suttiruengwong, 2021; Rodriguez-
Uribe et al., 2021). Since the oxygen barrier of PHBV

is much better than most biopolymers such as PBS,
Polylactic acid (PLA), Polycaprolactone (PCL), and

some commodity polymers such as PP and PE, it is
a good candidate for blending. This polymer is

however still very expensive. Although the water

vapor barrier of PHBV was inferior to that of PP and
PE, it is clearly better than that of biodegradable
polyesters such as PBS, PLA, PBAT and PCL
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(Rodriguez-Uribe et al,, 2021). Thus, PHBV can help

to enhance the barrier properties of biopolymer
blends. The poor barrier of PLA films has been found

to improve with the addition of PHBV by I.
Zembouai et al. Zembouai et al,, 2013). The OTR of
PLA was decreased by about 353, 432 and 815%
with the addition of 25, 50 and 75 wt of PHBV for
PHBV/PLA blend, respectively. On the other hand,

the value of WVTR of PLA was decreased by about
22.7,36.6 and 58.9% by addition of 25, 50 and 75 wtx

of PHBYV, respectively. M. Cunha et al. (Cunha,
Fernandes, Covas, Vicente, & Hilliou, 2016) studied
the melt blended PHBV/PBAT (70/30). It was

reported that WVP of the film was close to PHBV,
but the elongation at break of the film showed the
low flexibility. The compatibility between PBS and

PHBYV was poor, resulting in relatively large particle
size and a weak interfacial adhesion in their blends
by Y J.Phua etal. (Phua, Pegoretti, Medeiros Araujo,

& Mohd Ishak, 2015y and P. Ma. et al. (Ma, Hristova-
Bogaerds, Lemstra, Zhang, & Wang, 2012). Certain

compatibility needs to be introduced into the blend
system in order to acquire better performance. To

achieve oxygen/water vapor barrier and mechanical

balance in biodegradable polymer blends, effective
compatibilizers were normally applied (Wu et al.,

2021).

Therefore, the objective of this work was to
study the addition of reactive compatibilizer in 80,20

and 70,30 wtx of PBS and PHBYV blend. The polymer

blend with and without reactive compatibilizer was
evaluated by oxygen transmission rate (OTR), water

vapor transmission rate WVTR) and seal strength

test for study the possibility to use with top seal
application.

2. Materials and Methods

A commercial grade polybutylene succinate
(PBS) FZ91PM with MFR 5 g/10 min, density 1.26

gecm®, melting temperature around 115°C was
purchased from PTT MCC Biochem Co. Ltd.
Thailand). Polyhydroxybutyrate-co-hydroxyvalerate)
(PHBV) Y1000P  with 3
hydroxyvalerate (HV) content was purchased from

Enmat mole

Tianan Biologic Material Co.(Ningbo, P.R. China. It



Available online at httpmwww .ssstj.sci.ssru.ac.th

Suan Sunandha Science and Technology Journal
©2022 Faculty of Science and Technology, Suan Sunandha Rajabhat University

has the density of 1.25 gcm?®, melting temperature
around 175-180°C. Multi-functional epoxy chain
extender (ECE) Joncryl ADR 4468 in solid flake
form with epoxy equivalent weight 310 g/mol was
purchased from BASF Co., Ltd.

2.1 Blend preparation

PBS and PHBV pellets were dried at 60°C
overnight before further use. The ratios of PBS and

PHBYV were 80:20 and 70:30 by weight. For reactive
blending, PBS/PHBV with various contents of ECE
were studied at 0.1, 02 and 0.3 phr. PBSPHBV
blends with and without reactive agents were melt-

blended using an internal mixer at 180°C with rotor
speed of 100 rpm for 10 min. Films were prepared

using compression molding at 190°C for 3 min to
obtain films of about 100 pum thickness.

2.2 Characterization
Scanning electron microscopy (SEM). To
investigate the morphology of PBS/PHBV blends

with and without reactive agents, all blended
samples were cryo-fractured in liquid nitrogen and

sputter coated with Au/Pd. The fracture surface was

investigated by Field emission scanning electron
microscopy (FESEM) (MIRA3, TESCAN) with a

chamber pressure <0.009 Pa under high vacuum
mode. A 2500xmagnification was used for all
samples.

Oxygen transmission rate (OTR). The oxygen
transmission rate (OTR)was carried out according to
ASTM D3985 using Gas Permeability Tester type
GDP-C, Brugger Feinmechanik GmbH) OTR
measurements were performed at 23°C at 50% of
RH, and the results were expressed in cm®m?2day
Lhart.

Water vapor transmission rate WVTR). The
water vapor transmission rate \WVTR) of the film
samples was studied using the «Cup method-~
referring to ASTM E96. Silica gel was used as a

desiccating agent, and the cups had a specific
exchange surface of S =459 cm? The experimental

setting consists of a cylindrical vessel filled with a
desiccating agent and sealed with the investigated
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film. The mass increase in the cups, due to the water
absorption of silica gel, was plotted against time. The

WVTR was calculated from the slope of the mass
uptake of desiccating agent profile versus time at
23°Cat 75% of RH, and the results were expressed in

g.m?2day?.
Seal-Peel test. Heat sealing process involves

sealing temperature between 95 and 110°C and
sealing time 8 s (18 rpm,) were directly set on a

continuous sealing machine (BSV-5I, Tupack Co,,
Ltd). All of the films were sealed on a PBS blend
sheet. The sheet prepared from PBS/PLAPBAT was

about 800 pm thickness to imitate the container rim
or the tray's lip. Peel strength of films was measured

by a supported 180° test (Technique C)according to
ASTM F88. The grip distance and peeling rate was
254 mm and 200 mm/min, respectively. The testing
machine was a universal testing machine (NRI-
TS500-5B, Narin instrument Co., Ltd) with a load
cell of 5 kN. Peel strength values were the average
values of five repeated measurements.

3.Results and Discussion
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Figure 1. Mixing torques of PBSPHBYV @) 80,20 (b
70,30 blend with and without reactive agents at
180°C and rate 100 rpm.

Mixing torque values. The mixing torque of the

internal mixer can be related to the molten polymer
viscosity. The evolution of PBS/PHBYV 80,20, 70,30

blend with and without reactive agents mixing
torque curves is shown in Figure 1. The mixing

torque curve of the non-reactive PBS/PHBV 80,20
blend is lower than that of the reactive PBS/PHBV
80,20 blend as a result of the reaction between ECE

epoxide group and carboxylic end group of polyester
through condensation reaction, indicating some
degree of chemical reaction. This finding is

consistent with other researches that also modified

Dl i
MIRA3 TESCAN]|

~ SEMHV: 5.0kV.
View field: 83.0 ym

SEM MAG: 2.50 kx Silpakorn University

SEM
View fieid: 83.2 ym Det: SE 20 pm
SEM MAG: 2.50 kx BI: 4.00

Silpakorn University

polyester  through condensation reaction
(Nanthananon, Seadan, Pivsa-Art, Hiroyuki, &
Suttiruengwong, 2017; Nuchanong et al, 2021;
Phuangmali, Seadan, Khankrua, & Suttiruengwong,
2021; Yang, Xin, Mughal, Li, & He, 2017). The
reactive epoxide groups can react with carbonyl
groups in both polyesters to form copolymer,
leading to better compatibility between two
polymers. For PBS/PHBV 70,30 blend (Figure 1 b),
the mixing torque was not different when adding and
increasing ECE contents. The reason for this might
be the expense of two or more competing reactions
of PHBV, such as the competition between the
degradation reaction and condensation reaction
(Nuchanong et al,, 2021). Therefore, the change in the

viscosity of the melt is not pronounced.

(b) B8

MIRA3 TESCAN|

View field: 83.1 ym
SEM MAG: 2.50 kx

@]

o e,
SEM HV: 5.0 kV/
View field: 83.2 ym
SEM MAG: 2.50 kx
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Figure 2. SEM micrographs of cryo-fracture surface of @ non-reactive PBSPHBYV 80,20 and reactive
PBSPHBYV 80,20 with ECE (1 0.1, «¢)0.2 and (d) 0.3 phr.
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View field: 83.1 pm
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Figure 3. SEM micrographs of cryo-fracture surface of @ non-reactive PBS/PHBV 70,30 and reactive
PBS/PHBYV 70,30 with ECE 9 0.1, «¢)0.2 and (d) 0.3 phr.

Morphological observation. The micrographs
of the PBS/PHBV blends are studied by SEM. Figure
2 shows the SEM micrographs of the cryo-fractured
surface of the non-reactive and reactive PBS/PHBV
(80:20) blends. The physical PBS/PHBV blends
(Figure 2 a shows that PHBV droplets are dispersed

in the PBS matrix with an average droplet size of
about 10 pm. After addition of ECE to the

PBS/PHBYV blends (Figure 2b -d), the sizes of PHBV
droplets are smaller than non-reactive one. The
particle sizes are about 2 pum. It is evident that there

was a reaction through the condensation reaction
when adding ECE into the blends. Similar

observation was made by |. Zembouai et al
(Zembouai et al, 2013). They reported that PHBV
and PLA form mainly a two phase-system. In the
25/75 blend, the phase was formed by PHBV and the
inclusions (bead-shaped) were PLA domains. P. Ma
and coworker (Ma et al,, 2012) also reported after
adding of the reactive agent to the PHBV/PBS melts,

which acted as compatibilizer between PHBV and
PBS and a network consisting of both PHBV and
PBS were formed.
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In case of the cryo-fractured surfaces of
PBS/PHBV (70:30), PHBV is typically dispersed in
a form of the filament in the PBS matrix as shown in
Figure 3 a In Figure 3 b, PBS/PHBV (70:30) blend
with the addition of the reactive agent showed the
spherical particles instead of the filament shape. The
filament changes to spherical droplets with a larger
particle size of about 20 pm and the smaller about 4-
5 wpm. The interfacial adhesion between both
polymers for both compositions of the blends as
depicted in Figure 3 ¢ and Figure 3 d after adding
ECE.

400

350

300
250

200 1516 1815

OTR (em*/m’day bar)
z
I

=
=3
f

PRS PBS/PHBV 80200 PBS/PHBV 70/30 PHBYV

Figure 4. Oxygen transmission rate (OTR) of
PBSPHBYV blend with and without reactive agents.
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Barrier properties. Gas barrier properties of
PBS/PHBV blends were investigated by means of
oxygen and water vapor transmission rate tests.

Evaluations were performed on compressed films
with thickness about 100 pum. Similar trends are

observed for both gas permeation evolutions as a
function of compositions.
Oxygen transmission rate (OTR). The results

are depicted in Figure 4 PHBV possesses a good
oxygen barrier when compared to PBS. OTR values

of PBS/PHBYV blend are decreased with increasing
PHBYV contents in the blends. When adding ECE, the

OTR value decreased furthermore when compared
to non-reactive PBSPHBV blends. OTRs of

PBS/PHBV 80,20 and 70,30 blend are improved by
54 and 69.2% after the addition of ECE 0.3 phr,
respectively compared with that of PBS. The reason
for this is still unknown. This shows clearly the role
of PHBYV as an efficient barrier promoter for PBS,
even at the low content. The lower OTR values
obtained after adding ECE suggest an improved
interfacial adhesion between both polymers helps
create the compact and dense structure of the films
(Chinga-Carrasco & Syverud, 2012).

B 1on-reactive
B cE o
B rce o2
B rcE 03

PBS PRS/PHBY 8020 PBS/PHBY 7030 PHIBY

Figure 5. Water vapor transmission rate WVTR) of
PBS/PHBYV blend with and without reactive agents.

Water vapor transmission rate WVTR).
WVTR results are presented in Figure 5. It is seen

that by increasing PHBV contents the water vapor
barrier was better when compared to PBS alone.

PBS/PHBYV blends show the decrease in WVTR
values with increasing PHBV contents. Moreover,
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OTR of reactive PBS/PHBV blends exhibit lower
than that of non-reactive blends. WVTR values of
PBS/PHBV 80,20 and 70,30 blend compared with
PBSare improved by 44 and 55 .6% after the addition
of ECE 0.3 phr, respectively. The incorporation of
PHBV can improve the moisture barrier properties
of PBS. This was also in good agreement with I.
Zembouai (Zembouai et al., 2013), who reported the
barrier property of PHBV and PLA blend. After
improving the barrier properties of the blends, it was
found that barrier properties lied between PLA and
PHBYV barrier properties. It was reported that the
decrease in barrier properties as crystallinity
increased was mainly explained by two factors. The
first was the inclusion of impermeable crystallites
which decreases the amount of amorphous phase
through which the gas molecules can permeate. The
second was that impermeable crystals increase the
tortuosity of the transport path (Zembouai et al,
2013).
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Figure 6. Peel force of @ PBS/PHBYV 80,20 blends
and () PBSPHBYV 70/30 blends with and without
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ECE in different sealing temperatures on PBS
blends sheet

Seal-Peel test. In this research, PBS/PHBV

films were fabricated and used to investigate the peel
properties as for an easy-peel range application. The

peel force of the film sealed on the prepared PBS
blend sheet was carried out to evaluate the
interaction between PBSPHBV films and PBS

blend sheet. From the seal and Peel test shown in

Figure 6, Peel force tends to decrease with
increasing PHBV contents. The compact and dense

structure of the films could be the reason for this. On

the other hand, depending on the preparation of the
films <n this case the compression molding was

used), PHBV minor phases can reside at the surface

because of its low interaction with PBS
(Liewchirakorn, Aht-ong, & Chinsirikul, 2017).

Since the heat seal was studied, optimum heat seal
temperatures of some of the blends may fall out of
this range. Therefore, the blends could be used in

packaging applications with easy-open peelable
features (in-dash lines), which have a peel force of
4.45.12 24 N;254 mm (1 to 2.75 lb/in as reported by
reported by J. Zhang et al) (Diaz, Pao, & Kim, 2016;
Zhang et al, 2009). However, all blends film at

sealing temperature 105 and 115°C had a tendency
to be used as peelable film for easy-peel films.

Peel-seal behaviors in easy-peel range with
different sealing temperatures (105-115°C) peeling
film from PBS blend sheet substrate (800 um). Three
types of the film's failure (Liewchirakorn et al., 2017)

observed in this study are schematically illustrated
in Figure 7 a to c¢. Adhesive failure was found in

sealed PBS/PHBV 80,20 blend at 105-110 °C sealing
temperatures and in 70,30 blend at 105 °C sealing
temperatures on PBS blend substrate. This failure is

located at the interface between the film and
substrate, resulting in the lowest peel force values.

For the cohesive failure, the film tends to peel off
from the substrate and peel advances during the test.

There is some residue observed on both peeled
surfaces of PBS blend substrate and PBS/PHBV

blend films. This found in the case of the PBS/PHBV
80,20 and 70/30 blend films were sealed at 115°C,
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110°C, respectively. The films demonstrate tearing
failures at a high sealing temperature of 115°C.
PBS/PHBV 70,30 blend films exhibit the complete
tear. This tearing failure means no peel during the

peeling process due to a high seal force between film
and substrate or seal strength is higher than the

inherent tensile strength of the film).

30
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Figure 7. Typical peel failure curve of @ PBS,
PBS/PHBYV blends (80,20 and () 70,30 in different
sealing temperatures on PBS blends sheet.
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4.Conclusions

Biodegradable PBS and PHBV blends
were prepared by melt mixing with and without
ECE. Film specimens were prepared using
compression molding. The SEM images indicated
the decreased PHBV dispersed phase as well as
improved interfacial adhesion after adding ECE in
PBS/PHBV blends, indicating improved
compatibility between these polymers. The addition
of PHBV into the blend films without ECE altered
the barrier properties, where the decrease in both
OTR and WVTR when compared with the neat PBS
was observed. Meanwhile, the addition of ECE can
further improve the OTR and WVTR of PBS/PHBV

blends due to the compact and dense structure of the
films. PHBV could act as an efficient barrier

promoter for PBS. For the seal-peel strength test,

after sealing temperature between 105 and 115°C
that exhibited easy-peel characteristics. Peel-seal

behaviors in an easy-peel range were peeled from the

PBS blend substrate, adhesive and cohesive failures
were apparent during the peeling process. It can be

concluded that the blend film with PHBV minor
phase with ECE can be used for top seal application.
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Abstract
Compostable plastics such as Poly dactic acid) (PLA), Polybutylene succinate) (PBS)and Polybutylene adipate-co-

terephthalate) PBAT) have been extensively used in many applications, from commodity to engineering ones.
These plastics offer the circularity of the carbon cycle. However, each of them has advantages and disadvantages.

The ternary blend of these three are therefore very interesting in terms of phase morphology and their physical
properties while offering compostable practices. In this work, the blends of PLAPBAT/PBS were studied.

PLA/PBAT was fixed at 50,50 whereas PBS was varied from 10 to 40 « wt. In order to ensure the compatibility,
peroxide and carbodiimide compounds were used. The results show an immiscibility of PLA/PBAT/PBS blend,
with continuous surface of PLA and PBAT while PBS is dispersed phase. However, it shows the better interfacial
adhesion of PLA/PBAT/PBS when reactive compounds were added. The mechanical properties indicated the
modulus of all blends higher than neat PBAT (~52 MPayand PBS (~377 MPa). However, it insignificantly changed
when increased PBS contents, similar to the tensile strength results.

Keywords: Circularity, Ternary blend, Compostable plastic

1. Introduction distortion temperature and barrier properties beside
There is a great concern on accumulative plastic limited application (Chaiwutthinan, - Chuayjuljit,
waste. Many existing solutions include the new Srasomsub, &  Boonmahitthisud ~ 2019;
plastics economy pioneered by Ellen MacArthur Hongdilokkul et al,, 2015; Pitivut, Suttiruengwong,
Ellen MacArthur Foundation, 2020). Plastics and & Seadan, 2015; F. Wu, Misra, & Mohanty, 2020.
circular economy have been put into the solutions in Many researchers have attempted to improve
forms of the new design of products and processes the properties of PLA to make it more widely
as well as the materials substitution. In terms of applicable. One method that is widely used for
materials regeneration and sustainability, biobased improving the toughness of PLA is to blend PLA
and biodegradable plastics are obvious choices. with a flexible polymer such as PBAT and PBS
Depending on the applications, materials can be (Hongdilokkul et al, 2015; Pitivut et al, 2015;
selected and designed for circularity. Thus, one of Prasong, Ishigami, Thumsorn, Kurose, & Ito, 2021;
the options for plastics can be compostable plastic, D. Wu et al, 2020, Polybutylene adipate-co-
which can provide the composting option and return terephthalate) PBAT) is aliphatic aromatic polyester.
carbon and nutrients for the plant growth. Among Although PBAT has been commercialized with high
compostable plastics, polydactic acid) PLA) is one toughness and flexibility, it still has low modulus (D.
of the most studied one because it has many Wu et al,, 2020). Therefore, blending PLA and PBAT
advantages such as high strength, high modulus, can balance these properties. P. Chaiwutthinan et al.
biodegradable and low cost as well as (2019) and Pitivut et al. 2015) studied the properties

commercialization on a large scale. However, PLA
is highly brittle and has low toughness and heat

of PLA/PBAT blends in different ratios. The results
showed that the addition of PBAT could improve
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elongation at break of PLA while young's modulus
and strength decreased with increased PBAT
contents.

A few studies have involved in the blending of
PLA and PBS, as PBS was a biodegradable polymer
with good processability, high flexibility, high
impact strength and better heat resistance compared
to other biopolymer such as PLA and PBAT
(Prasong et al.,, 2021; Ravati & Favis, 2013). Prasong
et al. 2021) reported that PBS acted as a nucleating
agent of PLA and induce. crystallinity in PLA/PBS
blend. Improving the crystallinity of the polymer
resulted in an increase in the heat resistance of the
blend. However, a study of ternary blends between
PLA/PBAT/PBS has been
knowledge. Ravati, Beaulieu, Zolali, and Favis
(2014 studied properties of the PBS/PLAPBAT

ternary blend in the equal ratio. SEM micrograph

limited up to our

showed all phases were percolated and created a tri-
continuous ternary PLA/PBS, PBAT immiscible
blend. The presence of this microstructure resulted in
the ternary blend showing a very high level of
properties including a high impact strength, high
young's modulus, and high elongation at break. F.
Wu, Misra, and Mohanty 2019) developed super
toughened polydactic acid)-based ternary blends via
enhancing interfacial compatibility. The results

showed that the incorporation of PLA ensured that
the blend with modulus above 1 GPa and strength
above 30 MPa. In addition, the modulus increased

with increased peroxide contents. On the other hand,

2. Materials and Methods
2.1 Materials

Polydactic acid) (PLA) 4043D grade was

purchased from BC POLYMER MARKETING
CO,, LTD,, Thailand. Polybutylene adipate-co-

terephthalate) (PBAT) Ecoflex F blend C1200 was
purchased from POLYMATS CO,, LTD,, Thailand.
Polybutylene succinate) PBS) FZ91PM grade was
purchased from PTT MCC Biochem CO, LTD,
Thailand. Di ert-butylperoxyisopropyl) benzene
(perkadox 14s) was purchased from AkzoNobel Co,,
Ltd. Bioadimide 100XT and 500XT were purchased
from Optimal Tech CO., LTD., Thailand.

2.2 Preparation of PLA/PBAT/PBS blends

Prior to usage, PLA PBAT and PBS resin were
dried in an oven at 60°C for 6 hours to remove
moisture. Then PLA PBAT and PBS were blended

via internal mixer CHAREON TUT CO,, LTD) at
190 °C with rotor speed 60 rpm for 10 min. The
compositions of PLAPBAT/PBS ternary blends

both with and without reactive agents in this study
were listed in table 1. PLA/PBAT ratio was fixed at

50/50 while PBS varied from 10 to 40 « wt. Perkadox
(Pen and bioadimide BioAd) 02 and 04 phr

respectively were used for each of compositions to
form reactive blended polymers.

Table 1. Compositions of PLA/PBAT/PBS blends.

- o PLA PBAT PB P BioA
the addition of peroxide into ternary blends resulted S er oAd
in th lecul hai ith hiahly b hed Sample @Wh Wb W phn phr)
in e.mo ecular chains wi .|g. y branche gr Neat PLA 00
cross-linked structures. It limited the chain Neat PBAT ) 100
movement, leading to the decreased elongation at Neat PBS . . 100
break. PBSO 50 50
According to literature, the effect of PBS PBS10 45 45 10
content on the properties of PLAPBAT/PBS ternary PBS20 40 40 20
PBS30 35 35 30
blends has not been reported before. Therefore, the
o ] PBS40 30 30 40 - -
objective of this research was to study the effect of PBSOP0.2B0.4 50 50 i 02 04
PBS content on the phase morphology and physical PBS10P0.2B04 45 45 10 02 04
properties of PLAPBAT/PBS ternary blends with PBS20P0.2B04 40 40 20 02 04
and without reactive agent. PBS30P0.2B0.4 35 35 30 02 04
PBS40P04B04 30 30 40 02 04
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2.3 Characterization

Melt flow index (MFI) of all samples was
measured at 190°C,2.16 kg, according to ASTM
D1238 using Plastomer: MFR1 (CHAREON TUT
CO.,, LTD). The cryo-fracture surface morphology of

neat polymers and their blends was examined by
Field emission scanning electron microscope
(FESEM)(MIRA3, TESCAN) operated at 5.0 KV and

samples were sputtered with gold. Young’s modulus,

tensile strength, and elongation at break of all
samples were determined according to ASTM D638-

5 with a crosshead speed of 10 mm/min using
universal testing machine (NRI-TS501-1508-5B,
NARIN instrument CO,, LTD).

3.Results and Discussions
3.1 Mixing torque

Mixing torque at 10 min of the sample with and
without reactive agents is shown in figure 1. The
mixing torque of neat PLA PBAT and PBS are 8.49,
10.18 and 5.46 Nm respectively. The mixing torques
imply the melt viscosity of polymers. Therefore,

PBAT has the highest melt viscosity whereas PBS
has the lowest melt viscosity. Considering the
mixing torques of the blends without reactive agent,
the results showed that mixing torques decreased
with increased PBS contents. On the other hand, the
torque value of the blends with reactive agents
increases with increasing PBS content due to
Perkadox being highly reactive with PBS, resulting
in molecular chain cross-linking (Cherykhunthod,

Seadan, & Suttiruengwong, 2015; F.Wu et al,, 2019).

In addition, the presence of bioadimide as a chain
extender can also increase the viscosity of the
polymer. Thereby, increasing viscosity of the system

led to higher torque value.
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Figure 1. Mixing torque at 10 min of neat polymers
and their blends with various PBS contents.
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Figure 2. Melt flow index of neat polymers and their
blends with various PBS contents.

3.2 Melt flow index

Figure 2 shows the melt flow index of neat
polymers and their blends. The results showed MFI
of neat PLA PBAT and PBS were 6.45, 6.08 and 9.58
0/10min respectively. In the case of the blends
without reactive agent, MFI was increased with
increasing PBS contents whereas MFI of the blends
with reactive agent decreased with increasing PBS
contents. This result is in a good agreement with the
mixing torque. That is, polymers with high torque
values would have low MFI or high viscosity.
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Figure 3. Cryo-fracture surface of @ neat PLA, b
neat PBS, ) neat PBAT by SEM.

3.3 Morphology

SEM micrographs of neat polymers were shown
in Figure 3. Neat PLA shows a smooth surface,

indicating the brittle characteristic, while neat PBS
and PBAT show a relatively rough fracture surface.
Figure 4a and 4b show the morphology of the blends
with PBS 10 and 20 %wt respectively and without
reactive agent. The result indicated an immiscibility
of PLA/PBAT/PBS blends, with smooth continuous

surface, probably PLA phase while rough
continuous surface, probably PBAT phase. In

addition, PBS as minor content is dispersed. In case
of the blends with reactive agent (Figure 4c and 4d),

the morphology changed, indicating that adding
perkadox was able to improve interfacial adhesion
of the ternary blends. Therefore, the blends exhibited
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a more uniform surface and dispersed phase was
smaller.

@da)

@b

Clo)

Figure 4. Cryo-fracture surface of @ PBS10, ()
PBS20, ) PBS10P0.2B0.4 and ) PBS20P0.2B04
by SEM.

34 Mechanical properties

Young's modulus of all samples is shown in
figure 5a. The results show that neat PLA had a high
modulus ~1,574 MPa) while neat PBAT had a low
modulus (~52 MPa). Blending PLA and PBAT in the
ratio 5050 resulted in modulus between both
polymers. The blends combined with PBS had lower
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modulus values. In addition, the modulus of all
blends was higher than neat PBS ~377 MPa).
However, it insignificantly changed when increased
PBS content, similar to the tensile strength results
(Figure 5b). Conversely, the elongation at break of all
blends decreased with increased PBS content.
Moreover, the addition of reactive agent resulted in
lower elongation at break compared to the blends
without reactive agent due to perkadox causing
crosslinked or branched molecular chains (F. Wu et
al,, 2019

Gay
16001 e mmmmm e memm . ———— Neat PLA
1400 [ vithout reactive
s [ with reactive
Q. 1200
3
2 1000 4
3
8 s00
£
w
2 600
3
o
5b)
901 - without reactive
804 act|ve
iz [F RS e R TR i Neat PLA
@ 70
o
260 ]
]
[o)]
50 -
8 e Neat PBS
k7] 40
2
% 30
i - - tNeat PBAT
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10 4
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» N P o
® & & & o‘z’%@
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Figure 5. @ Young's modulus, (b) tensile strength
and (c)elongation at break of neat polymers and their
blends with various PBS content.
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4. Summary

In this work, ternary blends of compostable
PLAPBAT/PBS which fixed PLAPBAT at 50,50
and varier PBS from 10 to 40 %wt were prepared via
internal mixer at 190°C for 10 min with rotor speed
60 rpm. Mixing torques of the blends increase after
reactive agents were applied, indicating an increased
melt viscosity. From morphology study, it represents
the better interfacial adhesion of PLA/PBAT/PBS
when reactive agents were added. In addition, the
tensile modulus and strength differ insignificantly
upon increasing PBS content. From all the
experimental results mentioned above, it may not be
clear what proportion of PLA/PBSPBAT is the

optimum. More studies on the phase behavior and
crystal structure of the ternary blends are needed to
explain the mechanical properties. In addition, this
research can be further developed for various
packaging applications.
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Abstract
An approach for the synthesis of copper nanoparticles (CuNPs) embedded in poly (vinylpyrrolidone) (PVP)

composite materials is proposed using a simultaneous irradiation process. The parameters, i.e., copper sulfate
(CuSO4) precursor, VP and PVP concentrations were optimized for synthesis of CuNPs under irradiation.
Crosslinking of PVP system was analyzed by gel fraction and swelling degree using gravimetric measurement.
Functionality, chemical composition and crystallinity of the CuNPs-PVP composite materials were characterized
by FT-IR, SEM-EDS, XRD. Morphology of the CuNPs-PVP composite materials was observed using SEM. Light
blue color of Cu2+ precursor in liquid polymer/monomer system changed to dark brown color of Cu in solid form.
Stable CuNPs with the particle diameters ranging from ca.100 to 500 nm was successfully synthesized in the PVP
solid materials. A simple and effective process for the preparation of the CuUNPs-PVP composite materials serves
as a new generation of process and functional nanomaterials for industrial applications.

Keywords: Copper nanoparticles, Poly (vinylpyrrolidone), Nanocomposite, Irradiation

1. Introduction printed circuits and circuit repair Zinn et al., 2012).

Copper nanopartides (CuNPs) are metal However, CuNPs have hlgh oxygen SenSitiVity
which will then aggregate and be readily oxidized by
oxygen in an aqueous environment, high humidity
and air environment (Wahyudi et al, 2018

. . . L Therefore, several strategies for the synthesis of
2006) catalytic property and antibacterial activity CUNPs by reducing oxidation in order to develop

(Wahyudi, Soepriyanto, Mubarok, & Sutarno, 2018). stable CuNPs for desirable applications is still in the

CuNPs are considered as one of the alternative line of scientific and technological development.
materials for replacing other bulk metallic materials

because it has lower price than gold and silver, etc.,
(Cheng et al,, 2017; Tomotoshi & Kawasaki, 2020).

For example, it has been used as conductive fabrics
(Moazzenchi & Montazer, 2020), catalysts,

materials in a nano-sized scale (<100 nm) having

high surface area to volume ratio resulting in strong
electrical conductivity (Athanassiou, Grass, & Stark,

Many approaches for synthesizing CuNPs
are based on the reduction process of Cudlions as a

precursor to CuNPs. Up to present, the process for
the synthesis of CuNPs includes chemical reduction
using various chemical reducing agents (Chandra,
Kumar, & Tomar, 2014), photo-induced reduction

(Giuffrida, Costanzo, Ventimiglia, & Bongiorno,
connections, conductive paste has valuable 2008

applications in the electronic industry, such as

antibacterial agents and pigments (Athanassiou et al.,
2006) in various applications. In case of soldering

sonochemical (Wongpisutpaisan,
Charoonsuk, Vittayakorn, & Pecharapa, 2011) and
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radiolytic methods (Zhouet al., 2008). The benefits of
radiolytic synthesis of metal NPs are chemical
reducing agent free, size controllable, simultaneous
reaction and fabrication, practical, and easiness
(Flores-Rojas, Lopez-Saucedo, & Bucio, 2020).
lonizing radiations generate the reactive species
e.g., solvated electrons, ions and free radicals) in a
controlled synthetic system. The solvated electrons
have an incredibly negative redox potential and they
play an important role as a source of reducing agent
to promote reduction reaction Joshi, Patil, lyer, &
Mahumuni, 1998). This brings about the phenomena
causing reduction of metal ions to their zero valent
state. Metal cluster properties are often affected by
and the

ligand,

the interaction between the metal
surrounding molecules @©.g, solvent,
stabilizer). In contrast to chemical reduction of metal
ions, the radiation chemical process for colloid
preparation has significant benefits in that there are
no irritating impurities such as chemical reducing
agents. Radiolysis process produces pure and
enables the creation of stable nanoparticles by
controlling the stabilizer and irradiation synthesis
system (Flores-Rojas et al., 2020). Radiolysis process
have been proposed for the synthesis of silver
nanoparticles Jannoo, Teerapatsakul, Punyanut, &
Pasanphan, 2015; Ramnani, Biswal, & Sabharwal,
2007), gold nanoparticles (Bondaz et al, 2020;
Meyre, Tréguer-Delapierre, & Faure, 2008) and
copper nanoparticles (Ahmad, Ahmad, & Radiman,
2009; Alyan, Abdel-Samad, Massoud, & Waly,
2019).

It is known that polymer stabilizer is an
important component for stabilizing metallic
nanoparticles not only during the synthesis process
but also prolonging the post-synthesized product.
Polymers containing reactive functions for
providing strong complexation or coordination and
electrostatic interaction with the metallic ions
precursor and their nanoparticles have been
considered as stabilizers for metallic nanoparticle
synthesis. Chitosan and its derivatives (Tangthong et
al, 2021a, 2021b), silk
(Wongkrongsak, Tangthong, & Pasanphan, 2016),
ascorbic acid (dsmail et al.,, 2019), polyvinyl alcohol

fibroin  peptide

(PVA) Zhou et al.,, 2008) and polyvinyl pyrrolidone
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(PVP) (Misra, Biswal, Gupta, Sainis, & Sabharwal,
2012) have been used as polymer stabilizer for
metallic NPs synthesis. PVP is an amorphous,
hygroscopic synthetic polymer composed of linear
1-vinyl-2-pyrrolidinone function (Hiremath, Nuguru,
& Agrahari, 2019
synthesis, PVP could form a protective layer on the
surface of various nanoparticles (Hsu & Wu, 2007).
N-vinylpyrrolidone (VP) is a hydrophilic monomer
of PVP that is commonly used as a stabilizer for
polymer-based nanoparticles (Pornpitchanarong,
Rojanarata,  Opanasopit, Ngawhirunpat, &
Patrojanasophon, 2020). PVP helps to resist
aggregation by possessing a steric hindrance
structure and acting as NPs dispersant when
formulated into a polymer matrix. This leads to the
ability to formulate metallic NPs with remarkably
stable and inert properties (Koczkur, Mourdikoudis,
Polavarapu, & Skrabalak, 2015). To the best of our
knowledge, a simultaneous synthesis of CuNPs in
solid PVP polymer using radiolysis method has not
yet been reported.

In this work, we are, therefore, focusing on
the synthesis and fabrication of CuNPs in PVP solid
matrix using simultaneous gamma-ray irradiation
process. The effects of PVP, VP, and Cu precursor
concentrations on radiolytic synthesis of CuNPs in
PVP composite were studied. Chemical structures
were characterized by Fourier Transform Infrared
Spectroscopy (FT-IR). CuNPs formation was
confirmed by Xrays Diffraction (XRD). The
elemental composition of CuNPs in PVP composite
materials were observed by Energy Dispersive X-
rays Spectrometer (SEM/EDS). Stability of CuNPs-
PVP composite materials was investigated within a
time interval.

During the nanoparticle

2.Materials and Methods
2.1 Materials

Copper 1y sulfate (CuSO4, MW =159.6 Da)
was purchased from Ajax Finechem Pty Ltd.
(Australia). Poly (vinyl pyrrolidone) (PVP) K-30 (MW
= 40,000 g/moly and vinyl pyrrolidone VP, MW -
111.14 g/mol)y were bought from Guangdong Yumay
Chemical Co,, Ltd. (China).
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2.2 Instrument and characterizations
Gamma-rays irradiation process

carried out in a ®°Co Gammacell 220 irradiator with
a dose rate of 16 kGyh. A Reddyed PMMA

dosimeter type Red 4304 was supplied from Harwell
Dosimeter Ltd. The samples were irradiated in air

under room temperature and pressure. FTIR

analyses were carried out by Fourier Transform
Infrared Spectroscopy (FT-IR) in Bruker Tensor 27

(USA) with Attenuated Total Reflectance Mode
(ATR mode). The FTIR spectra detected 32 scans at
a resolution of 2 cm? in a frequency range of 4000-
400 cm™. The X-ray diffraction (XRD) patterns were
taken on a Bruker AXS (Germany) with CuK,

was

radiation as an X-ray source operating at 50 kV and
100 mA. The diffraction data were collected over the
angular 20 range of 10-80° at a scan rate of 5°min. A

standard powder diffraction card of JCPDS, copper
file (No. 01-1241 & 03-1005) (Ramesh, Vetrivel,
Suresh, & Kaviarasan,
identifying the
Morphology and elemental composition of the

composite were assessed using scanning electron
microscope with Scanning Electron Microscope -

Energy Dispersive X-rays Spectrometer SEM/EDS)

2020y was used for

characteristic diffraction.

in Quanta 450, FEI (Netherlands). The samples were

cut into rectangular shape and then placed onto
carbon tape on an aluminum holder. Physical

appearance and stability were carried out under
room temperature by CanoScan LiDE 300 scanner.

The recorded data were observed for 0, 7 and 180
days.

2.3 Synthesis of CuNPs in PVP-VP
composite materials by gamma-rays
irradiation process

CuSO; solution (6.384 g, 400 mM) was
prepared by dissolving in distilled water (100 mL).
The CuSOs solution 400 mM, 0, 250, 500, 750,
1000 pL)were mixed with PVP powder ©, 2, 4, 6, 8
@. VP solution was then added to adjust final
concentration CuSO4PVP/NP mixture for 10 mL to
obtain the mixtures with CuSO4 0, 10, 20, 30 and 40
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mM)and PVP (0, 10, 20, 30 and 40+ w/w) in VP (50-
100+ w/w). The mixtures were irradiated by gamma-

rays irradiation with an absorbed dose of 25 kGy in
air under room temperature to obtain CuNPs in
polymerized VP in PVP (CuNPSPVP-VPy.

Similarly, PVP matrix without CuSO, was also
prepared. PVP powder (1, 2, 3, 4, 5 and 6 g) were

mixed with VP solution (9, 8, 7, 6, 5 and 4 @) to
obtain the total volume of 10 g of PVVP-VP solution

with various concentrations of PVP 10, 20, 30, 40,
50 and 60% w, respectively. The solution was

vigorously stirred for 4 h and then irradiated by
gamma-rays at 25 kGy in air under room temperature

to obtain polymerized VP in PVP (PVP-VP,) matrix.

FTIR (ATR, cm?) for PVP (Fig. 3@): 3450
(O-H stretching), 2941 (C-H stretching), 1648 (C-0
stretching), 1420, (C-N stretching) 1285 (C-N
bending), 840 (pyrrolidone ring), 646, 567 (N-C-O
bending). For VP (Fig. 3(by: 2941 (C-H stretching),
1693 (C-0 stretching), 1625 (C-C stretching), 1420,
(C-N stretching), 1285 (C-N bending), 840
(pyrrolidone ring), 646, 567 (N-C-O bending). For
PVPNVP mixture (Fig. 3cy): 2941 (C-H stretching),
1693 (C-0 stretching), 1625 (C-C stretching), 1423
(C-N stretching), 1285 (C-N bending), 840
(pyrrolidone ring), 646, 567 (N-C-O bending). For
irradiated PVP-VP 25 kGy) (Fig. 3dy: 3450 (O-H
stretching), 2941 (C-H stretching), 1648 (C-0
stretching), 1423 (C-N stretcing), 1285 (C-N
bending), 840 pyrrolidone ring), 646, 567 (N-C-O
bending).

2.4 Gel fraction analysis of PVP-VP,

The irradiated samples were dried at 60°C
in an air-oven for 48 h and cut into the dimension of

1 x 1 cm? Piece of sample was immersed in distilled
water (50 mL) at room temperature within a time
interval of 0-168 h. The sample was taken out from
the solution and then dried at 60°C in air oven for 48
h. Gel fraction were determined from Wy W) x 100,

where Wi is an initial weight of dried sample before
immersing in water and Wy is a weight of dried
water-insoluble gel.
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2.5 Swelling behavior of PVP-VP,

The insoluble gel samples were dried at
60°C in an airoven for 48 h and cut into the

dimension of 1x1 cm? and immersed in distilled
water 50 mL) at room temperature. The swollen

samples were taken out from solution and weight
within time interval of 0-168 h. The swollen samples

were dried at 60°C in air oven for 48 h and then
weight to obtain a weight of dried water-insoluble

gel Wq). The swelling degree was calculated from
(Ws-Way W) x 100, where Wy is a weight of dried
insoluble gel and W5 is a weight of swollen gel.

3. Results and Discussion
Formation of CuNPs in PVP-VP, was

simultaneously synthesized and fabricated using
radiolysis-based mechanism via radiation-induced

radiation-induced
polymerization.crosslinking. Under irradiation, the
primary

reduction and

reactive species, ie, electron from
ionization (), excited molecule (R and ions (R*)
were generated. Dissociation of excited molecules
then brought about free radical production, such as
macro radical (R* of polymer and hydroxyl radical
H°. The H* and R°® undergo initiation,

polymerization and crosslinking of VP and PVP
system to create PVVP-VP;, solid matrix. Meanwhile,

the solvate electron play an important role in the
reduction of copper ions (Cu®)to copper atom (Cu°

for the production of CuNPs. Radiation-induced
reaction of Cu? for CuNPs synthesis are similar to

that of AuNPs and AgNPs as in the previous reports
Jannoo et al, 2015; Piroonpan, Katemake, &

Pasanphan, 2020).

3.1 Gel formation of PVP-VP, matrix

The effect of PVP-VVP, concentration on gel
fraction is shown in Figure 1. The PVP-VP, solid
matrix was prepared by gamma-rays irradiation with
a dose of 25 kGy. With

concentration in the VP liquid monomer, it was
found that the gel fraction gradually reduced. The gel

increasing PVP

fraction was reduced from 59.62% to 32.46% and 20
wt%, when the concentration of PVP increased from
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0 to 10 and 20 %wt. The gel fraction decreased down

to zero when the PVP concentration was higher than
30 %wt. The results indicated that PVP influenced gel

formation in the PVP/V/P system. Increasing PVP in

VP obstructs the polymerization of VP to VP, and
VP, might be grafted or crosslinked on the PVP
polymer chain. By increasing PVP, in other word

reducing VP, the amount of reactive vinyl function
of VP also reduced and gel fraction tended to
decline. Although the PVP-VP, became solid form,

part of the obtained PVP-VP, matrix was in a water-
soluble form.

60 LETTTTTTTTT T T T

50
40 —
30 —
20
10

Gel Fraction (%)

I

O 8yl
0 10 20 30 40 50 60

PVP concentration (%)
Figure 1. Gel fraction of PVP-VP, material prepared

using different PVVP concentrations and irradiated at
an absorbed dose of 25 kGy.

Swelling Ratio

0 50

100
Time (h)
Figure 2. Swelling ratio of PVP-VP, material

150 200

prepared using differnt PVP concentration or with
PVP: VP ratio of 0:100 (O, 10:90 (), and 20:80 (A)

and irradiated at 25 kGy.
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3.2 Kinetics swelling of PVP-VP, matrix
Kinetic swelling of PVP-VP, was analyzed
as shown in Figure 2. Swelling behavior of PVP-VP,

having gel formation was used for observing the
swelling ratio. According to the gel fraction result,

the PVP-VP, with the PVP: VP ratio of 0: 100, 10:90
and 20: 80 were selected. The swelling ratio of all
PVP-VP, samples increased within the time interval
of 0-168 h. By prolonging the immersion time, the
swelling ratio increased from 0 to around 30%. The

swelling ratio of all samples reached a steady state
at 168 h (7 days). The greater the gel fraction, the

lower swelling ratio was observed because network
formation in the PVP-VP, structure obstructed the

expansion of PVP-VP, chains.

3.3 Functional groups characterization

The functional groups of PVP-VP, were
characterized by FTIR as shown in Figure 3. FIIR
spectrum of PVP shows peak at 1648 cm™* assigned
to carbonyl group (C=O) on the PVP ring, 3450 and
2941 cm* assigned to O-H and C-H stretching. Other

significant bands of PVP include those caused by
pyrrolidone ring at 840 cm* and N-C-O bending at

567 cm. In the case of VP (Figure 3(by), the peak at
1625 cm? interpreted as C-C stretching was
significantly observed. When PVP was mixed with
VP (Figure 3¢y, the C-C stretching peak of VP was
additionally found when compared with PVP (Figure
3@y. After irradiation with the dose of 25 kGy, the
characteristic vinyl peak at 1625 cm?* disappeared
from the FTIR spectrum of the irradiated PVP-VP,
spectrum (Figure 3(d). An absence of the C-C
absorption band in the irradiated PVP-VP sample
suggests that the VP monomer was converted to C-

C bond owing to polymerization process upon
irradiation.

3.4 Morphology and element analysis

Physical appearance, morphologies and
elemental mapping profile of the representative
PVP-VP, and CuNPs-PVP-VP, composite presented

in Figure 4. PVP-VP, matrix exhibited transparent
and light-yellow color in a solid form (Figure 4A@)).
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With the CuNPs constructed in the PVP-VP, matrix,
color was changed to be dark brown or copper-like
color (Figure 4Acby. Generally, the color of Cu?

before irradiation was blue due to the characteristic
color of CuSQ, data not shown). Therefore, change
of color from blue to copper-like implies the
formation of CuNPs due to transformation of Cu?
to Cu® atoms upon radiation-induced reduction
mechanisms. Figure 4B shows their corresponding
SEM images of PVP-VP, and CuNPs-PVP-VP,
composite samples. The surface morphology of PVP-

VP, was smooth and clear without any particular
composite in the matrix. On the other hand, CuNPs-

PVP-VP, samples evidently displayed embedded
CuNPs in the PVP-VVP, matrix. The particle size of
CuNPs was mostly observed to be ca.100 nm and
somewhat agglomerated particles with the size ca.
500 nm was also found in the PVP-VVP, matrix. The

morphological information from SEM images
implied that CuNPs was successfully synthesized in
the PVP-VP, matrix.

To observe the presence of the Cu element
in the PVP-VPn matrix, SEM-EDS mapping images

were taken for observing the distribution of Cu. The
SEM-EDS spectrum cinset) showed the characteristic
Kq-X-rays peak at 8027 keV. The Cu element in the
sample was mapped using such characteristic X-ray.
The PVP-VP, containing CuNPs presented the red
dots dealing with Cu elements Figure 4Cdby.

Without the Cu element, the red dot was not found
in the mapping image (Fig. 4C@. The Cu mapping

observed in the PVP-VP, matrix agree with the Cu
mapping as observed on the chitosan-graft-PE
surface in the previous report (Pasanphan &

Chirachanchai, 2008; Pasanphan, Haema,
Tangthong, & Piroonpan, 2014,
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3.5 Packing structure and crystal analysis

The XRD patterns of the PVP-VP, and
CuNPs-PVP-VP, composite materials are shown in
Figure 5. The broad diffraction peak at 22.08° (26)
was observed for the PVP-VPn sample (Figure 5A).
The diffraction peaks of PVP-VVP, were in agreement
with pure PVP as in the previous literature (Vijaya,
Selvasekarapandian, Nithya, & Sanjeeviraja, 2015).

The diffraction peak was also observed between
~15°-30° which could be associated with the semi-

crystallinity of pure PVP. For CuNPs-PVP-VP,, the

XRD pattern exhibited 2 board diffraction peaks at
12.02° 26) and 20.98° 26). These two peaks were
interpreted as the crystalline of the PVP-VP,
polymeric matrix. The additional diffraction peak at
12.02°(26) might be due the new crystalline structure
formed because of the influence of metal ions and
CuNPs complex with the polymer chain. In addition,
the main diffraction peak at 22.08° 26) of PVP-VP,
was also shifted to 20.98° (26). These changes
indicate that the addition of CuNPs to the PVP-VP,
matrix reduced the crystalline nature of PVP-VP,.

This is due to the complexation between the host
polymer PVP-VP, and the CuNPs. It has been

Vo0l.09, No.2 DOI:10.14456/ssstj.2022.11

43

reported that when a polymer is complexed with a
metal, salt or acid, the crystallinity of the polymer
host could be disrupted by the addition of impurities
(Kumar, Kim, Nahm, & Elizabeth, 2007).

In addition, the significant and sharp
diffraction peak was observed at 50.70° (26) (Figure
5B). This new diffraction peak corresponds to (2 0 0)
planes of CuNPs (Pham et al.,, 2012). The diffraction
peak of CuNPs observed in PVP-VP, sample also
agreed with that of CuNPs as reported in the
previous literature (Phul, Kaur, Faroog, & Ahmad,

2018). The XRD pattern confirmed the face centered
cubic lattice of copper Biger & Sisman, 2010). The

diffraction peak was in good agreement with the
standard pattern for pure face centered cubic phase
of CuNPs JCPDS No. 01-1241 & 03-1005). No

impurity peaks of CuO or Cu20 were observed. The

XRD result strongly supports the successful
synthesis of CuNPs in the PVP-VP, matrix.

3.6 Physical appearance and stability of

CuNPs-PVP-VP, composite materials
Figure 6 depicts physical appearance and
stability of CuNPs-PVP-VP, samples prepared from

different conditions under air atmosphere at ambient
temperature and pressure. The PVP-VP, polymer

matrix exhibited transparency matrix. For PVP-VP,

containing CuNPs, the samples changed from
transparent appearance to light brown and dark
brown colors depending on the concentration of
CuSO; precursor. With higher CuSO4 concentration

from O to 40 mM, brown color was greater when the
long chain PVP polymer was used. The long chain

PVP could efficiently stabilize Cu?" and exhibited as
a protective polymer that not only stabilizing Cu® at

the initial step but also stabilizing CuNPs after
already prepared. It was also found that CuNPs in the

PVP-VP, matrix were very stable for more than 180

days and were greater when the long chain PVP
polymer was used. The long chain PVP could

efficiently stabilize Cu?> and exhibited as a
protective polymer that not only stabilizing Cu? at

the initial step but also stabilizing CuNPs after
already prepared. It was also found that CuNPs in

PVP-VP, matrix were very stable more than 180
days.
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4. Conclusions
CuNPs-PVP-VP, nanocomposite materials

were successfully prepared using a simultaneous
irradiation process based on radiation-induced

reduction and polymerization,crosslinking
mechanism. Gel fraction of PVP-VP,, polymer matrix
was found when the PVP concentration of 0-20 %wt
was used in VP monomer. Gel fraction of PVP-VP,
reduced with increasing PVP concentration. In the
combination of PVP-VP, and Cu ions precursor,

CuNPs could successfully synthesize and stabilize in
the PVP-VP, material using irradiation technique
with the dose of 25 kGy. CuNPs with the size of ca.
100 nm and some agglomerated CuNPs with the size
of ca. 500 nm were embedded inside the PVP-VP,
polymer. The XRD diffraction peak indicated 2 0 0)
plane of face centered cubic lattice of CuNPs
confirmed successful synthesis of CuNPs without
impurity. The CuNPs in PVP-VP, composite
material exhibited outstanding stability up to >180
days. Our established model process for the
synthesis of CuNPs in solid polymer would be a
practical process for further production of CuNPs
for various industrial applications.
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Abstract
Chinda pepper (Capsicum annuum L.) is classified as a large chili pepper that is an important economic crop of

Thailand. The substance in the chili pepper responsible for its spicy taste is capsaicin. Presently, capsaicin in
Chinda peppers has been extracted for use in food and medical products. This research compared the capsaicin
content from dried Chinda peppers in four different solvents: H,O, acetone, ethanol 95« v/v), and a binary solvent
of acetone and water at a ratio of 1.1 vyv. For all treatments, the ratio of chili peppers to the solvent was 20 g:240
ml. After analyzing the amount of capsaicin content by a NanoDrop spectrophotometer, it was found that the
capsaicin content from dried Chinda pepper by the H,O:acetone (1.1 viv), acetone, H>O and ethanol 95+ v/v) were
0.48 ppm, 0.26 ppm, 0.22 ppm, and 0.18 ppm, respectively. These results indicated that the extraction of capsaicin
with a binary solvent of H,O:acetone at a ratio of 1.1 v/v had the highest extraction concentration. This can be

explained theoretically that the presence of H»O in acetone impacted the hydrophobic properties of the solvent
and the interaction between capsaicin compound and the solvent.

Keywords: Capsaicin, Extraction, Chinda pepper

among others (Kurian & Starks, 2002). They are also
soluble in water at 25°C (2893 mg/l and are

1. Introduction

Peppers are one of the most popular ingredients
used to add a spicy flavor in several food
preparations. They play an important role in the food of Medicine (NIH), 2021) The major capsaicinoid
compound present in most varieties of the chili
peppers is capsaicin trans-8-methyl-N-vanillyl-6-

practically insoluble in cold water (National Library

industry in Thailand. Thailand is among the top three
countries-India, China, and Thailand-which has

grown the most chili peppers worldwide with nonenamide) (Figure 1), In addition, other
176,873 metric tons being grown and harvested in capsaicinoid compounds were also found in
Thailand (Food and Agriculture Organization of the relatively small amounts; such as
United Nations [FAO;j, 2021). Chili peppers are not nordihydrocapsaicin, homocapsaicin,
only mainly utilized for a spicy flavor in food, normorcapsacin, etc. (Kobata et al, 1998) Even
extractable chemical compounds such as oleoresins though capsaicin can cause irritation to skin and
were also used in cosmetic and dye industries respiratory system, it has been extensively studied
(Advanced Biotech [ABT], 2021; Imbarex, 2021). both experimentally and clinically for its ability to
Generally, their spicy flavor is due to a main group stimulate sensory nerves and to treat bladder
of organic compounds, capsaicinoids. Capsaicinoids inflammation ~ (Kaale, ~Schepdael, Roets, &
are soluble in moderate polar organic solvents; e.g. Hoogmartens, 2002). Determination of capsaicin
methanol, ethanol, acetonitrile and binary solvent content in chili peppers has received an increasing
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interest for many reasons. Extraction methods of the

capsaicin from peppers have been conducted using
various extraction techniques including liquid-liquid

extraction (LLE) (Tapia, Garcia, Escamilla, Calva, &
Rocha, 1993), enzymatic extraction (Santamaria et
(SPME)
(Spicer & Almirall, 2005) and ultrasonic assisted
extraction (Karnka, Rayanakorn, Watanesk, &
Vaneesorn, 2002). In addition, the efficiency of

capsaicinoids extraction from chili peppers is
influenced by the parts of chili peppers used, tissue
preparation, contact time, sample particle size,
storage time, as well as the presence of interfering
substances. Moreover, extraction solvents play an

al, 2000), solid-phase microextraction

important role in extraction efficiency. In an

extraction, one has to priorly consider the chemical
nature in different varieties of chili peppers and the
type of extraction solvent. In this research, the

extraction of capsaicin from Chinda peppers was
investigated using solid-liquid extraction methods

with different solvents: water, acetone, ethanol, and
their combination.

e

A A=

Figure 1. Schematic representation of the structure
of Capsaicin. grey: C; white: H; red: O; blue: N.

Moreover, a quantitative analysis of capsaicin
content from chili pepper sample can also be done
using various techniques; for example, solid phase
extraction (SPE) (Attuquayefio & Buckle, 1987), gas

chromatography-mass  spectrometry  (GC-MS)
(Thomas, Schreiber, & Weisskopf, 1998), high-
performance chromatography HPLC) Barbero,
Palma, & Barroso, 2006). However, these equipment

can be expensive, difficult to use, and uncommon in
a routine analysis. For convenience and reliability, a

technique associated with UV absorption measured
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with common wavelength max =280 nm) has been
presently accepted Juangsamoot, Ruangviriyachai,
Techawongstien, & Chanthai, 2012). In this research,

a NanoDrop Spectrophotometer was used in the
quantitative analysis of capsaicin.

2. Materials and Methods
2.1 Chemicals

All reagents used were at least analytical reagent
(AR) grade. Ethanol was supplied by Gammaco

(Thailand). Acetone was supplied by Lab Scan
(Thailand). The highest purity of standard capsaicin
was obtained from Ennagram (France). Aqueous

solutions were prepared with deionized water
throughout the experiments.

2.2 Instrument

The standard addition method was carried out to
determine the amount of capsaicin content. The

standard dilute concentrations of 0.02, 0.04, 0.06,
008 and 010 mgml were prepared for the
calibration curve. The absorbance of capsaicin was

carried out by NanoDrop Spectrophotometer at Amax
=280 nm.

2.3 Plant materials
Chinda peppers (Capsicum annuum L. used in

this study were obtained from a fresh market in
Thonburi, Bangkok, Thailand. The whole fresh chili

pepper was dried in a hot-air oven @t 100°C for 3

hours 30 minutes until constant weight was
achieved). The dried samples were ground and stored

in a desiccator until usage.

2.4 Solvent extraction

The ground dried samples were weighed for 20
grams and macerated in 240 ml of 4 different
solvents (H2O, 95% wvnv ethanol, and 1.1 wv

H,O:acetone) at room temperature for 24 hours
extraction time. The extracts were filtered through a
Whatman No. 42 filter paper. The solvent in the
extracts was evaporated to dryness using a water
bath (100°C). The residue from the evaporation was
weighed for 10 mg and dissolved in suitable
methanol solvent to make a final volume of 100 ml,
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which produced a sample solution of 1.0 mgml
The
quantitatively analyzed for capsaicin content by
NanoDrop Spectrophotometer. The experiments
were conducted in 3 duplicates for each type of
solvents.

concentration. solutions were  further

2.5 Preparation and analysis of capsaicin by
NanoDrop Spectrophotometer

The capsaicin standard solution of 1.0 mg/ml was
diluted to 002, 004, 006, 0.08 mgml. These

solutions were used to graph the standard curve by
measuring the absorbance at Amax = 280 nm by

NanoDrop Spectrophotometer. This standard curve

was used to determine the amount of capsaicin in the
unknown samples of each treatment.

3. Results and Discussion

The standard curve for the capsaicin content
generated using 0.02, 0.04, 0.06, 0.08 and 0.10 mg/ml

capsaicin standard solution versus optical density at
280 nm was recorded. The linear standard curve is

shown in Figure 2, R?-1.00.

0.25 4
0.20

0.15

Optical density

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Capsaicin concentration (mg/mL)

Figure 2. The plot of optical density vs capsaicin
concentration shows a positive linear relationship.

To determine capsaicin content in four different
extraction solvents, optical activity readings were
converted into their respective concentrations using
the standard curve in Figure 2, R?-1.00. The average
capsaicin content was calculated in ppm as shown in
Table 1. The capsaicin content indicates the
extraction efficiency. The results revealed that the
capsaicin content was related to the type of the
solvents. This agrees well with the rationality by
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which the polarity of solvent affects capsaicin
extraction efficiencies (Rostagno, Palma, & Barroso,

2003). Moreover, it inferred that the binary mixture
(H20:acetone) higher  capsaicin

concentration when compared to the single solvents;
acetone, H;O, and ethanol. Among the single

showed a

solvents, acetone has the highest capsaicin content,
followed by H-0 and ethanol, respectively.
Nevertheless, different extraction efficiencies have
been reported when the same solvent was used on
dried versus wet chili pepper samples. Ethanol and
Acetonitrile were better solvents for capsaicin
extraction from fresh chili pepper samples, while
acetone was a better solvent for capsaicin extraction
from dried chili pepper samples (Chinn, Sharma-
Shivappa, & Cotter, 2011). In other words, acetone
alone was expected to have the highest extraction
efficiency among the single solvents, which the
results of this work agreed upon. On the other hand,
the highest extraction efficiency of binary solvent
observed in this work infers that the presence of H,O
during the extraction may have an impact on the
hydrophobic properties of the solvents and the
interaction with capsaicin compound (Barbero,

Liazid, Palma, & Barroso, 2008; Rostagno et al,
2003). Whether to use single or binary solvent, it may

depend on what is available or convenient to the
user. However, regardless of choosing to use a single
or binary solvent, the extraction efficiency of the
specific solvent chosen still has to be considered. As
shown by the results of this work, the yield of
capsaicin content extractable from Chinda peppers
was significantly affected by the type of the solvent
as shown in Table 1, which agreed well with
literature (Chinn et al,, 2011). Although the parts of

peppers used in the extraction (e.g. whole peppers,
seeds, shells) might have an effect on the extraction
efficiency (Attuquayefio & Buckle, 1987), the whole

Chinda peppers were used in this work to mimic a
practical production in a large scale processing and
industries. To aid with consideration for processing
and industrial uses, the comparison of advantages
and disadvantages of the single and binary solvents
used in this work was summarized in Table 2.
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Table 1. The capsaicin content extracted from dried
Chinda pepper by different extraction solvents.

Extraction solvents Capsaicin content (ppm)

H20 022
Ethanol (95% v/v) 0.18
Acetone 0.26
H20:Acetone (1.1 vv) 048

Table 2. The advantages and disadvantages of
different extraction solvents.

Extraction Advantages Disadvantages
solvents
H20 -Safe for -Poor extraction
consumption efficiency
-Low cost
Ethanol 95%  -Safe for -Slow filtration rate

V) consumption
- Easily obtained
Acetone -High -Possible health
extraction effects due to
efficiency for acetone
single solvent contamination
H20:Acetone  -Highest -Possible health
1w extraction effects due to
efficiency acetone

contamination

4.Conclusions
The solid-liquid extraction efficiency have been

carried out to investigate the capsaicin content
extractable from whole Chinda pepper parts using 4
different solvents: H,O, acetone, ethanol (95% viv),

and H:O.acetone 1.1 wvw). The

NanoDrop Spectrophotometer showed that the
capsaicin content decreases in the following order:

H,O:acetone (1:1 vnv) > Acetone > H,O > 954vv
ethanol.

results from

The different extraction concentration

V0l.09, No.2 DOI:10.14456/ssstj.2022.12

51

generally was related to the different polarity
properties  between solvents and capsaicin
compounds. It was observed that binary mixture

HO:acetone (1:1 v/v) obtained the highest capsaicin
content. The presence of H,O might have an impact

on the hydrophobic properties of solvent and the
interaction with capsaicin compounds. Furthermore,

acetone alone had the highest concentration of
capsaicin followed by H,O and ethanol for dried
Chinda peppers which agreed with reports
elsewhere. Finally, to obtain a high capsaicin content

from Chinda peppers, the choice of extraction
solvent is of the matter.
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Abstract

The structural and oxidation behavior of nanocomposite titanium chromium nitride (TiCrN) thin films has been
investigated by using x-ray diffraction (XRD), energy dispersive x-ray spectroscopy (EDS), and field emission
scanning electron microscopy (FE-SEM). The TiCrN thin films were deposited on Si substrates by using the
reactive DC magnetron sputtering technique from the Ti-Cr mosaic target. After that, the as-deposited thin films
were annealed in the air at 500 - 900°C for 2 h. The XRD results showed that the formation oxidation of anatase-
TiOy, rutile-TiO,, and Cr,0O3 which diffraction peak appear from 500°C. The relative intensity of these oxide peaks
varied with the annealed temperatures. By observing from FE-SEM, the aggregation of the grain increased with
the annealing temperature. The cross-sectional results showed that the thin dense oxide overlayer occurred at
700°C and the oxide thickness increased gradually with the annealing temperature. Meanwhile, underneath the
TiCrN grain grew above 700°C and become more void structure after annealing at 700°C. The dramatically
increase of the oxygen content was found at 700°C and the evolution of Ti, Cr, N, and O with different elements
compositions at various annealing temperatures were investigated from the EDS technique. The oxide layer
obviously grows inward indicating the oxidation of TiCrN thin films belongs to inward oxidation. The oxidation
rate of the films was increased with the increase of annealing temperature. The activation energy of the oxidation
as evaluated by the Arrhenius-type relation was 168 kJ/mol.

Keywords: TiCrN thin film, Oxidation, Reactive sputtering, Mosaic target

1. Introduction thermal oxidation resistance of TiN is considerably
Nowadays, nano-layer hard coatings are increased by the addition of chromium (Cr) in the
very important in the manufacture of mechanical TiN structure which leads to the ternary coating of
tools. This is because of high demand and its impact TIiCrN (Choi, Han, Hong, & Lee, 2009; Thampi,
on the industrial part is those for surface hardening Bendavid, & Subramanian, 2016). Owing to the
of conventional materials, which can be used incorporation of Cr atom in the cubic fcc TiN
efficiently to extend the lifetime of these tools structure influences the structure which leads to
(Solis-Pomar et al., 2016). Particularly, nitride increase the hardness of TiN films from 20-25 GPa
coatings are commonly used as hard, wear-resistant, to 22-35 GPa and extended the oxidation resistance
and anti-corrosion coatings because of their of the TiN films from 500°C to above 700°C
excellent properties (Santecchia et al., 2015). TiN (Chang, Yang, & Wang, 2007; Chen, Luo, & Zhao,
was the first PVD ceramic coating used successfully 2013; Uglov, Anishchik, Zlotski, Abadias, & Dub,
to mechanical tools in the industry and it is still the 2005; Vishnyakov et al., 2006). Hence, TiCrN
most recognized (Alberdi, Marin, Diaz, Sanchez, & coatings have become used as hard coatings for tools
Galindo, 2007). However, the limitation of TiN is recently, in particular for high-speed cutting tools
very rapid oxidation at temperatures above 500°C (Uglov et al., 2005).
that easily induces shear off of the coating film and Commonly, the TiCrN thin films can be
contributes to the degradation (Komarov, prepared by two main PVD methods: evaporation
Konstantinov, Kovalchuk, Konstanttinov, & (Chen et al., 2013; Wolfe, Gabriel, & Reedy, 2011)
Tkachenko, 2016). It has been reported that the and sputtering (Krzanowski & Foley, 2014;
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Paksunchai, Denchitcharoen, Chaiyakun, &
Limsuwan 2012). The reactive magnetron sputtering
is one of the most widely used methods to prepare
thin films with large area uniformity and strong
adhesion (Thampi et al., 2016). Moreover, a tactic in
evolving the method of magnetron sputtering for
depositing multicomponent thin films such as TiCrN
films with any content of elements using a single
magnetron is the use of a mosaic target (a target that
consists of a regular target of Ti with inserts by Cr).
Additionally, the sputtering by using a mosaic target
may be suitable for deposited hard coatings with low
mutual solubility or a great difference in melting
temperatures (Alaksanasuwan, Buranawong, &
Witit-Anun, 2020; Golosov, Melnikov, & Dostanko,
2012).

It is well known that the properties of thin
films strongly depend on the microstructure of films
which relates to the deposition parameters such as
nitrogen gas flow rate, sputtering current, voltage
bias, substrate temperature, partial or total pressure,
and other parameters. Therefore, the effect of
deposition parameters on the structural and
properties of TiCrN thin films is still important.
Furthermore, the demand to develop new hard
coatings with good thermal stability has become
essential to enhance tool life as machining speed
increases (Chim, Ding, Zeng, & Zhang, 2009; Rizzo
et al., 2013). Most high-temperature coatings
depend on the formation of a protective oxide scaled
by interaction with the environment (Chim et al.,
2009). However, few annealing at high-temperature
studies were performed on TiCrN thin film in terms
of structure and properties. Therefore, the relation
between thin films and their properties under various
annealing temperatures is still essential to
investigate.

This research work aimed to understand
and discuss the structural and oxidation behavior of
nanocomposite titanium chromium nitride (TiCrN)
thin films deposited by the reactive DC magnetron
sputtering using a mosaic target. Phase formation,
morphological and elemental composition change
during elevated temperature, which annealing the
as-deposited thin films at high temperatures ranging
from 500 to 900°C in air was investigated.

2. Experimental Details

TiCrN thin films in this research work were
deposited on Si (100) substrate by the homemade
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vacuum coater as shown in Figure 1 with reactive
DC magnetron sputtering technique from a mosaic
target. The Ti-Cr mosaic target style, used in this
research work, is made by embedding chromium
rods (99.99%) into the high sputtering rate area of
metal titanium (99.97%) disk, with a diameter of 54
mm and thickness of 3 mm thick. Pure Ar (99.999%)
and N (99.999%) were used as the sputtering and
reactive gasses, respectively. Before deposition, the
coating chamber was evacuated to a base pressure of
5x10° mbar. Previous to the deposition of the
process of thin film, the pre-sputtering stage was
start-up by ion bombardment from Ar* ions, which
sputtered on the target to eliminate the surface
impurities under a shutter shielding in about 5 min.
The TiCrN films were deposited at 60 min, while the
deposition parameters such as Ar and N gas flow
rate, sputtering power, substrate-target distances,
substrate temperature, and working pressure were
constant. The deposition parameters are summarized
in Table 1.

Unbalanced Magnetron
Cathode

Cathode Shield

™~

Substrate 2

Substrate holder v

|

te vacuum pump syslem

Figure 1. The homemade DC magnetron sputtering
coater diagram.

Table 1. Deposition conditions of TiCrN thin films.

Parameters Value
Sputtering targets Mosaic of Ti-Cr
Substrate Si (100)

Ar flow rate 16 sccm
N flow rate 6 sccm

Base pressure 5.0 x 10°° mbar
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Working pressure 5.0 x 107 mbar

Sputtering Power 190 W
Target to substrate distance 15¢cm
Deposition time 60 min

The crystalline structure of the as-
deposited TiCrN thin film was analyzed by grazing-
incidence X-ray diffraction (GIXRD: Bruker D8)
using monochromatic Cu-k, as an X-ray source
(A =0.154 nm). The XRD patterns were acquired in
a continuous mode, the 26 scan angle range is
between 20° and 80° with a measurement step of
0.02° min! and the grazing incidence angle of 3°.
The phase of the film was determined using Bragg’s
law and interplanar spacing equation and compared
with the Joint Committee on Powder Diffraction
Standard (JCPDS) files. The microstructure,
thickness, and cross-section structure of the thin
films were observed by Field Emission Scanning
Electron Microscope (FE-SEM: Hitachi s4700). The
elemental composition of the TiCrN thin films was
measured by energy-dispersive X-ray spectroscopy
(EDS: EDAX) which connected to the Scanning
Electron Microscope (SEM: LEO 1450VP).

The oxidation behavior of the TiCrN thin
films was evaluated by the annealing process which
was heated by a furnace (CARBOLITE: CWF1300)
at a different temperature ranging from 500 to
900 °C with 100 °C increments for each step under
the constant heating time of 2 h in the air
atmosphere. After that, the oxidation behavior of
thin films was investigated by XRD, FE-SEM, and
EDS for identifying the formation of oxide structure,
the cross-sectional oxide layer, and O content,
respectively. In order to understand the oxidation
behavior of the TiCrN films, the oxidation rate in
cm?/s, ky(T) related to the thickness of oxide layer
from cross-sectional observation in cm, d and
annealing time in s, t was calculated from Wagner’s
parabolic oxidation theory (Qi et al., 2013), whereby

d = 2/ko(T) ]2 1

The activation energy (E,) in kJ of the films
was obtained from the slope of the linear regression
using the Arrhenius equation (Qi et al., 2013),
whereby ko is the pre-exponential factor (cm?/s), E,
is the activation energy (kJ), R is the gas constant
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(8.31J-Kt-mol*) and T is the annealing temperature
(K), are calculated from

ko(T)= kno €Xp(-Eo/RT) )

3. Results and Discussion

The X-ray diffraction patterns of the TiCrN
films prepared on a Si wafer are shown in Figure 2.
The lines at 20 values of standard TiN and CrN with
(111), (200), and (220) planes were exhibited for
comparison purposes. The results from the XRD
technique revealed that the crystal structures of the
as-deposited TiCrN thin films prepared on Si wafers
were revealed that the 20 values of diffraction peaks
varied between the TiN and CrN JCPDS standard
data of 87-0633 and 77-0047, respectively, as shown
in Figure 2. Moreover, the diffraction peaks varied
between the TiN and CrN JCPDS standard structure.
These results were according to the TiCrN (111),
(200), and (220) plane.

The solid solution of (Ti,Cr)N film is a
composite structure of TiN and CrN that has a
similar crystal structure and nearby lattice parameter
(Choi et al., 2009). Furthermore, it has been reported
that the FCC B1-NaCl phase of the (Ti,Cr)N film
was attained by using magnetron sputtering. (Choi
et al., 2009; Paksanchai et al., 2012; Thampi
etal., 2016). Actually, the solid solution of (Ti,Cr)N
was formed whereby the Ti atoms were substituted
by Cratoms in TiN structure due to the atomic radius
of Cr (0.1249 nm) is lesser than the radius of the Ti
atom (0.1445 nm) (Paksanchai et al., 2012).

Figure 2 shows the XRD patterns of the
TiCrN films after annealing, the results revealed that
the diffraction angle of oxide structures for TiO, and
Cr,03 phases were found after annealing at 500°C
and 600°C. These structures were in good agreement
with the JCPDS standard no.89-4921 tetragonal
TiO, anatase structure of (004) planes, JCPDS no.
89-4920 tetragonal TiO, rutile structure of (210)
planes, and JCPDS no. 82-1484 rhombohedral
Cr,05 of (214) planes were obtained, respectively.
Moreover, it was found that the crystallinity of these
oxide structures increased with the increase of
annealed temperatures from 500 to 600°C. Then, it
was found that the crystal structure of films was
changed after annealing at 700°C. The TiO, rutile
structure of (101) planes were obtained, whereas
other oxide phases still appeared, but it was found
the dramatically decreased crystallinity of these
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oxide phases. Lastly, the significantly increased
crystallinity with strongly preferred orientations
along TiO2 (101) was noticed for the annealing
temperature reaching 800°C. Additionally, the
rhombohedral Cr,0; phase of (113) appeared.

It could be attributed to the O, from the
annealing atmosphere that reacted with the TiCrN
thin films which resulted in forming the TiO, and
Cr,03 by oxidation mechanism (Chen & Lu, 2006).
The crystallinity enhancement observed from X-ray

intensity increased may be due to the aggregation
deposited atom resulting in more order atom
arrangement and the reduction of the defect during
the annealing temperatures (Wang et al., 2013).
Additionally, it was found that solid solution TiCrN
thin film was changed to oxide structure of TiO2 and
Cr,03 phases at annealed above 500°C from XRD
analysis. Therefore, the TiCrN films in this work can
resist thermal oxidation at 500°C.

(101)
[} (113)

(101)
n

A Y A 900°C
A uy A 800°C

* (TiCrN)  WTiO, ACnO;

(214)

(214)
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<
: (034)
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Figure 2. X-ray diffraction patterns of the TiCrN thin film before and after annealing.

The EDS result shows the as-deposited thin
film and annealed thin film’s chemical composition
as a function of the annealing temperature in the air
environment (Table 2 and Figure 3). As the
annealing temperature below 600°C, the TiCrN thin
films contained the Ti, Cr, N, and O composition of
about 9, 21, 40, and 30 at.%, respectively. As the
annealing temperature elevated above 700°C, it was
found that the N content in the films was
dramatically decreased from about 40 to 10 at.%,
whereas a complete addition of the O contents in
the films from about 30 to 60 at.%. Meanwhile, the
Ti and Cr contents were still in the range of 7.38 to
7.51 at.% and 17.23 to 18.26 at. %, respectively.
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It could be concluded that the elemental
composition analysis results are in good agreement
with the findings of the crystal structure
characterization. It suggested that the thin films
annealed at over 700°C changed the structure of film
with phase segregation owing to the heating process.
The continuous increase of O contents after
annealing is because the O from the ambient
atmosphere was diffused into the film and replaced
as the N atoms in TiCrN films resulting from the
dramatically decrease of N content by the oxidation
mechanism during annealing temperature (Aliaj,
Syla, Oettel, & Dilo, 2016). Consequently, the
increase of O content from the EDS technique can
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obviously be confirmed that the thin film oxidation
occurred.

Table 2. The compositions and thickness of the TiCrN thin films at different annealing temperatures.

Annealing Thin film Compositions (at.%)
temperature thickness .
0 m) Ti Cr N (0]
As-deposited 532 8.77 21.00 40.36 29.87
500 534 8.72 20.64 40.20 30.44
600 540 8.69 20.80 39.94 30.56
700 556 7.38 17.23 25.90 49.49
800 665 7.36 17.64 16.93 58.07
900 627 7.51 18.26 10.74 63.49
70
60 + ——Ti
——Cr
9 wl —--N
E -0
g
£ 010
:
= 30 {B— 04—
g
oyl k& —a
10 + ¢
0 100 200 300 400 500 600 700 800 900
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Figure 3. The element compositions of TiCrN thin films as a function of as-deposited to annealing temperatures.

The microstructure and the cross-sectional
of the TiCrN thin films after the annealing process
in the range of 500 to 900°C for 2 hours in the air
were observed by the FE-SEM technique as shown
in Figure 4 and 5. Firstly, Figure 4 exposes the films
after the annealing process. Small grains and smooth
surfaces were also found over the surface of the as-
deposited films (Figure 4a). As the annealing
temperature at 500 and 600°C, it can be seen that the
surface pattern was stilled unchanged from
the as-deposited films (Figure 4b and 4c). Thus, the
TiCrN thin films in this work were also shown the
thermal oxidation resistance up at 600°C. As the
annealing temperature increased up to 700°C, it was
found that countless grains with different shapes and
sizes with a void between the grain boundaries were
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observed (Figure 4d). Grain aggregation, more void,
and increased their sizes were identified when the
annealing temperature reached 800°C (Figure 4e).
Lastly, the surface of films at the highest annealing
temperature of 900°C revealed that the grains are
found to be continuous (Figure 4f).

The changing of grain sizes resulting from
the increasing of the annealing temperature was
investigated. The grain sizes growing with
increasing of the annealing temperature may be
controlled by a mechanism that the energy
additional provided by higher annealing temperature
formerly increases the mobility of deposited atoms
resulting in grain coalescence (Mayrhofer,
Willmann, & Mitterer, 2001). Additionally, it could
be explained by considering the annealing induced
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coalescence of small grains by grain boundary
diffusion which resulted in major grain growth
(Jafari et al., 2014).

TMEC 10.0kV 11.9mm x50.0k SE(M)

(d) 700 °C

(¢) 800 °C

(f) 900 °C

Figure 4. FE-SEM micrographs of TiCrN thin films annealed at different temperatures.

Figure 5 presents the FE-SEM images of
the cross-section of TiCrN films after the annealing
process. The microstructure of the as-deposited
TiCrN thin films consists of columnar growth due to
the nearly equiaxed grains stacked one upon other
such that grain size is similar to the column diameter
(Figure 5a). After annealing at high temperature, it
was found that the cross-section observation
apparently reveals the film also performs a columnar
pattern as the annealing temperature at 500 to 600°C
(Figure 5b and 5c¢). A non-columnar formation can
be observed and appear as a facet grain with a void
at over 700°C (Figure 5d). At an annealing
temperature up to 800°C, grains combine forming a
polygon shape structure and increasing their void
between grains (Figure 5e).

Vol.09, No.2 DOI:10.14456/ssstj.2022.13

Finally, for annealed at 900°C showed less voided
but significant in grain coalescence (Figure 5f).

It can be confirmed that the TiCrN thin
films in this research work were also shown the
thermal oxidation resistance at 500°C. At a higher
temperature of above 700°C, the cross-section
structure of the TiCrN thin films was changed to an
oxide structure owing to the thermal oxidation
process. Moreover, it is clearly seen that after
annealing, the cross-sectional transformation can be
seen due to the higher annealing temperature, the
grain mobility increases, and more the coalescence
of the grain. Hence, the FE-SEM results in this work
can visibly confirm that the annealing temperature
can be influenced by the cross-sectional morphology
of the films.
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TMEC 5.0kV 11.4mm x50.0k SE(U)

TMEC 10.0kV 10.8mm x50.0k SE(U) ! ' TMEC 10.0kV 11.2mm x50.0k SE(V)

TMEC 10.0kV 16.0mm x50.0k SE(V)

(c) 600 °C

TMEC 5.0kV 11.4mm x50.0k SE(U)

(d) 700 °C (e) 800 °C (f) 900 °C

Figure 5 FE-SEM cross-section of TiCrN thin films annealed at different temperatures.

The oxidation rate, ko(T) at a given
oxidation temperature of TiCrN thin film was
obtained from the parabolic relation as shown in
Table 3. It was revealed that the increase of
oxidation rate from 4.05x10-5 to 1.36x1072 cm?/s as
the annealing temperature increased from 700 to
900°C. The activation energy (E,) is evaluated from
the Arrhenius equation. The Arrhenius plot of
In/ko(T)] as a function of 1/1000 T for oxidized
TiCrN thin film was shown in Figure 6. In this work,
the activation energy of TiCrN thin film was
calculated as 168 kJ/mol. It was found that the

activation energy of TiCrN thin films in this study
was different from other works. Otani and Hofmann
have reported the activation energy of TiCrN films
were the range of 120-140 kJ of annealing
temperature ranging from 400 to 700°C for 10 and
300 min in the air (Otani & Hofmann, 1996).
Nevertheless, the TiCrN films in their work were
prepared by reactive magnetron co-sputtering
technique at varied Ti/Cr ratios and the thickness of
films was controlled at 2-3 pum. Therefore, the
oxidation behavior may be depending on the
stoichiometry or thickness of films.

Table 3. The film thickness, oxide thickness, and oxidation rate of the TiCrN thin films and after annealing
in the air for 2 h at various temperatures ranging from 500 to 900°C.

Annealing Temperature Film thickness Oxide thickness Oxidation rate

(°C) (nm) (nm) (cm?/s)

As-deposited 532 - -
500 534 - -
600 540 - -
700 556 108 4.05x 101
800 665 345 413 x 104
900 627 627 1.36 x 1013
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Figure 6. The Arrhenius plot of the TiCrN thin films oxidized at various annealing temperatures.

4. Conclusion

The structural and oxidation behavior of
nanocomposite titanium chromium nitride (TiCrN)
thin films, deposited on Si substrates by using the
reactive DC magnetron sputtering technique from
the mosaic target, was characterized between 500
and 900°C in the air using XRD, EDS, and FE-EM
techniques. It was found that the annealing
temperature strongly influences the structure of the
thin films. The transformation of polycrystalline
TIiCrN to TiO2 and Cr,O3 structure, in which the
relative intensity of these oxide peaks varied with
the annealed temperatures, were obtained from XRD
patterns. The changing of grains has resulted from
the increase of annealing temperature as investigated
from the FE-SEM. The cross-sectional results
showed that the thin dense oxide layer occurred at
700°C and the oxide thickness increased gradually
with the annealed temperature. Meanwhile,
underneath the TiCrN grain grew above 700°C and
become more void structure after annealing at
700°C. The oxide layer obviously grows inward
indicating the oxidation of TiCrN thin films belongs
to inward oxidation. The EDS result was also in
good agreement with the XRD technique that the
crystal structure, of the TiCrN films, changed which
significantly increased of the O content but rapidly
decreased and was constant of the Ti, Cr, and N
contents when annealed the films from 700°C. The
oxidation rate of the films was increasing from
4.05x10°5 to 1.36x10*® cm?/s with the increase of
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annealing temperature. The activation energy of the
oxidation as evaluated by the Arrhenius-type
relation was 168 kJ/mol.
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Abstract
Graphitic carbon nitride (g-CsN4 has been highlighted in its unique electronic structure with a medium bandgap,

high thermal and chemical stability in the ambient environment. It is promoted as a photocatalytic material. To
enhance photocatalytic properties, Sn-modified g-CsN4 was synthesized from urea and Sn powder. Firstly, urea
was fired at 450-650°C in the air to synthesize g-CsN4 powder. Then such g-CsN4 powder was mixed with Sn
powder for 0.1, 0.3, and 0.5 mole ratio and fired at 550°C in ambient. To investigate the phase formation and light
absorption, XRD and light absorption spectrophotometers were performed, respectively. The light absorption
value was used to calculate band gap energy (Eg. It was found that the XRD results of synthesized g-CsN. were
on the broad peak to narrow peak in synthesized temperatures 450-650°C. The light absorption of synthesized
powder at 550°C was higher than others. Thus, synthesized powder at 550°C was chosen to mix with Sn powder.
It observed that Eg of Sn-modified g-CsN4 decreased depending on the amount of Sn and synthesized temperatures.

Keywords: Graphitic carbon nitride, Bandgap energy, Light absorption

1. Introduction However, pristine g-CsN4 shows less efficiency due

Graphitic carbon nitride g-CsNa is a metal- to low surface area resulting in a low active site, high
charge recombination rate and small harvest of solar
energy (Wen, Xie, Chen, & Li, 2017). So, to obtain
high photocatalytic activities, tailoring and
customizing of the structures by doping with
metallic (Shanmugam, Muppudathi, Jayavel, &

Jeyaperumal, 2020; Van et al, 2022) andor non-

free and conjugated polymeric with a formula of
(CsNsH), in which covalent C-N bonds called tri-s-
triazine unit connected with planar amino acid
groups in the layer and hold together with van der
Waals forces. This structure makes it excellent in
thermal and chemical stability and stable allotrope

(Kong et al, 2021). It possesses an electronic metallic elements (Li et al,, 2014), and hybridization
structure with a narrow bandgap 2.7 eV, and is Zhang, Yu, Sun, & Zheng, 2018) have been
responsible for visible light photocatalyst at 400-450 performed. Some researchers applied some solutions
nm (Song et al,, 2019). Since then, g-C3N4 has much by reducing E4 with S-scheme heterojunctions (Van
attention in many applications including organic Viet et al,, 2021). Therefore, the aim of this research
pollutants, remediation environment (Alulema- was to study the effect of metallic Sn powder doped
Pullupaxi et al., 2021), hydrogen evolution (Naseri, in g-CsN, to reduce band gap energy (Eg. The mixing
Samadi, Pourjavadi, Moshfegh, & Ramakrishna, and calcination of urea and Sn powder were
2017) and fuel cell Zheng, Liu, Liang, Jaroniec, & performed at 550°C in air atmospheric by tube

Qiao, 2012), water spitting (Neelakanta Reddy et al, furnace. The observation of synthesized g-C3N4 and

2021) and antibacterial activity (Huang, Ho, & Sn-doped g-CsN4 powders including phase analysis,

Wang, 2014; Neelakanta Reddy et al, 2021 crystal size, light absorption together with
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photocatalytic efficiency such as calculated E4 and
degradation of methylene blue were performed and
discussed.

2. Materials and Methods
2.1 Synthesis of g-CsN4

The g-C3sN4 powder was prepared by the

simple method, the 20 g of urea powder was used as
a precursor and placed in an alumina crucible and
followed by heated up in a tube furnace at 400°C-

650°C with the interval of 50°C in air atmosphere for
05, 2 and 3 h. The synthesized powders were

characterized by XRD (154 °A Cu, Shimazu
XRDG6000). The crystal size was calculated from the
main peak of g-CsN4 by measuring full-width half
maximum (FWHM) and calculated by Scherrers
equation (1.

D =KA\/Bcosb @

Where K -1

D is crystal size
A is the wavelength of the x-ray

B is FWHM
8 is diffraction angle

The light absorption of synthesized powder
was measured by UV-Vis-NIR spectrophotometer

(ES Avalight DHS; Detector AvaSpec-2048L;
UVVisNIR range from 200 to 2500 nm). And band
gap energies (Eg of the synthesized powders were
calculated from light absorption data as followed (2):

EqeV)-hC -1239.8/1 @

Where h is Planks constant

C is speed of light
A is cut off wavelength

2.2 Synthesis of g-CsN4 doped Sn

For the Sn doping, the g-CsN4 powder with the
best light absorption from 2.1 was doped with Sn
powder for 0.1, 0.3 and 0.5 % by mole. The two

materials were continued dry mixing and heated up
at 550°C in an air atmosphere for 0.5 h in an alumina
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crucible. The obtained Sn-doped g-CsNs were

examined phase, light absorption and calculated
band gap energies (Ey as the same equipment in

section 2.1.

2.3 Methylene blue degradation testing

For methylene blue degradation testing, 50 mg
of g-C3sN4 or Sn doped g-C3N4 were dispersed in 5

ppm of methylene blue solution G0 ml) and
illuminated by 50 watts, 110 Lnwatt LED lamp for
1-12 hrs. The light absorption of methylene blue was
measured by UV-Vis-NIR spectrophotometer to

observe the degradation rate of methylene blue from
decreasing concentration. The formula of the

degradation was calculated as followed (3):
Degradation () =[(Co- Cy/Ca1x100% (3)

Where Cq is the initial concentration of
methylene blue
Cis the concentration at a time t.

3.Results and Discussions
3.1 The effect of synthesized temperature on

phase and light absorption of g-C3sN4

The results of phase analysis, crystal size
and light absorption by XRD and UV-Vis-NIR,

respectively, of the obtained g-CsNs powders at
400°C-650°C in the air atmosphere
demonstrated. XRD graph (Figure 1) showed that
urea (CHzN,O) was gradually decomposed to
ammeline (C3HsNsO) at 400°C and completely
changed at 450°C. After heating up to 500°C and
higher, ammeline was transformed to g-CsN4 phase
according to JCPDS card number of 75-0454. The
highest peak of XRD at 20 of 27.8 was used to
calculate crystal size by Full width-half max
(FWHM) and equation (1). The obtained crystal size
of g-C3sN4 was increased by increasing temperature

were

(Figure 2). However, the oxidation reaction occurred

at 550°C and higher, resulting in a small amount of
g-CsN4 being yielded. The light absorptions of g-

C3Ng4 at various synthesized temperatures (Figure 3)
were not significantly different and all calculated
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Ey; of powders were approximately 282 eV.
However, E4 of g-CaN4 at 550°C was a little higher
than other synthesized temperatures. Thus, such
powder at 550°C was used to study for tin-doped g-
CsNy in the further experiment.
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Figure 1. XRD patterns of the g-CsN. powders
calcined at temperatures of 400-650°C.
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Figure 3. Light absorbance of g-C3sN4 powders at
different calcination temperatures.

3.2 The effect of soaking time on phase and

light absorption of g-CaNa4
From the previous section, the g-CsNa4

powder calcined at 550°C in the air atmosphere was
chosen to study the effect of soaking time for 0.5, 2

and 3 hrs. The results of phase analysis, crystal size
and light absorptions were shown in Figures 4-6,
respectively. All
g-CsNs phase (Figure 4) without any residue
precursor. The crystal size of the obtained g-C3N4

powders were increased when longer soaking time
proceeded. The crystal size of 05, 2 and 3 hrs

samples showed absolutely

soaking was about 401, 432 and 675 nm,
respectively (Figure 5). The light absorptions at
various soaking times (0.5 and 3 hrs) (Figure 6) were

not significantly different and calculated Eq were
approximately 2.63 eV. Thus, the least soaking time

of 0.5 h was used to study for tin-doped g-CsN. in the
further experiment.
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Figure 4. XRD patterns of the g-CsN. powder at
various soaking times.
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Figure 6. Light absorbance of g-CsNs powder at
various soaking times

3.3 The effect of Sn doped g-CsN, on phase
and light absorption

The g-CsNy synthesized at
temperature 550°C for 0.5 h.was doped with metallic
Sn powder at 0.1, 0.3 and 0.5 mole percent, dry
mixing and then heated up again at 550°C for 0.5 h

powder

in the air atmosphere. The results of phase analysis

light absorption and calculated Eg were shown in
Figures 7-10. Figure 7, XRD graph showed less

crystalline g-C3N4 phase due to Sn substituted in the
carbon position of the g-CsNa4 structure. The more

doping content, the higher the amorphous phase was
obtained. The limitation of Sn doped was about 0.5

% by mole because some Sn was oxidized to form
SnO- and so at this Sn content, g-CsN4 changed the
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structure. This could be observed by no sharp peak
as found in Figure 4. The light absorption from the
end of the ultraviolet to visible light range (280-400
nm) was increased in Figure 8. Moreover, light

absorption had trended to higher by increasing the
amount of Sn dopant. The calculated Eg (Figures 9

and 10) was reduced from 2.82 g-CsN4) to 1.98 eV
(doped 05 % mole Sn g-CsNs. The cause of

decreasing in Eg can be predicted in two ways, first,
when Sn was oxidized, it became SnO,, which led to
electron transfer from g-CsN4 to SnO- at interface

heterojunction until the electric potential of Fermi
level would be the same (Van et al, 2022). This

phenomenon exhausts the electron region on g-CsN.

and electron deposition layer on SnO2 resulting in
an internal electric field (IEF) directed from g-C3sN4

to SnO,. Second, Sn had substituted to the C-position
in g-C3Ns structure, resulting in increased electrical
conductivity and change in color to near red.
Therefore, it could absorb visible light at an
extended wavelength. In this case, there was a high
probability that the two above possibilities could
occur. The effect of Sn on altered properties of g-
CsN4 was increasing the absorption of the visible
light from 450 to 650 nm., covering to yellow,
making it able to absorb light from the natural source
(Solan or LED lamps with the highest intensities in
the blue to yellow as shown in Figure 11. The high
light absorption of photocatalytic materials allows
them to be better activated to the photocatalytic
mechanism which the results of the experiment in
section 3.4 can confirm this statement.
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Figure 7. XRD patterns of the g-CsN4 powder with
various amounts of Sn doping.
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Figure 8. Light absorbance of g-CsNs powder with
various amounts of Sn doping.
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34 Methylene Dblue degradation testing

results

The results of methylene blue degradation
testing of g-CsNs and 05 Sn-doped g-CsNs were
shown in Figures 12-14 and 15-17, respectively. By
using visible light 500-700 nm to expose
photocatalytic materials, it was found that the g-

CsNgsabsorbed more light when longer time radiation
was exposed resulting in higher degradation of
methylene blue. At the 12" h, methylene blue was

completely clear color. While degradation 0.5 Sn-
doped g-C3N4 was complete at the 8™ h of light
irradiation. From the two experiments, it could
conclude that photocatalytic performance of 0.5 %
mol Sn-doped g-CsNs4 was more effective than g-
CsNs and its reaction was faster than that of g-CsNa
about 2.45 times.
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Figure 12. The light absorption of g-C3Na
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Figure 14. The degradation of MB of g-C3Na.
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4.Conclusions

Sn-modified g-C3N4 was synthesized from
urea and metallic Sn powder. Firstly, urea was
calcined at 450-650°C in the air atmosphere to
synthesize ¢g-CsNs powder. Then such g-CsNa
powder was mixed with Sn powder for 0.1, 0.3, and
0.5 mole percent and fired at 550°C in ambient. The
conclusion could be drawn as follow:

1. Sn was substituted in g-C3sNj structure

and showed the high absorption of
violet-blue and green colors to excite

the photocatalytic activity.

2. Egcould obviously be reduced by 0.5 %
mol Sn doped g-C3Na.

3. Egdown from 2.82 (g-CsNgto 198 eV.
05 % mol Sn doped g-C3N4 which
could reflect in the yellow light range.

4. The 05 % mol Sn doped g-CsN4 could
degrade methylene blue faster than g-
CsN. about 2.45 times.
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Abstract
Currently, several techniques have been employed in order to obtain a better quality of perovskite solar cells
(PSCs). In this research, we focus on the development of the hole transporting material (HTM) for the efficiency as

well as the stability enhancement of the PSCs. Here, a hole transporting layer (HTL) was fabricated using zinc-
doped nickel oxide (Zn-doped NiOy) nanoparticles and the HTL was incorporated into the cesium-formamidinium
(CsFA) based PSCs to improve the electrical properties. As a result, PSCs with 1% Zn-doped NiOy demonstrated
the highest power conversion efficiency (PCE) up to 14.72% with an open-circuit voltage (Voc), a short-circuit
current density Jsc) and a fill factor of 1.02 V, 1959 mAcm? and 0.734, respectively. Moreover, the PSCs with
Zn-doped NiOx showed an enhancement in shelf-stability under aging conditions. The physical properties of the
Zn-doped NiOyx were analyzed using X-ray photoelectron spectroscopy (XPS) and transmission electron
microscopy (TEM). The morphological characteristics of the HTL surface were examined by scanning electron
microscopy (SEM)and the photovoltaic properties were analyzed in more detail.

Keywords: Perovskite solar cells, Doping, NiOy, Zn, Hole transporting layers

1. Introduction carrier diffusion length and lifetime, and power
generation stability (Meng, You, & Yang, 2018;

Song, Yin, Li, & Li, 2021).

Perovskite solar cells (PSCs) have attracted
tremendous attention in the field of energy as an

emerging photovoltaic device with a high potential A regular PSC has a device structure of
to rival the Si-based solar cells since the power anodeselectron  transporting layer (ETLyperov-
conversion efficiency (PCE) of the PSCs has been skite/hole transporting layer (HTL)ycathode (Sahoo et
sharply increased from 3.8%-25.2% over a short al, 2018). The state-of-the-art PSCs mostly require
period of time and the device also offers low organic HTL such as spiro-OMeTAD (Jeon et al,
fabrication cost (Sahoo, Manoharan, & Sivakumar, 2018). Although the air stability of spiro-OMeTAD-
2018; Shahiduzzaman et al., 2020; Zhou, Zhou, based PSCs has been extended up to several hours,
Tian, Zhu, & Tu, 2018). High PCE can be attributed the cost of spiro-OMeTAD (500 USDgm is
to the unique optoelectrical properties of the extremely high and also the thermal stability and
perovskite such as high light absorption ability, low preparation methods remain unsolvable (Serhan et
exciton binding energy (Miyata et al, 2015), long al,, 2019 Alternatively, inorganic HTMs such as
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Cul, pristine-or doped-NiOy, Cu20, CuSCN, CsSnls,
etc., have been employed as the HTL for PSCs (Kim
et al, 2020; Yang & Park, 2019; Yin et al, 2016)
owing to their low-cost. Interestingly, inorganic HTL
materials offer advantages in terms of light and
thermal stability, especially moisture stability.
Though, crucial contributions are still needed to
achieve long-term stability.

This study focuses on the application of
zinc-doped nickel oxide (Zn-doped NiOy
nanoparticles as the HTL to improve the efficiency
and the stability of PSCs. Zn-doped NiOy film was
deposited from a colloidal solution of Zn-doped
NiOx nanoparticles in the non-polar isopropanol
dPA) solvent, which will not interact with the
perovskite layer. The physical properties of the Zn-
doped NiOx were analyzed using X-ray
photoelectron spectroscopy (XPS) and transmission
electron microscopy (TEM). The crystal structure
was determined using X-ray diffraction (XRD). The
morphological characteristics of the HTL surface
were examined by scanning electron microscopy
(SEM). Finally, the devices were tested under the
solar simulator to measure the current density-
voltage J-V) characteristics and the efficiency of the
device was determined.

2.Experimental
2.1 NiOx and NiOx doped Zn nanoparticles

preparation

Zn-doped NiOx nanoparticles were
prepared by a solvothermal method. In the
beginning, 065 g of nickel acetylacetonate
(Ni@cacy and ZncCsH7022-H.O (1.0 mol%) was
added to 70 ml of tert-butanal in a conical flask 111;.

The mixture was put on a hotplate and stirred at 70°C
for 10 h. The resulting turbid green solution was

transferred into a Teflon-lined stainless-steel
autoclave with 100 ml capacity. Then the sample was
kept in an oven at 210°C for 24 h. After cooling to

room temperature, the resulting NiOy colloidal
solution was centrifuged. The precipitate was

washed with absolute ethanol two times. Then, the

NiOx nanoparticles were dried at 75°C for 2 h in an
oven. Finally, the NiOy nanoparticles were sintered

at 300°C for 2 h. It is noted that all processes were
conducted in ambient air conditions.
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2.2. Fabrication of perovskite solar cells
FTO-coated glass substrates were cleaned
sequentially with Alconox, de-ionized DIy water,

acetone, and isopropanol using the ultrasonic
sonicator for 30 min. Then, the FTO substrates were

treated with UV-ozone for 15 min. An electron-
transporting zinc-tin oxide (ZTO) layer was
deposited by spin-coating a 0.3M solution of zinc
acetate dihydrate and tin (1) 2-ethylhexanoate with
equivalent molar of ethanolamine in 2-
methoxyethanol onto the cleaned FTO-coated glass
at 3000 rpm for 30 s. The as-deposited film was then

annealed on a hotplate in the ambient atmosphere for
1 h at 450°C (Zhao et al., 2012). Next, the substrates

were cooled to room temperature, and the ZTO films
were treated with UV-Og to clean the surface.

A Csp17FA0s3PbdogsBroins  or  CsFA

perovskite solution was prepared with the procedure
reported in the literature (Schutt et al., 2019). The
CsFA film was deposited via a two-step spin-coating
process at 1000 rpm and 6000 rpm for 10 s and 20 s,
respectively. During the second step, 120 uL of
anisole was dripped on the spinning substrate 10 s
before the end of the procedure. The samples were

then annealed on a hotplate at 100°C for 15 min and
were  thermalized to room  temperature.

Subsequently, 60 puL of Zndoped NiOx
nanoparticles solution G mg mL? in absolute
isopropanol) was spin-coated at 3000 rpm for 30 s

onto the CsFA perovskite layer and then 60 pL of
CuSCN solution (35 mg mL* in diethyl sulfide) was

coated at 2500 rpm for 30 s (Er, Icli, & Ozenbas,
2020; Zhao et al,, 2012) to complete the HTL layer.

Finally, the carbon electrode sheet was prepared by
the ethanol solvent interacting process for 2 h, and
then it was hot-pressed onto the CuSCN layer at
50°C for 3 min with pressure of 6 MPa
(Passatorntaschakorn et al., 2021; Zhang et al., 2018)
to finish the device. The other two PSCs were made

to compare the result of different HTL compositions
where only CuSCN and NiOx/CuSCN with similar

coating conditions were used as the HTL.

2.3. Characterization

Elemental characterization was carried out
for the NiOx, NiOx-Znlw films using X-ray
Photoelectron Spectroscopy (XPS) analysis and
transmission electron microscopy (TEM)was used to
observe  the  morphology. Moreover, the

morphological characteristics of the HTL surface
were examined by scanning electron microscopy



Available online at httpmwww .ssstj.sci.ssru.ac.th

Suan Sunandha Science and Technology Journal
©2022 Faculty of Science and Technology, Suan Sunandha Rajabhat University

(SEM)on JEOL JSM-IT800. Current density-voltage
dJ-V) characteristics of PSCs were obtained from
parameter analyzer (X200 source meter, Ossila
under AM 15 G (100 mW cm? solar simulator.
External quantum efficiency (EQE) spectra were
measured using the QE-R quantum efficiency
system (Enlitech) in a DC mode. The system was
calibrated using a Si photodiode prior to the
measurement. Electrochemical impedance spectra
(EIS) were recorded using Auto lab PGSTAT 302 N

and the equivalent circuit was used to fit the
experimental data to extract the EIS parameters.

3.Results and Discussion
3.1 Physical properties

(220) —»
(200)—»

(111) »

Figure 1.@ XRD patterns of the as-synthesized NiOx
and NiOx-zZnlw, & SAED pattern, TEM
micrographs of () NiOx NiOx-Znl%
nanoparticles.

and ()

Figure 1a shows the XRD pattern of the as-
synthesized NiOx and NiO.-Znlx nanoparticles. It
can be seen that two main NiOy peaks at 37.24, and
43.4°, which refer to planes 1 1 1), and 2 2 0), and
two main NiOx-Znly peaks at 37.01, and 43.19°,
which refer to planes (1 1 1), and 2 2 0), are observed

and the existence of the cubic bunsenite NiOx phase
is confirmed. Furthermore, X-ray diffraction results

also indicate the presence of Zn in NiOy since the
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peak of NiOx-Znl« is slightly shifted to the left. That
means Zn can successfully be incorporated into the
NiOy nanoparticles without changing their structure
(Mahmud Hasan et al, 2020; Xie et al, 2018)
Selected-area electron diffraction (SAED) pattern
and high-resolution TEM images of NiOxand NiOx-
Znlyw are shown in Figure. 1b-d. The results
demonstrate that NiOx and NiOx-Znlx show a cubic

crystalline structure with the distance between two
successive bright fringes of 024 and 028 nm,

respectively, which corresponds to the (111) plane of
NiOyx (Nam et al,, 2019).

Additionally, X-ray photoelectron
spectroscopy (XPS) measurements were used to

verify the doping result from the chemical
composition of Zn-doped NiOx films. Figure 2a

shows the elemental composition and the survey
XPS spectra of the films. It is noted that O and C

elements are observed in every sample. The Zn

element, on the other hand, is not detected in the film
since only a small fraction of Zn (1%) was doped into

the sample. Figure 2b exhibits the XPS spectrum of
the Ni 2p peak in an undoped and doped Zn. The
spectrum can be de-convoluted into six distinct
peaks; 8535, 854.8, 85538, 8711, 8721, and 8732
eV respectively (Chakrabarti et al, 2019), which
indicate a normal state of Ni?". Figure. 2c shows the
characteristic C 1s peak from the carbon film. All

samples show four peak components centered at
2844, 2852, 286.7, and 288.6 eV, which correspond

to the Ni-O, the interstitial Ni, C-C and C-H of acac
ligand of residues of Ni@cacy precursor,
respectively. Furthermore, C-OH/,C-O-C (286.7 eV)
(Koshtyal et al,, 2019 is slightly seen. Figure 2d
shows the XPS spectrum for O 1s where four peaks
can be de-convoluted from the spectrum centered at
5290, 530.6, 532.6, and 531.8 eV respectively. The
peak centered at 529.0 eV can be assigned to Ni-O
octahedral bonding in NiO and the peak centered at
5326 eV is likely due to the presence of nickel
hydroxides or the surface adsorbed hydroxyl groups
(Ratcliff et al,, 2011).
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Figure 2. Compositional analysis of NiOx and NiOx-Znl% nanoparticles. @ Survey XPS spectra, and high-

resolution XPS peaks of (b Ni 2p, ) C 1s, and ) O

(b)

1s.

Figure 3. Top view SEM micrograph of @ reference (CuSCN HTL) cell, & NiOyCuSCN HTL cell,

and (¢) NiOx-Zn1%/CuSCN HTL cell.

Top view SEM surface morphology of
different HTLs coated on perovskite layers
presented in Figure 3a-c. The reference cell (Figure

3a), where only CuSCN was used for HTL, showed

a rough and unsmooth surface with possible
existence of pinholes. The NiOyCuSCN HTL

(Figure 3b), on the other hand, provided a rather
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smooth surface layer with less grain boundary.
Figure 3c shows the NiOx-Zn1« film on a perovskite
substrate. It can be seen that the surface layer was
well covered, and the pinholes disappeared. The tiny

white granule in the figure could be attributed to
NiOx-Znl
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3.2 Electrical properties
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Figure 4. Box plots of photovoltaic parameters; @ Jsc, 0) Voc, € FF, and ) PCE of PSCs fabricated based on
conventional CUSCN, NiOxCuSCN and NiOx-Zn1«CuSCN HTLs; ¢)J-V characteristics of the champion devices;
) EQE curves of PSCs; (@) Nyquist plots under the forward bias of 0.85 V.

The photovoltaic parameters of the PSCs
based on FTOZTO  sol-gel/Csp17FAgssPb

(logaBro1naNiOy, NiOx-Znlw/CuSCN/carbon are
displayed in Figure. 4@-d) and in Table 1. The J-V
curves of the champion PSCs are shown in Figure.
4e. The device with NiOyx-Zn1%/CuSCN film as HTL

exhibited the best performance with the PCE values
of 14.72%, short circuit current density Jsc of 19.59

mA ,cm?, open-circuit voltage (Voo 0f 1.02 V, and fill
factor (FF) of 0.734 while the device with CuSCN,
and NiOyCuSCN exhibited the maximum PCE
values of 13.65%, and 14.26%, respectively. The PCE
of the device with CuSCN as HTL was relatively
low compared to other devices because there were
still holes and uneven surface area, resulting in
insufficient charge transport. However, with the
addition of a Zn-doped NiOy layer, the quality of the
film seems to be improved and hence a higher
conversion efficiency is acquired. Although, the
maximum FF of 0.783, which was obtained from one
time measurement from CuSCN device, is slightly
higher than that of the champion NiOx-Zn1«/CuSCN
device (0.734) but the average photovoltaic
parameters, as demonstrated in Table 1 in brackets,
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reveals that the device with Zn-doped NiOx device
offers the highest values. Figure 4f exhibits the EQE
spectra obtained from devices. The EQE spectra
show approximately 0.727, 0757, and 0771
respectively in the wavelength range of 500-800 nm.
This results in a high Jsc which is in good agreement
with the values obtained from the J-V measurement.

The electrochemical impedance
spectroscopy (EIS) spectra was employed to further

investigate the reason behind the photovoltaic
parameter variation of the PSCs based on CuSCN,
NiOwCuSCN, and NiOyxZnlwCuSCN films. The

Nyquist plots of the experimental data (Figure. 4g)
were fitted using an equivalent circuit (nset of
Figure. 49) and EIS parameters, including series
resistance (Rs), recombination resistance (Rre), and
chemical capacitance (Crec). It was found that the Ryec
of the PSCs based on NiOx-Zn1%/CuSCN film (1521
k) was higher than both the PSCs based on CuSCN
film (11.12 k), and the PSCs based on NiO, CuSCN
film (1256 kQ). Improving the interfacial region in
the NiOx-Znlw/CuSCN device was probably the
reason for the better photovoltaic parameters.
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Table 1. Photovoltaic parameters of PSCs fabricated from CuSCN, NiOyCuSCN and NiOx-Zn1%CuSCN HTLs.

HTL Jsc MALCM?) Voc (V) FF %) PCE ()
CuSCN 16.95 1027 78.33 13.65
1782 +1.04) (1.011 £ 0.013) (69.31 £ 438 1247 + 0.84)
NiOxCuSCN 19.78 0.996 723 14.26
(1823 +£0.78) (1.001 £ 0.019) (71.35 £ 2.96) 1303+ 067)
NiOx-Zn1%/CuSCN 1959 1.023 7342 1472
(1846 + 0.68) (1.003 £ 0.013) (72.96 + 353) 1351+ 074

Jse: short circuit current density, Voc: open-circuit voltage, FF: fill factor, PCE: power conversion efficiency

The unencapsulated PSCs with the use of
the CuSCN, NiOyCuSCN, and NiOx-Znl«%CuSCN

HTL were tested in terms of shelf stability by
measuring their photovoltaic properties of the
devices stored in a desiccator with controlled
environment (relative humidity of 40-50% and
temperature of 25-30°C). As shown in Figure 5a and

b, the PSC with the CuSCN HTL exhibits greater
efficiency degradation when compared to the
devices with NiOyCuSCN, and NiOy-Zn1«CuSCN

HTLs. We note that there was a small increase of the
PCE during the first few days of storing. We

speculate that the surface stoichiometry of NiOy
might be modified by oxygen molecules in the air.

This modification could facilitate the hole transport
and extraction ability (Cao et al,, 2017). In contrast,

the efficiency of the PSCs with NiOx/CuSCN or the
NiOx-Znly%/CuSCN HTL decreased to less than 80«
or 75y of its initial values after storing for 90 days
(Figure. 5h). Although the slightly greater efficiency
degradation was observed for the PSCs with NiOx-
ZnleCuSCN HTL when compared to the device
without Zn doping. The actual average cell
efficiency of NiOx-Znlw/CuSCN devices was
comparable to that of the NiOyCuSCN devices. A

reason behind this slightly larger efficiency
degradation is still unclear. The investigation will be

further performed. However, it can imply from the
obtained results that the insertion of NiOx or NiOy-
Znly nanoparticles between the perovskite layer and

the CuSCN layer could significantly improve the
shelf stability.
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Figure5.@ Average PCE and (b)normalized PCE as
a function of storage time for CuSCN-,
NiOyCuSCN- and NiOx-Zn1%/CuSCN-coated PSCs
without encapsulation.

4.Conclusions

In conclusion, we have demonstrated that
the Zn-doped NiOyCuSCN double inorganic
material might be a promising material for holes
extraction layer. PSC using Zn-doped NiOx HTL
reached a maximum PCE of 14.72«. The developed
Zn-doped NiOy non-polar interfacial layer could
protect the perovskite layer during CuSCN
deposition from the polar solvent. The air stability of
the device under the ambient condition could be
extended for more than 3 months with the efficiency
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reduction of about 25%. The present study offers the

alternative approach towards the development of
highly air thermal stable, additive-free, low-cost

based in real, cost-effective perovskite solar cells.
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Abstract

This research studied the utilization of biodegradable polymer for nonwoven fabric production and applied to
fabricate a sound absorbing panel by corporate with natural fiber nonwoven fabric. PLA was used as a
biodegradable polymer and hemp nonwoven was used as a natural fiber nonwoven fabric. PLA nonwoven fabric
was prepared using a melt jet spinning process. The spinning process was carried out at 250 and 260°C with screw
speed of 10 rpm and air blown pressure of 0.3 and 0.5 MPa. The die-to-collector of fabric production was studied
at 30 and 60 cm to compare the nonwoven fabric product property. It was found that the process temperature, air
pressure and die-to-collector distance have significant effects on the nonwoven fabric thickness, GSM, and fabric
density. Air permeability decreased with high fabric thickness as well as fine fibers which supported the property
of sound absorbing panels. Therefore, the suitable conditions for sound absorbing panel fabrication were
processed at temperature of 260°C, air pressure 0.5 MPa and die-to-collector distance of 60 cm. Sound absorbing
coefficient measurement revealed that GSM fabric thickness had an effect on increasing sound absorption. The
effect of nonwoven sheet order and arrangement of PLA nonwoven and hemp nonwoven of 3 layers sandwich
indicated that the layers order of PLA/PLA/Hemp had high sound absorbing coefficient that was comparable with
PLA/PLA/PLA due to fiber size and arrangement.

Keywords: Sound absorbing panel, Poly(lactic acid), Nonwoven, Hemp fiber

1. Introduction Various kinds of acoustic materials have been used
The environmental concern on pollution from as either sound barriers or sound absorbers to reduce
plastic waste has a high impact on the utilization of noise or sound in vehicles to a comfort level or
bioplastics to replace the conventional petroleum- silence. Solid and impermeable materials were used
based materials. In the automotive industry, the as a sound barrier which reflects the incoming sound
effects of an increase in greenhouse gas emissions in order to prevent sound transmission. On the other
and a greater focus on environmental sustainability hand, porous materials, including foams and fibrous
and wvehicle end life management, have all materials with internal pores, were effectively used
contributed to this trend. Bioplastics are one of the as sound absorbers, especially in a high frequency
best replacement materials for conventional plastics range  (Prahsarn, Klinsukhon, Suwannamek,
as well as metals (PricewaterhouseCoopers, 2007). Wannid, & Padee, 2020; Sengupta, 2010). Porous
Noise is a major cause of industrial fatigue, sound absorbing materials have been widely used in
irritation, and one of the major causes in reducing the construction of aircraft, spacecraft, cars, trucks,
the productivity of industrial processing and one and ships (Chavan & Manik, 2008).
source of occupational accidents. It has been Nonwovens are fibrous materials assembled
reported that continuous exposure of noise of 90dB directly from fibers having high porous structures
or above is dangerous to hearing (Devi, 2014). and high surface areas. From these properties
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nonwovens are attractive for being used as sound
absorbers for many technical applications. When the
sound wave enters nonwoven, it moves through
tortuous passages and contacts with the fiber
surface, resulting in energy dissipation into heat loss
(Benkreira, Khan, & Horoshenkov, 2011; Tascan &
Vaughn, 2008; Zhu, Nandikolla, & George, 2015).
Nonwovens offer advantages over foams as they can
be recycled, and their manufacturing methods may
have less environmental impact than conventional
polyurethane sound absorbers. Compared with
foams, nonwovens can absorb more sound over a
wider range of frequencies (Yilmaz, Banks-Lee,
Powell, & Michielsen, 2011).

Glass fibers have been used for sound absorbing
material from their sound absorption characteristics
and air flow resistivity among fibrous absorbers
(Yilmaz, 2009). However, due to the potential risks
posed by glass fibers such as being unsafe to handle,
non-recyclable, and posing health risks when
inhaled, natural fibers are increasingly gaining
attention in diversified engineering end uses in place
of glass fibers. The application of natural fibers and
biodegradable polymer fibers for sound absorbing
panels have been constantly studied (Korte &
Staiger, 2008; Oh, Kim, & Kim, 2009). The effect
of combination of natural fiber and honwoven fabric
on sound absorption proficiency has not been
reported.

In this study, sound absorption of three-layered
nonwoven consisting of single and multiple types of
fibers were reported. The fiber layers consist of
poly(lactic acid) (PLA) nonwoven panel and hemp
fibers. The effect of processing conditions of PLA
nonwoven fabric property and sequencing of the
constituent layers on sound absorption were
investigated.

2. Materials and Method
2.1 Materials

Poly(lactic acid) pellets are of Ingeo
biopolymer 6100D, with a melt flow index of 24
9/10 min (210°C) and density of 1.24 g/cm® (Nature
Works LLC). Hemp used in this research was
obtained from Hempthai Co. Ltd. (Tak province,
Thailand).

2.2 Sample preparation

PLA was dried in the oven at 80°C for 12 h.
PLA nonwoven was fabricated by a melt jet spinning
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machine outfitted with a die with three 0.4 mm
spinnerets and a hot air outlet at the center. PLA
pellets were fed into the hopper and molten by the
extruder process. The screw speed was set at 10 rpm.
The nozzle has three holes of spinnerets with a
diameter of 0.4 mm that are located above the hot air
outlet. The nozzle temperatures were varied for 250
and 260°C. The air pressures were controlled from
0.3 and 0.5 MPa by the air pressure controller. The
collector distance between the nozzle and the
collector, which is referred to as the collector, was
varied at 30 and 60 cm. The molten PLA was blown
and stretched by the hot air flow. PLA nonwoven
materials were collected on a roller mesh collector
at different processing conditions. Three layers of
webs from PLA and hemp nonwoven were stacked
as given in Table 1 (Figure 1).

7 PLA
;

PLA

Figure 1. Schematic of multilayer structure of
fiber webs.

Table 1. Layering of fiber webs.

Web Web Layer 1 Layer 2 Layer 3
number code A) B) ©

1 HHH Hemp Hemp Hemp
2 HLL Hemp PLA PLA
3 LHL PLA Hemp PLA
4 LLH PLA PLA Hemp

LLL PLA PLA PLA
6 LHH PLA Hemp Hemp
7 HLH Hemp PLA Hemp
8 HHL Hemp Hemp PLA

Note: H = hemp, L =PLA

2.3 Thickness and mass per unit area (grams
per square meter, GSM)

Mass per unit area of fabric sample of 1 cm x
10 cm for 10 pieces (g/m?) were cut randomly and
weighed in grams. The thickness of the fabric is ten
measurements taken from each sample using a
thickness gauge (Telclock Dial thickness gauge SM



Available online at httpmwww .ssstj.sci.ssru.ac.th

Suan Sunandha Science and Technology Journal
©2022 Faculty of Science and Technology, Suan Sunandha Rajabhat University

112P).

2.4 Morphology and fiber diameter
evaluation

Morphology of PLA fiber and hemp fiber
was observed by optical microscopy technique
(OM) (Olympus Microscope, CX41) beamed at 10
times magnification. Fiber diameters were examined

from OM photographs using Image J software.

2.5 Air permeability

The fabric transport property that is most
sensitive to fabric structure is air permeability,
defined as the volume flow rate per unit area of a
fabric when there is a specified pressure differential
across two faces of the fabric. Air permeability of
the samples were measured based on ASTM D737
Standard Test Method for Air Permeability of
Textile Fabrics. The measurements were performed
at a constant pressure drop of 100 Pa (20 cm? test
area).

2.6 Sound absorption coefficients

Sound absorption coefficient was measured
according to ASTM E 1050-08 standard test method
by using an acoustic duct (SCIEN-9301, Korea) two
microphones. Samples were cut into two different
sizes (30 and 100 mm). The 30 mm tube was used to
test the sound absorption coefficient at a (low)
frequency between 125 to 1600 Hz. The sound
absorption coefficient at a (high) frequency from
500 to 6300 Hz was tested using the 100 mm tube.
The calibration was performed before conducting
the test. Samples were mounted into the sample
holder, which was clamped onto the tube for testing.
For each material, three samples were tested in each
tube size to cover the whole frequency range
between 125 and 6300 Hz. The noise reduction
coefficient (NRC) of all the materials were
calculated according to Equation (1) (Mohammad,
Nik Syukri, & Nuawi, 2019).

NRC =
a250Hz+a500Hz+a1000Hz+a2000Hz

4

3. Results and Discussion
3.1 GSM and thickness of PLA nonwoven
fabric

The effect of GSM and thickness on property
PLA nonwoven fabric is shown in Figure 2 (a) and
(b). The fiber was produced using air pressure of 0.3
and 0.5 MPa and die-to-collector distance of 30 and
60 cm. The die temperature was controlled for 250
and 260°C. Increasing die temperature resulted in
high melting of polymer, and increasing in air
pressure, and collector distance evolved
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significantly in GSM and fabric thickness.
Numerous studies that dealt with sound absorption
in porous materials have concluded that low
frequency sound absorption has a direct relationship
with thickness (Coates & Kierzkowski, 2002). It was
observed that the samples with higher GSM showed
higher thickness. It was reported that thicker
materials showed better sound absorption values
(Devi, 2014). The fabric GSM showed highest
thickness (Figure 2) at temperature 260°C, air
pressure 0.5 MPa and die-to-collector distance of 60
cm.

160
140 m30cm
120
100
80
60
40
20
° |

60 cm

GSM (g/m?)

0.3 0.5 0.3 | 0.5

250 260

@

1.0 m30cm B@60cm

250 260
(b)

Figure 2. GSM and thickness of PLA nonwoven
fabric (Nozzle temperature 250 and 260°C, air
pressure 0.3 and 0.5 MPa, collector distance 30 and
60 cm) (a) GSM, (b) thickness.

3.2 Density of PLA nonwoven fabric

The material density is another factor to
characterize the nonwoven fabric and is defined as
mass per unit volume (g/cm?®). Density influences
the acoustic impedance as the impedance determines
the reflection of materials. It was reported that noise
reduction coefficient increases with decrease in
density (Wertel, 2000). In Table 2, increasing die
temperature resulted in increasing of the nonwoven
fabric density due to the thickness of material (Al-
Shammari, Al-Fariss, Al-Sewailm, & Elleithy,
2011). However, with increasing air pressure and
collector distance, the density of the nonwoven
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fabric decreases. Therefore, the process at 0.5 MPa
and die-to-collector distance of 60 cm was the most
suitable condition for production of sound
absorption panels.

Table 2. Density of PLA nonwoven fiber.

Temperature Air Collector Density
pressure  distance
0 (MPa) (Cm) (g/iem?®)
30 0.146 + 0.007
0.3
250 60 0.130 £ 0.009
30 0.139 £0.011
0.5
60 0.140 + 0.008
30 0.176 £ 0.012
0.3
260 60 0.169 £ 0.017
30 0.155 £ 0.009
0.5
60 0.141 £ 0.010

3.3 Morphology and fiber diameter of PLA
nonwoven fabric

Figures 3 and 4 present the OM photograph
and the distribution of the PLA fibers at 250 and
260°C, pressure of 0.3 and 0.5 MPa and collected at
30 and 60 cm. In Figure 3, the PLA fibers at 250°C
are large with near die-to-collector distance while
the fiber diameter decreases with long collected
distance. The fiber sizes and the distributions were
significantly decreased when increasing air
pressures and collector distance. In Figure 4 the
fibers size and fiber distribution of the nozzle
temperatures at 260°C showed similar tendency
with 250°C. The PLA fibers size distribution at
260°C with air pressure of 0.5 MPa, 60 cm were
smaller than the process at 250°C.

It could be considered that the molten PLA at
250°C was faster solidified than at 260°C which
would result in large fiber size. Finer fibers were
produced at higher air velocity and collector
distance. Consequently, the increasing of the air
pressure led to the declination of fiber diameter in
PLA melt blown nonwoven fabrics (Chen & Huang,
2003; Chen, Wang, & Huang, 2004). In addition, it
was attributed to viscosity of the molten PLA, which
high viscosity of the molten PLA was difficult to
blow by hot air at low processing temperature.
Therefore, at 250°C PLA fibers sizes were large and
exhibited broad distribution. Thus, at 260°C the
molten PLA was continuously blown by hot air,
which resulted in the reduction of the fiber size and
the narrow fiber distribution (Ellison, Phatak, Giles,
Macosko, & Bates, 2007; Lee & Wadsworth, 1990;
Watanabe, Kim, & Kim, 2011). Ellison et al.
reported that polymers in their melt blowing process
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showed a significant reduction in fiber diameter
because of an increase in processing temperatures. It
was attributed to an increment in the active
temperature window that provided the fiber
attenuation ~ when  processing  temperatures
increased. Thus, the polymer fibers remained in the
melt state for longer periods of time at higher
processing temperatures and encountered an
additional attenuation before the polymer solidified
via sufficient crystallization or became amorphous.
In addition, increasing the temperature would result
in a substantial decrease in viscosity (Ellison et al.,
2007).

The sound absorption coefficient increased
with the small fiber size in which smaller fiber had
more porosity and more contact surface with the
incident sound. Therefore, the suitable conditions
for nonwoven PLA fabric fabrications were at the
nozzle temperatures at 260°C, air pressure 0.5 MPa,
and die-to-collector distance of 60 cm.

] 2
Daameter ()

Figure 3. OM and distribution of PLA nonwoven
cross section the nozzle temperatures at 250°C
(pressure and collector distance): a) 0.3 MPa, 30 cm,
b) 0.3 MPa, 60 cm, ¢) 0.5 MPa, 30 cm and d) 0.5
MPa, 60 cm.
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Figure 4. OM and distribution of PLA nonwoven
cross section the nozzle temperatures at 260°C
(pressure and collector distance): a) 0.3 MPa, 30 cm,
b) 0.3 MPa, 60 cm, ¢) 0.5 MPa, 30 cm and d) 0.5
MPa, 60 cm.

3.4 Air permeability of PLA nonwoven
fabric

In order to examine the effect of fiber
deformation on the measured air permeability of
PLA nonwovens fabric, different pressure gradients
at 0.3 and 0.5 MPa were chosen to carry out air
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permeability testing. The measured air permeability
is shown in Figure 5. Since the PLA nonwoven
fabric is a loosely bonded fabric, the large spacing
between fibers enables the majority of air to flow
through these gaps. Obviously, in high nozzle
temperatures, air pressures and collector distance
present much significant lower air permeability.
This is also attributed to their difference in GSM and
fabric thickness. For PLA nonwovens fabric with
higher GSM and fabric thickness, there is less
porosity and air space in textile structure to allow air
to go through (Yang et al., 2016). It is observed that
air permeability of PLA nonwoven fabric tends to
decrease with the increasing GSM and fabric
thickness, which is similar to conventional textile
fabrics. This is mainly due to the reduction in fiber
diameter with increasing air pressure used during
melt blowing. Finer fibers lead to reduction in pore
size, better packing of the fibers, resulting in
reduction in air flow rate through the webs (Broda &
Baczek, 2020). Also fibers interlocking in
nonwoven are the frictional elements that provide
resistance to acoustic wave motion (Ren &
Jacobsen, 1993).

800

m30cm @60cm

100

Air permeability (Cm3/Cm?/)
N WD U
[cNeoNoNoNoNoel

o OO OCOOOo

Figure 5. Air permeability of PLA nonwoven fabric
(Nozzle temperature 250 and 260°C, Air pressure
0.3 and 0.5 MPa, Collector distance 30 and 60 cm).

3.5 Effect of GSM and thickness on sound
absorption

The effect of GSM and thickness on the
acoustic properties of PLA nonwoven fabric was
investigated by fabricating PLA nonwoven fabric at
processing conditions the nozzle temperatures at
260°C, air pressures at 0.5 MPa and collector
distance at 60 cm with different thicknesses ranging
from 6.50 to 14.75 mm, which was fabricated by
melt jet spinning method with different area
densities of 229 and 502 GSM. Table 3 shows the
thickness and area density of the fabricated PLA
nonwoven fabric and hemp nonwoven fabric. It was
found that the sound absorption coefficient of the
fabricated PLA nonwoven fabric and hemp
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nonwoven fabric as shown in Figure 6, The PLA
nonwoven fabric with the higher GSM and thickness
resulted in better sound absorption coefficient
compared with the lower GSM and thickness. It also
showed a higher sound absorption coefficient
compared to the hemp nonwoven fabric. GSM of
nonwoven fabric refers to the number of fibers in a
certain area, and higher area density indicates the
presence of higher proportion of fibers in a specific
area, which induces more resistance to the sound
wave (Broda & Baczek, 2020; Qui & Enhui, 2018)
and contributes to the higher sound absorption
tendency (Ganesan & Karthik, 2016; Kucuk &
Korkmaz, 2012; Putra, Khair, & Nor, 2015).

1.00 -
A
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2 —=—C
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=]
<
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125 200 315 500 800 12502000 3150 5000

Frequency (HZ)

Figure 6. Sound absorption of PLA nonwoven
fabric (Nozzle temperature at 260°C, Air pressure at
0.5 MPa, Collector distance at 60 cm) and hemp
nonwoven fabric.

Table 3. Effect of GSM and thickness on sound
absorption of PLA nonwoven fabric (Nozzle
temperature 260°C, Air pressure 0.5 MPa, Collector
distance 60 cm) and hemp nonwoven fabric.

Sample Thickness GSM (g/m?) NRC
(mm)
A 6.50+0.25 229 +£3.35 0.13+0.06
B 10.67 £ 0.58 384 £5.25 0.18 £ 0.09
C 13.92 +0.58 492 +6.03 0.19+£0.02
D 1475+ 1.75 502 + 9.00 0.21+0.01
Hemp 10.05+0.19 1094 £24.84 0.11+0.04

* NRC = Noise Reduction Coefficient

3.6 Effect of layering sequencing on sound
absorption

The effect of layer sequencing on sound
absorption was measured with three different
placements of the reinforcement fiber layer, i.e.,
hemp fiber layer, in the composite ‘‘sandwich”’
structure. These three different positions of the
reinforcement layer were front side (closest to the air
flow source), back side (furthest away from it), or in
the middle, as shown in Table 1. The fabrics where
the reinforcement was nearest to (front side) or
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farthest away (back side) from the air flow source in
fact were the same fabrics, just flipped to the other
side for sound absorption coefficient testing. The
material parameters of the fabrics with different
layer sequencing are given in Figure 7 and Table 4.
It is seen that the fabrics that had their reinforcement
layer 1 layer (sample HLL, LHL, LLH), tended to
have higher NRC values. In Table 4, the sequencing
of each of the fabrics in the fabric group HLL, LHL,
LLH had distinctively higher NRC values than the
fabric group LHH, HLH, HHL. This suggests that
the hemp layer had slightly higher resistivity than
PLA layers, although the average diameter of hemp
was slightly higher than those of PLA. The high
variation in fiber diameter and the irregular shape of
hemp fibers might have led to a higher tortuous path
to frequency through the fabric layer. It was found
that the sound absorption PLA/PLA/Hemp layers
showed optimum results.

1.00 4

o

@

=]
.

o

D

o
I

—+—HHH —=—LLL

HLL LHL
0.20 - —a—LLH LHH
—s—HLH ——HHL

Sound absorption
o
S
o

o
o
S

125 200 315 500 800 12502000 3150 5000
Frequency (HZ)

Figure 7. Effect of layering sequencing on sound
absorption.

Table 4. Sound absorption coefficient and structure

parameter information of webs with different
sequencing.
Fabric Thickness GSM
(mm) (@/m?) NRC
HHH | 29.06 050 | 3292+38.70 0.50 £ 0.02
LLL | 42.25+0.71 | 1483 +33.83 0.59 +0.03
HLL | 35.62+0.82 | 2121 +34.69 0.56 + 0.02
LHL | 3487+062 | 2112+2312 0.57 +0.04
LLH | 35.89+0.64 | 2083 +36.67 0.60 +0.03
LHH | 3257157 | 3107 +44.20 0.54 +0.07
HLH | 3206150 | 3114 +3856 0.53+0.07
HHL | 3253+0.94 | 3120 +26.86 0.53+0.05




Available online at httpmwww .ssstj.sci.ssru.ac.th

Suan Sunandha Science and Technology Journal
©2022 Faculty of Science and Technology, Suan Sunandha Rajabhat University

4. Conclusion

PLA nonwoven fabric was prepared using a melt
jet spinning process. The spinning process was
carried out at 250 and 260°C with screw speed of 10
rpm and air blown pressure of 0.3 and 0.5 MPa. The
die-to-collector of fabric production was studied at
30 and 60 cm to compare the nonwoven fabric
product property. The process temperature, air
pressure and die-to-collector distance have
significant effects on the nonwoven fabric thickness,
GSM, and fabric density. Air permeability decreased
with high fabric thickness as well as fine fibers
which supported the property of sound absorbing
panels. Therefore, the suitable conditions for sound
absorbing panel fabrication were process
temperature of 260°C, air pressure 0.5 MPa and
die-to-collector distance of 60 cm. Sound absorbing
coefficient measurement revealed that GSM fabric
thickness showed effect on increasing sound
absorption. The effect of nonwoven sheet order and
arrangement of PLA nonwoven and hemp
nonwoven of 3 layers sandwich indicated that the
layers order of PLA/PLA/PLA showed higher sound
absorbing coefficient than the Hemp/Hemp/Hemp
due to fiber size and arrangement. However, the
sheet layer order of PLA/PLA/Hemp showed a high
sound absorbing coefficient comparable with
PLA/PLA/PLA.  Therefore, produced from
biodegradable polymer and natural fiber can be
effectively used for sound absorbing panels.
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Abstract

Cellulose nanofibers (CNF) are materials synthesized from wood-based fibers having excellent mechanical
properties due to their high crystallinity. In this research, the cellulose nanofibers were synthesized from bamboo
fibers, as the abundant natural fibers available worldwide. The cellulose nanofibers had been synthesized using
chemical processes of bleaching with acetic acid and sodium chloride, followed by alkaline treatment with sodium
hydroxide, and acid hydrolysis with sulfuric acid combined with mechanical process in ultrasonic bath. Isolation
of nanocellulose from bamboo scrap raw material was confirmed by different analysis methods. The morphology
of CNF was characterized by using a scanning electron microscope (SEM). Fourier transform infrared
spectrometer (FT-IR) and X-Ray Diffractometer (XRD) examined chemical structure and identified the
crystallinity of nanocellulose materials. The monofilament of cellulose nanofibers was prepared by using a wet
spinning process. The effects of coagulating solvent, water, methanol, acetone, and calcium chloride (CaCl,) on
monofilament formation were studied. Morphology study of CNF monofilament was carried out using a digital
camera to observe the spinnability of the monofilament and the relationship with wet spinning process conditions.
The thermal properties of the nanocellulose spun in methanol and acetone as coagulation solvent were analyzed
by differential scanning calorimeter (DSC) and thermogravimetric analysis (TGA). Also, the measuring of
degradation temperature of nanocellulose spun compared with the nanocellulose extracted.

Keywords: Cellulose nanofibers, Bamboo fibers, Wet spinning, Monofilament

1. Introduction Quiles-Carrillo, Balart, & Montanes, 2018; Wu,

Recently, materials that are friendly to the Misra, & Mohanty, 2020). The general structure of
environment and biodegradable have become more plant fibers consists of cellulose, hemicellulose,
useful and more acceptable in worldwide application lignin and other substances. The cellulose is the
(Qiu et al., 2021). It is noteworthy to mention main constituent which is an organic substance that
microplastic accumulation problems would affect gives strength for the cell wall. The natural fiber is
different living organisms specially human and used in many applications, for example in the textile
aquatic animals (Svensson, Ferreira, Hakkarainen, industry, in the pharmaceutics and in food packaging
Adolfsson, & Zamani, 2021). The microplastic (Rostamitabar et al., 2021; Vanitha & Kavitha,
problems arise from plastic petroleum waste which 2021). Bamboo plant is popular and cultivated in
have difficulty in decomposing and degrade for many countries in Asia. The bamboo can grow
turning to nature (Chaichi, Hashemi, Badii, & rapidly and acclimate to several weather conditions.
Mohammadi, 2017; Nazrin et al., 2020). The effects The bamboo has a great surface area and a high
reinforce the research and development of a new cross-linking property (Qian, Zhang, Yao, & Sheng,
material, a composite material based on natural 2018). In addition, bamboo has a good property of
resources or agricultural wastes which can replace high productivity and biomass density. The hamboo
the plastic industry (Liminana, Garcia-Sanoguera, also shows anti-bacterial and UV protective
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properties (Singla et al., 2017). Due to their ability,
bamboo is applied in many industries including
papermaking, furniture, construction materials,
textile, musical instruments, etc. (Abdul Khalil etal.,
2012; Silva, Menis-Henrique, Felisberto, Goldbeck,
& Clerici, 2020). In addition, the bamboo is a
popular plant that has a great deal for usage in the
polymer composite sector (Abdul Khalil et al.,
2012). Synthesis of cellulose from plant cell wall or
agricultural residues can be prepared in different
solutions such as mechanical, biological, chemical
or combination techniques. The mixed chemical and
mechanical are commonly used with application
different treatment techniques. The treatment is
necessary to remove non-cellulosic material (Joy et
al., 2016). Many studies have been done to separate
cellulose filaments such as, Homogenization,
grinding, micro-fluidization, oxidation and acid
hydrolysis. The cellulose fiber can be spun in
suitable condition (Kafy et al., 2017). The usage of
cellulose nanofibril and cellulose nanocrystals are
more applicable in medical sectors (Benini,
Voorwald, Cioffi, Rezende, & Arantes, 2018;
Gupta, Revagade, Anjum, Atthoff, & Hilborn, 2006)
and also in polymer nanocomposite (Qian et al.,
2018). There are various types of polymers fiber
forming process such as dry spinning, wet spinning
and melt spinning (Gupta et al., 2006). In the wet
spinning process, the polymer is injected in the
coagulation bath which help solidification the spun
fiber solution or gel to the spun fiber filament. This
(The wet spinning) technique is suitable to produce
small quantity samples for medical devices
(Lundahl, Klar, Wang, Ago, & Rojas, 2017). In this
research, the preparation of nanocellulose fiber from
the bamboo using chemical and mechanical process
was studied. The bamboo was treated with bleaching
and alkaline treatments follow by acid hydrolysis
process with ultrasonic to obtain nanocellulose. The
chemical properties, physical properties, and
morphology of prepared nanocellulose from
bamboo were characterized by FTIR, XRD and
SEM, respectively. The mono-nanocellulose
filaments were prepared from  extracted
nanocellulose and formed by wet spinning process.
We studied the effect of coagulants including
methanol, water, calcium chloride and acetone. The
mono-nanocellulose filaments were analyzed the
spinnability and their thermal properties.
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2. Materials and Methods
2.1 Materials

Bamboo fibers used for preparation of
nanocellulose were received from Kanchanaburi
province, Thailand. The fibers were sieving to size
of 20-40 mesh. Acetic acid was purchased from
VWR Chemical company. Sodium chloride, sodium
chlorite and sodium hydroxide were purchased from
Ajak Finechem. Sulfuric acid, acetone and methanol
were obtained from RCI Lab Scan Limited.

2.2 Preparation of nanocellulose

The bamboo was first bleached with 10 ml
acetic acid and 60 g of NaClO; at 75°C for 1 h. This
step was repeated for three times until the color of
bamboo became white or very light yellow. In the
alkaline treatment process, the bleached bamboo
was treated in 5 M NaOH solution for 24 h (change
the NaOH solution for each of 4 h) at room
temperature. The residual was filtered and rinsed
several times until its pH became neutral. The acid
hydrolysis process, 50 wt% H.SO, was added in a
sample that was subjected to an ultrasonic generator
at 50°C for disintegration of nanocellulose fiber
(Kwak, Lee, Lee, & Jin, 2018). After 1 h, the
reaction was interrupted by adding 250 ml of cold
deionized (DI) water. Finally, the residue was
centrifuged and dialyzed with water until neutral pH
was reached. The preparation steps of hanocellulose
from raw material bamboo was presented in Figure
1.

a b ) d

Figure 1. Products from nanocellulose extraction a)
bleaching process b) alkaline treatment process c)
acid hydrolysis process and d) nanocellulose.

2.3 Wet-spinning process of the bamboo
nanocellulose

The nanocellulose suspensions were injected
into the different coagulation baths (methanol,
water, calcium chloride and acetone). The
nanocellulose extracted previously was added in a
10 ml syringe, 14.5 mm of inner diameter equipped
with 18G needle (1.2 mm of diameter). The syringe
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was installed with a single syringe pump, NE-1000
model that was parameter volumetric flow at 3
ml/min. The flow rate value assumes a minimum
continuous flow of the nanocellulose suspension.
The different coagulation baths were filled in a glass
plate with a 25 ml solution. The spun fiber was left
in the solution for a while before collecting. Figure
2 shows the wet spinning process.

ulose ge j

3 mlimin

Coagulation bath

Figure 2. Wet spinning process.

2.4 Characterization

2.4.1 Chemical property of nanocellulose

The FTIR spectra of original bamboo,
bleached bamboo, alkalied bamboo and
nanocellulose were recorded using a Thermo
scientific model Nicolet 6700 FTIR spectrometer
with wavelength of 4,000-500 cm? at 1 cm™
resolution and a frequency of 32 scans for each
sample.

2.4.2 Crystallinity of nanocellulose

The crystallinity of the nanocellulose was
characterized using Panalytical X'pert PRO, PW
3040/60 X-Ray diffractometer operated at Cu Ka
radiation (A= 1.54 °A), 30 kV and 20 mA, analyzed
at 206 from 5-80°.

2.4.3 Morphology of nanocellulose

The morphological structure of original
bamboo, bleached bamboo, alkalied bamboo and
nanocellulose were investigated using a JSM 5410-
LV Scanning Electron Microscope (JEOL, Japan).
Samples were placed on carbon tapes and then
coated with platinum (Pt) using a sputtering coater.
The analysis of fiber surface characterized on
vacuum system, 15 kV power at 100X and 500X
magnification.

2.4.4 Thermal properties

The Thermal properties were analyzed with
differential scanning calorimeter (DSC), Mettler
Toledo model DSC 3 plus star system and
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thermogravimetric analysis (TGA), Mettler Toledo
model TGA/DSC 3 plus. The thermal analysis was
carried out by using STARe software. The sample
tested their thermal properties with 20 ml/min
nitrogen flow and heat rate of 10°C/min. The range
of temperature study was between 25°C to 500°C
which covers the cellulose decomposition
temperature range.

2.4.5 Spinnability of fiber in coagulation
bath

The spun nanocellulose monofilament in
different coagulation baths was recorded with a
digital camera OLYMPUS OM-D E-M10 Mark 11
which was used to observe and describe the
spinnability of cellulose fiber.

3. Results and Discussions
3.1 Chemical structure analysis

Modification of chemical structure in different
process treatments appears in Figure 3 which
represents the relationship between wavelength and
functional groups. The range of 2800-3500 cm™ and
500-1800 cm were two important absorbance
peaks. Peaks at 3340 cm-! represented a stretching
vibration hydroxy group (O—H). The hydroxy group
is generally found in cellulose, hemi-cellulose and
lignin (Kwak et al., 2018) that can be observed in all
samples. Also, the absorbance peak at 2900 cm
refers to -CH, that presents in the bamboo raw
material and the treated bamboo (Xie et al., 2016).
The absorbance peak at 1650-1700 cm-* and at 1200
cm? are corresponded to carbonyl ring observed in
hemi-cellulose and methoxyl groups (Theivasanthi,
Anne Christma, Toyin, Gopinath, & Ravichandran,
2018), respectively. In cellulosic samples, curve
after acid hydrolysis process, we could observe
absence of peak 1600 cm™ and reduction of peak
1230 cm* that represented chemical bond of lignin
and lower content of hemi-cellulose after alkali
treatment and acid hydrolysis. The peak at 1700
cm-t became more obvious after bleaching and alkali
treatments. It was observed obviously in the acid
hydrolysis step which refers to the elimination of
contaminants and lignin and partial hemi-cellulose.
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Absorbance (a.u.)
j

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm')
Figure 3. FT-IR results of original bamboo a),
bleached fiber b), alkali-treated fiber c), and acid-
hydrolyzed fiber d).

Table 1. The relationship between wavenumber
and chemical function group.

Wi b i
avemflm er Function Reference
(cm™) group
Theivasanthi et al.,
1200-1230 Methoxyl 2018; Xie et al.,
2016
1600 Methyl Jiang et al., 2020
. Theivasanthi et al.,
1650-1700 Carbonyl ring 2018
Theivasanthi et al.,
2900 Methylene 2018
3340 Hydroxy Kw_ak etal., 2018;
group Xie et al., 2016

3.2 Crystallinity

X-ray diffractogram of residue for each process
was shown in Fig. 4. All diffractograms contained
two 2 intense peaks, first at 16° and second at 22°.
These peaks presented significance of cellulose
crystalline structure. The peak at 20 = 16°
corresponded to crystallographic planes that is
characteristic of crystallographic semi-crystalline
materials such as lignocellulosic (Xie et al., 2016).
The 20 = 22° peak verified characteristic of
crystalline cellulose. Increasing peaks in cellulose
samples present dissolution and removal of non-
cellulosic materials such as lignin and extractives
from the amorphous regions. The crystallinity of
cellulose increases with the next steps of the
treatment process (Singh, Gaikwad, Park, & Lee,
2017). From the diffractogram, the peak of the acid
hydrolysis process could present more evidence due
to the reduction of the amorphous part of hemi-
cellulose and lignin.
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Figure 4. XRD results of original bamboo a),
bleached fiber b), alkali-treated fiber c¢),
and acid-hydrolyzed fiber d).

Table 2. The result from XRD data.

Peak position (degree)| Characteristic Reference
16 (110) semi-crystalline Gong, Li, Xu,
Xiang, & Mo,
2017,
22 (002) crystalline Theivasanthi
etal., 2018;
Xie et al., 2016

3.3 Morphology of nanocellulose

The scanning electron microscopy (SEM) in
Fig.6 shows the morphology of different steps to
isolate nanocellulose fiber from raw bamboo fiber.
Fig.5 a), the original bamboo had a large size and
rough surface. After the bleaching step, the
impurities such as wax were eliminated. The surface
area became more clear and smooth (Xie et al.,
2016). Sizing of bleached fiber was not observed.
The morphology of treated fibers with alkali
solution 24 h shows in Figure 5 c), presented
considerably smaller and longer fiber. The hemi-
cellulose and lignin were removed from cellulose
fibril. The morphology of residue from the acid
hydrolysis process shows in Figure 5 d) with
magnitude 500X suspension of nanocellulose
diluted in water (Figure 5 d). Chemical and
mechanical under ultrasonic technique induced the
elimination of non-cellulosic compounds from
original bamboo. The strong acid hydrolysis was
used to fibrillate the micro cellulose sizing to
nanocellulose (Kwak et al., 2018).
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Figure 5. SEM images of original bamboo a),
bleached fiber b), alkali-treated fiber c),
and acid-hydrolyzed fiber d).

3.4 Spinnability of monofilament in different
coagulation bath

Figure 3 shows spun fiber of different
coagulation solvent selections. The spun cellulose
filament in the CaCl, coagulation bath can spin
easily differently from the other bath. The fiber
injection in CaCl, solution, methanol solution and
water as coagulation bath have a smooth and a
uniform filament. However, the fiber in acetone was
not a uniform filament. The acetone caused the
cellulose suspension to dehydrate, encouraging the
aggregation of cellulose spun and their retention in
fibrous structures (Geng, Chen, Peng, & Kuang,
2017). The role of calcium chloride is ionic effect.
The cellulose fiber created a crosslinking with Ca?*
ions and was solidified in filament (Kafy et al., 2017;
Wang et al., 2019). In Figure 6, the fiber in methanol
and CaCl, have continuity comparison to acetone
bath, the fiber in acetone breaks easily and is
discontinued. Furthermore, after leaving spun fiber
in the solution, filament in water was dissolved in
the water solution. The methanol and the acetone are
completely evaporated and remaining only fibers.

Figure 6. Spun cellulose monofilament in water a),
methanol b), acetone ¢) and calcium chloride d).
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3.5 Thermal properties

The thermal properties of monofilament
injected in methanol bath, in acetone bath and in
calcium chloride bath were compared with the
cellulose extracted and presented in Figure 7 and
Figure 8. The melting point of cellulose extracted
was 210°C.

The DSC thermal curve of the cellulose and
monofilaments were presented in Figure 7. The DSC
curve present two temperatures observed in all
samples; cellulose, C-Acetone (cellulose injected in
acetone as coagulant), C-Methanol (cellulose
injected in methanol as coagulant), and C-CaCl;
(cellulose injected in calcium chloride as coagulant).
The cellulose extracted from the bamboo with
chemical and mechanical process had a degradation
temperature at 210°C. The temperatures of spun
cellulose were 221°C in acetone, 225°C in CaCl;
and 228°C in methanol. The first peak of C-
Methanol and C-CaCl, were observed at 108°C and
134°C, respectively, which presented the
evaporation of moisture content in the sample.

Heat Flow (Mw)

50 llllo 150 2|;n 2l50 :mlu 350 400
Temperature (°C)
Figure 7. DSC thermal curves of cellulose a),
monofilament injected in acetone bath b), in
methanol bath ¢) and in CaCl; d).

90
%0 ‘ Cellulose
\

70 \ = = = C-Methanol
.~
§ 60
= S0
S0
]
=
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20
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]

50 100 150 200 250 300 350 400 450 500 550 GOO

Temperature (°C)
Figure 8. TGA thermal curves of the cellulose and
the cellulose in methanol as coagulant.
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In addition, TGA measured the change in percent
weight of sample during heating from 30 to 500°C.
From Figure 8, it shows the first phase of the decline
in TGA curve that refers to the evaporation of the
moisture content in the sample. The degradation
temperature of the cellulose extracted began more
quickly than the cellulose spun fiber in methanol.
The data in Table 3 shows detail of temperature and
residue sample weight. When the cellulose fiber
heated to 144°C, the mass about 82.1% dissipated
dramatically. That indicates a large amount of
moisture in the cellulose fiber. In the second part, the
weight change of mass was slightly. At the
temperature 264°C, the residue is 13.6%. For the
spun fiber in methanol, the mass loss was 80.2% at
168°C indicating the lower water molecule content
in the spun fiber. And when the temperature reaches
to 212°C, the residue of the spun fiber remains
17.6%.

Table 3. The degradation temperature of cellulose
and the cellulose in different coagulant.

Sample Temperature (°C) Residue (%)
Cellulose 264 13.6
C-Methanol 212 176

4. Conclusion

The cellulose nanofibers (CNF) were extracted
from bamboo fibers using chemical and ultrasonic
processes. The bleaching, alkali treatment and
sulfuric acid reach to disintegrate and eliminate non-
cellulosic. The monofilament of cellulose nanofibers
was prepared using a wet spinning process. The
effect of coagulating solvent consisting of water,
methanol, acetone and CaCl, on monofilament
formation was studied. The monofilament of
cellulose nanofibers was produced in methanol and
calcium chloride coagulating solvent. Morphology
study of CNF monofilament verified the relationship
with wet spinning process conditions. The CNF
monofilament prepared in methanol as coagulant
showed higher thermal properties due to the
degradation at high concentration of acid sulfuric on
acid hydrolysis step and high temperature of
ultrasonic under exothermic reaction.
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