Jurnal Kimia Sains dan Aplikasi 29 (3) (2026):195-206

Jurnal Kimia Sains dan Aplikasi 29 (3) (2026): 195-206

ISSN: 1410-8917

/ Jurnal Kimia
Sains &
Aplikasi

e-ISSN: 2597-9914

Journal homepage: http://ejournal.undip.ac.id/index.php/ksa

Jurnal Kimia Sains dan Aplikasi
Journal of Scientific and Applied Chemistry

Modification of Polyurethane from Cardanol Biomass of Cashew
Nut Shell with Ag Nanoparticles and Its Antibacterial Activity

Magdalena Devi Suryono, Muhammad Ilham Khairuddiin, Fauziyah Azhari,
Maulidan Firdaus, Sentot Budi Rahardjo, Witri Wahyu Lestari *

I )
]

Check for
updates

! Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Sebelas Maret, J1. Ir. Surakarta, Central Java 57126,

Indonesia

* Corresponding author: witriwahyu@staff.uns.ac.id

https://doi.org/10.14710/jksa.29.3.195-206

Article Info

Abstract

Article history:

Received: 25t August 2025
Revised: 16t February 2026
Accepted: 26t February 2026
Online: 22m April 2026
Keywords:

Cardanol; polyol; polyurethane;
silver nanoparticles;
antibacterial

The cardanol-based polyurethane was systematically investigated for its
chemical structure, thermal stability, surface hydrophobicity, morphology,
dispersion of silver nanoparticles (AgNPs), crystalline features, and antibacterial
performance. In this study, a Biobased polyurethane (PU) derived from cardanol
extracted from cashew nut shell liquid (CNSL) was modified with silver
nanoparticles (AgNPs) to develop antibacterial composite materials. Cardanol
was isolated via liquid—liquid extraction and further purified using column
chromatography. Fourier Transform Infrared (FTIR) spectroscopy and High-
Performance Liquid Chromatography (HPLC) confirmed the successful removal
of anacardic acid and the presence of cardanol. The cardanol-based polyol was
synthesized via a thiol—ene click reaction and subsequently polymerized with
1,4-butanediol and hexamethylene diisocyanate to produce an elastomeric PU.
AgNPs were incorporated at various loadings to evaluate their influence on
physicochemical properties and antibacterial activity. FTIR analysis verified
urethane bond formation, while thermogravimetric and differential thermal
analysis (TG/DTA) demonstrated thermal stability up to 200°C. X -ray Diffraction
(XRD) confirmed the face-centered cubic (FCC) crystalline structure of silver
within the PU matrix. Field-emission scanning electron microscopy-energy
dispersive X-ray (FESEM-EDX) revealed that PU containing 15 wt% AgNPs
exhibited the most homogeneous nanoparticle dispersion. An increase in AgNPs
content led to enhanced surface hydrophobicity and antibacterial performance.
Antibacterial essays showed PU/AgNPs composites effectively inhibited
Escherichia coli and Staphylococcus aureus, with the largest inhibition zones
observed for PU/Ag containing 15 wt% AgNPs (16.40 mm and 12.60 mm,
respectively). Overall, the results indicated that AgNP loading governs a trade -off
between dispersion uniformity and antibacterial efficacy, with intermediate
loading favoring homogeneous morphology and higher loading maximizing
antibacterial performance. These findings highlight the potential of PU/AgNPs
composites for use as antibacterial coating materials.

1. Introduction

Urinary tract infection (UTI) is one of the most
common healthcare-associated infections. In Indonesia,
the prevalence of UTI is estimated to reach 90—-100 cases
per 100,000 population per vyear, equivalent to
approximately 180,000 new cases annually [1]. A key risk
factor for catheter-associated urinary tract infections

(CAUTISs) is prolonged catheterization, which increases
the likelihood of bacteriuria by 5-10% per day after
insertion, potentially reaching 90-100% in long-term
use [2]. The most common causative bacteria include
Escherichia coli and Staphylococcus aureus [3]. From a
materials perspective, developing antibacterial polymer
coatings derived from renewable resources remains a
significant challenge.
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To reduce infections from long-term catheter use,
there is growing interest in anti-infective catheters, such
as those coated with antibacterial agents or silver
nanoparticles (AgNPs). Clinical evidence shows that
drug-coated catheters (e.g., chlorhexidine-silver
sulfadiazine) significantly reduce infection rates [4].
AgNPs are widely applied in antibacterial surfaces due to
their broad-spectrum bactericidal activity and have been
incorporated into various consumer and medical
products [5]. A promising strategy involves embedding
AgNPs into polyurethane (PU) matrices. PU is among the
six most widely used synthetic polymers and is
synthesized from isocyanates, polyols, and diols. Most
commercial PUs are derived from petroleum-based
polyols, valued for their high hydroxyl content and low
acid values [6, 7]. However, these polyols are non-
renewable and raise environmental and health concerns
due to toxic, carcinogenic intermediates, such as
phosgene [8].

As fossil resources become increasingly limited, the
development of renewable, bio-based materials for PU
synthesis is gaining momentum. Biomass-derived
polyols offer environmental benefits and align with green
chemistry principles. Various natural resources such as
corn, wheat straw, and cashew nut shells are being
investigated as alternative feedstocks [9]. Biomass is
considered carbon-neutral because it absorbs
atmospheric CO, during growth and releases it upon
degradation, forming a closed carbon cycle [10]. Biomass
includes organic material from plants, animals,
agricultural residues, industrial waste, algae, and
microbial  sources, offering diverse chemical
functionalities and high availability [11]. The utilization of
biomass for polyol and PU production supports
sustainable development and circular bioeconomy efforts
[9]. Unlike previously reported cardanol-derived PU
systems, this work employs thiol—ene click chemistry to
enable controlled polyurethane formation and effective
incorporation of AgNPs, resulting in enhanced
antibacterial performance.

In Indonesia, the cashew tree (Anacardium
occidentale) is cultivated on alarge scale, with a plantation
area of over 436,000 hectares. Between 2016 and 2022, its
average annual production grew by 3.8% [12]. However,
cashew processing generates substantial amounts of
cashew nut shell waste, which can cause environmental
pollution if not properly managed. This waste can be
converted into cashew nut shell liquid (CNSL), a valuable
by-product rich in phenolic compounds, including
cardanol (60-65%), cardol (15—-20%), and minor
components such as methyl cardol [13, 14]. Cardanol is the
most prominent component and has been recognized as a
potential precursor for the synthesis of high-value
products, including epoxies, phenolic resins, and polyols.
Its chemical structure allows it to be modified into
hydroxyl-rich compounds suitable for PU production
(15].

Despite extensive studies on PU/AgNP systems,
reports on cardanol-based polyurethane matrices
modified via click chemistry for antibacterial coating
applications remain limited. Therefore, this research

proposes the development of PU coatings derived from
cardanol biomass extracted from CNSL and modified with
AgNPs. This approach offers a dual benefit: preventing
catheter-associated infections through antibacterial
PU/AgNPs surfaces and promoting the valorization of
agricultural waste through the use of renewable biomass
The study aims to synthesize and characterize PU-based
materials from CNSL-derived polyols and evaluate the
effect of AgNPs incorporation on their physicochemical
and antibacterial properties, while mechanical and
biocompatibility evaluations are beyond the scope of the
present work and will be addressed in future studies.

2. Experimental

2.1. Materials

CNSL was provided by Minyak Kulit Mete Indonesia
(MKMI) Ltd.,, Sukoharjo. n-hexane, ethyl acetate,
distilled water, and activated carbon were purchased from
Agung Jaya. Silica gel 60 (Millipore, 0.063-0.200 mm),
methanol (99%), ammonium hydroxide (NH,OH, 25%),
hydrochloric acid (HCl, 37%), anhydrous sodium sulfate
(Na:S:04, 82%), 2-mercaptoethanol (99%),
Azobisisobutyronitrile (AIBN, 20%), 1,4-butanediol
(BDO, 99%), hexamethylene diisocyanate (HMDI, 98%),
triethyl amine (TEA, 99%), 1,5,7-
triazabicyclo[4.4.0]dec-5-ene  (TBD, 98%), and
tetrahydrofurane (THF, 99%) were commercially
obtained from Sigma Aldrich. Commercial silver
nanoparticles (AgNPs) were supplied as a 1 ppm aqueous
dispersion with an average particle size of 20—-30 nm,
stabilized with polyethylene glycol (PEG) according to the
manufacturer’s specifications, and purchased from
Sigma-Aldrich. McFarland Equivalence Turbidity
Standards (Lenexa, Kansas, 0.5 MFU), bacteria Escherichia
coli (Culti-Loops R4607050 ATCC 25922 Remel Europe),
bacteria Staphylococcus aureus (Culti-Loops R4607010
ATCC 25923 Remel Europe), Chloramphenicol (Oxoid C30
Road Basingstroke 3729036), Mueller-Hinton Agar 500g
(Millipore Sigma-Aldrich VM1051772 322 1.03872.0500),
Filter paper (Whatman 42).

2.2. Characterization

The pH of the sample was measured at room
temperature using a calibrated pH meter (ATC PH=009)
by immersing the electrode in the solution until a stable
reading was obtained. The viscosity of the environment
was evaluated qualitatively by visual observation of the
sample’s flow behavior: free-flowing behavior indicated
low viscosity, and slow or resistant flow indicated higher
viscosity. FTIR (Shimadzu tipe IR Prestige-21, 400-4000
cm-?, KBr) was used to analyze the functional group of the
materials, HPLC (Waters The Science of What’s Possible
2695 with UV Detector Waters 2489 dan Reliant C18 5um
£4.6x150 mm Column) to analyze the component of CNSL,
XRD (Expert Pan Analytical, 26 = 10-90° with Cu
detector), thermal stability of the material was measured
using TG/DTA (Linseis Simultaneous Thermal Analysis
PT 1600, 0-100°C, with heating rate 10°C/minute),
FESEM-EDX (Jeol/MP JSM-IT700HR Version 3). Gel
Permeation Chromatography (GPC) (TSKgel
SuperAW5000, Solvent THF) was used to analyze the
molecular weight of PU.
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2.3. Experiment
2.3.1. Isolation of Cardanol from CNSL

Cardanol was isolated from technical CNSL by liquid -
liquid extraction. Technical CNSL (100 g) was dissolved in
methanol (320 mL), followed by the addition of NH,OH
(25%, 200 mL), and stirred using a magnetic stirrer at 300
rpm for 45 minutes. The mixture was then extracted with
n-hexane (2 x 200 mL). The organic layer was washed
with 5% HCI (100 mL), followed by distilled water (100
mL). Activated charcoal (10 g) was added to the organic
layer, and the mixture was stirred at 300 rpm for 45
minutes. The filtrate was dried with anhydrous Na.SO, to
obtain pure cardanol [13]. The isolate was then purified by
column chromatography using silica gel 60 (0.063—-0.200
mm) as the stationary phase and 2x100 mL of n-hexane:
ethyl acetate (9:1) as the eluent. The column fractions
were grouped based on thin-layer chromatography (TLC)
profiles using three eluent systems: n-hexane:ethyl
acetate (9:1), n-hexane: chloroform (1:1), and n-
hexane:chloroform:ethyl acetate (7:3:1) [16]. The
obtained cardanol was then subjected to physicochemical
analysis and characterized using FTIR and HPLC. The
calculation of cardanol yield is shown in Equation (1).

mass of cardanol extracted (g)
mass of CNSL (g)

% yield of cardanol = x 100% (1)

2.3.2. Synthesis of Cardanol-Based Polyol

The synthesis of polyol A based on cardanol was
carried out through a thiol-ene reaction. A total of 10 mL
(0.03 mol) of cardanol was mixed with 4 mL (0.057 mol)
of 2-mercaptoethanol (molar ratio
[mercaptoethanol]:[double bond] = 2:1). The mixture was
then added with 1—2 mol % of AIBN (0.6 mmol) as a
radical initiator, and the reaction was conducted under a
nitrogen atmosphere. The mixture was refluxed at a
temperature of 60—-65°C for 30 minutes. It was then
stirred and maintained at 60—65°C for 4.5 hours [17, 18].
The resulting polyol was analyzed for its physical
properties and characterized using FTIR. The calculation
of polyol yield is shown in Equations (2) and (3) (MW
polyol = 318.5 g/mol).

Theoretical mass of polyol = (massa x Mr) polyol (2)

mass of polyol synthesis (g)

% yield of polyol = x 100% (3)

Theoretical mass of polyol (g)
2.3.3. Synthesis of PU

A total of 0.138 g (1.37 mmol) of BDO and 3.82 g (1.37
mmol) of polyol A were heated to 100°C in a round-
bottom flask with a magnetic stirrer. Then, 0.718 g (2.74
mmol) of HMDI was added, followed by 0.179 mmol of
TBD catalyst and 0.247 mmol of TEA. The mixture was
stirred for 2—3 minutes and then cured in an oven at 100°C
for 24 hours to produce PU elastomer. The resulting PU
was analyzed for its physical properties, hydrophobicity,
and characterized using FTIR, TG/DTA, XRD, GPC, and
FE-SEM EDX. In the synthesis of PU elastomers, polyol A
and BDO were heated to 100°C to reduce viscosity and
ensure homogeneity prior to the addition of HMDI as the
diisocyanate component. The calculation of PU vyield is
shown in Equations (4) and (5).

Theoretical mass of PU = mass of BDO + mass of polyol +
mass of HMDI (4)

mass of PU synthesis (g)

% yield of PU =

x 100% (5)

Theoretical mass of PU (g)

2.3.4. Modification of PU with AgNPs and Their
Variation

A total of 0.5 g of PU was dissolved in 5 mL of THF to
form a coating solution, then poured into a petri dish and
added with AgNPs in variations: 5% (w/w) PU, 10% (w/w)
PU, and 15% (w/w) PU. The mixture was then dried at
room temperature for 24 hours. PU/AgNPs were analyzed
for their physical properties, hydrophobicity, and
characterized using FTIR, XRD, FE-SEM EDX, and
antibacterial activity tests.

2.3.5. Contact Angle Testing of PU (0% w/w) and
Variation PU/Ag

Contact angle testing was conducted to evaluate the
surface wettability of cardanol-based PU samples using
the static drop method. The molded and dried PU samples
were placed on a clean, flat surface. Next, a drop of
distilled water (approximately 3-5 pL) was slowly
dropped onto the sample surface using a micropipette or
syringe. After the drop stabilized, an image of the drop
was captured using a camera or a contact angle measuring
system integrated with analysis software. The contact
angle was measured between the tangential lines at the
meeting points between the solid, liquid, and air surfaces.
This test was conducted at room temperature with
measurements at a minimum of three different points on
the sample surface to obtain a representative average
value of the PFPU contact angle. Modification with PFPU
successfully increased the contact angle of the material,
making it more hydrophobic [5]. This analysis used water
droplets with three repetitions and was assisted by
Image] software.

2.3.6. Antibacterial Activity Testing of PU/AgNPs

The test began with sterilizing glassware in an
autoclave at 170°C for 2 hours. Agar media was prepared
by mixing 0.76 g of Mueller Hinton Agar (MHA) with 120
mL of distilled water and sterilized at 121°C under 2 atm
pressure for 2 hours to produce agar media in petri dishes.
Bacterial suspensions of Staphylococcus aureus ATCC
25923 and Escherichia coli ATCC 25922 were spread onto
the agar media. Holes were made in the agar using a cork
borer, and the wells were filled with samples: PU, PU/Ag
(5%w/w), PU/Ag (10% w/w), and PU/Ag (15% w/w), with
chloramphenicol as a positive control and THF as a
negative control. The plates were then incubated at 37°C
for 24 hours. Inhibition zones were measured using a
caliper. The well diffusion assay was used as a preliminary
qualitative method to compare antibacterial activity;
however, its limitations for solid polymer films are
acknowledged.

3. Results and Discussion
3.1. Isolation of Cardanol from CNSL

Cardanol was isolated from technical CNSL using a
liquid-liquid extraction method. Preliminary
purification was performed by adding activated charcoal
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to adsorb colored and polar impurities, followed by
filtration and drying with anhydrous Na.SO,, which was
used as a drying agent to remove residual moisture from
the organic phase. Further purification was conducted by
column chromatography using silica gel 60 as the
stationary phase to separate components based on
differences in polarity, with n-hexane: chloroform: ethyl
acetate (7:3:1,v/v), n-hexane: ethyl acetate (9:1, v/v), and
n-hexane: chloroform (1:1, v/v) as the eluent. The
resulting fractions were combined based on their TLC
profiles. The TLC analysis of the purified fraction showed
a single spot, indicating successful isolation of cardanol,
as presented in Figure 1.

The TLC results revealed five fractions, with the third
fraction showing a single spot, indicating the possibility
of a pure isolate. Purity testing was conducted using three
different eluent systems, yielding Rt values of 0.625, 0.7,
and 0.75, respectively. The isolated cardanol exhibited
different physical properties compared to CNSL, as shown
in Table 1.

The isolation of cardanol from CNSL showed good
results, as evidenced by a pH change from 5 to 7,
indicating successful purification and reduced acidic
compounds. The color of cardanol changed from dark
brown to reddish brown (Figure 2), consistent with the
references [13]. The density also closely matched the
reference value, with the isolated cardanol having a
density of 0.932 g/cm3 compared to the standard 0.92
g/cms.

(a)|M| (.)IIII I (C)i :'

Figure 1. TLC results profile in different solvent mixture
as eluent: (a) n-hexane: chloroform: ethyl acetate (7:3:1
left); (b) n-hexane: ethyl acetate (9:1, middle);

(c) n- hexane: chloroform (1:1, right)

Table 1. Results of analysis of the physical and chemical
properties of cardanol from CNSL

Obtained from

Characteristic . References
experiment
pH CNSL 4.70 £4.97 [13]
pH cardanol 6.50 6.80 [13]
Color of CNSL Dark brown Darlflb;]own
Color of Reddish brown Reddish brown
cardanol [13]
Mass density of 0.973 g/cm3
CNSL 0.974 g/em? (19]
Mass density of 0.920 g/cm3
cardanol 0.932 g/cm? (ISO 12185)
C?:ggr?(fl 25.6% 28.64% [20]

Figure 2. Visual comparison of CNSL color with isolated
cardanol: (a) CNSL and (b) cardanol

3.2. Synthesis of Cardanol-Based Polyol

Polyol was synthesized from cardanol through a
thiol-ene reaction between the thiol group (-SH) of 2-
mercaptoethanol and the double bond on the alkyl chain
of cardanol, using AIBN as a free radical initiator. The
differences in physical properties between cardanol and
polyol A are shown in Table 2.

The data in Table 2 show that the physical and
chemical properties of cardanol changed after being
modified into a polyol. The color shifted from reddish
brown to clear yellowish (Figure 3), indicating a reduction
in double bonds and conjugation due to the thiol-ene
reaction, resulting in a lighter-colored solution [21]. The
viscosity of the polyol decreased significantly compared
to cardanol due to the introduction of hydroxyl groups,
which increased its polarity and flexibility [17]. This
facilitates better mixing in subsequent reactions, such as
PU formation.

Cardanol has high viscosity due to strong Van der
Waals interactions from its aromatic structure and long
alkyl chain. After being modified into a polyol, the
addition of hydroxyl groups increases the molecule’s
polarity and flexibility, leading to a significant reduction
in viscosity (Figure 3). This low viscosity facilitates
downstream processes such as PU synthesis. The polyol
synthesis demonstrated high efficiency with a yield of up
to 90%, confirming the successful thiol-ene reaction
between cardanol and 2-mercaptoethanol, as illustrated
in the reaction scheme in Figure 4.

Table 2. Physical and chemical properties of polyol
derived from cardanol

Characteristic Polyol Cardanol
Color Clear yellowish Reddish brown
Viscosity Low (fluid) High (oily)

Figure 3. Synthesized polyol from cardanol
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Figure 4. Synthesis reaction of polyol-based cardanol (modified from reference [17])
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Figure 5. Reaction scheme in the synthesis of polyurethane (modified from reference [22])

Hy

N8y S &,
3

\/\/“\/\ws/ g~ e N~

HO
Polyurethane/AgNPs

Figure 6. Schematic of PU/AgNPs composite formation (modified from reference [22])

3.3. Synthesis of PU

As shown in Figure 5, polyol acts as the soft segment
of the PU, while BDO acts as the hard segment. This
reaction falls under the category of typical PU synthesis
reactions commonly used to produce -elastomeric
materials. HMDI forms urethane bonds with —OH groups,
contributing to mechanical flexibility. Catalysts TBD and
TEA were added to accelerate the reaction and improve
conversion efficiency. Resulting in a white PU elastomer
with a crosslinked structure formed by the reaction
between isocyanate and hydroxyl groups. This
crosslinking produced a material that is both flexible and
durable. The physical properties of the synthesized PU are
summarized in Table 3.

Based on Table 3, the synthesized PU exhibits a pale
yellowish-white color and an elastomeric form,
consistent with the typical characteristics of PU reported
in the literature. These attributes indicate that the
reaction proceeded successfully and the flexible polymer
structure was effectively formed. The synthesis yield
reached 99% (based on Equations (4) and (5)), indicating
high efficiency and suggesting that the reaction
proceeded almost completely under the optimized
conditions, temperature (100°C), and time (2—3 minutes).

Table 3. Physical properties of the synthesized PU

Characteristic This study Literature reference
Pale . ]
Colour yellowish Pale yeu&"‘;l]Sh white
white
Form Elastomer Foam, elastomer, or

solid [24]

3.4. Modification of PU with the Addition of AgNPs and
Their Variations

AgNPs were incorporated into the PU matrix to
enhance its antibacterial properties and hydrophobicity.
As illustrated in Figure 6, AgNPs interact physically, not
chemically, with the PU chains, primarily through
adsorption into polar groups. This interaction helps
maintain a stable, uniform distribution of AgNPs within
the matrix, thereby improving antibacterial activity. This
method yields a flexible PU/AgNPs composite suitable for
medical applications.

The hydrophobicity of PU, both with and without
AgNPs incorporation, was evaluated using a contact angle
measurement test. A larger contact angle indicates a
higher degree of hydrophobicity. The results of the
contact angle measurements are shown in Figure 7.

o

80+

91.3°

=a)
=
L

E
S
L

Contact angle (°)

~
=
L

PU (0%)

PUAg (5%) PU/Ag(10%) PU/Ag (15%)

Figure 7. Bar chart of contact angle analysis for PU (0%
w/w), PU/Ag (5% w/w), PU/Ag (10% w/w), and PU/Ag
(15% w/w)
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As shown in Figure 7, the addition of AgNPs to PU
significantly increased hydrophobicity, evidenced by the
rise in contact angle from 66.1° (pure PU) to 91.3° (PU/Ag
(15% w/w)). This improvement is attributed to changes in
surface morphology and roughness introduced by the
presence of AgNPs, which reduce water interaction with
the surface. The higher the AgNP concentration, the
greater the observed hydrophobic effect.

3.5. Characterization Analysis of PU with the Addition
of AgNPs and Their Variations

3.5.1. FTIR Analysis

CNSL contains several major compounds: cardanol,
cardol, anacardic acid, and 2-methylcardol, with
cardanol being the predominant component. Cardanol
possesses an unsaturated hydroxyl group, an aromatic
ring, and a hydrophobic alkyl chain, making it a
promising renewable material for polymer production
[17]. FTIR characterization results of CNSL, cardanol,
polyol, PU, and PU/Ag are presented in Figure 8 and Table
4. The FTIR spectrum of CNSL shows a strong absorption
band at 3553 cm™, characteristic of a free hydroxyl (—OH)
group, consistent with the report by Rahmawati et al. [13].
After isolation, this band shifted to 3425 cm™ in the
cardanol spectrum, suggesting the —OH group remains
present but in a different chemical environment.

200

Additionally, the CNSL spectrum shows a peak at 2363
cm?, corresponding to the aromatic C=0 stretch of the
carboxylic acid group (—COOH) in anacardic acid. The
disappearance of this peak in the cardanol spectrum
confirms the removal of the acid fraction and successful
isolation of cardanol.

Other key absorptions present in both CNSL and
cardanol include aromatic C—-H (3008-3011 cm™),
aliphatic C-H (2924-2928 cm™), and aromatic C=C
(1576-1599 cm™), indicating the presence of an aromatic
ring with an unsaturated aliphatic chain — a defining
structural feature of CNSL and its derivatives. The
phenolic C—0 stretch was also detected at 1089 cm™ in
CNSL and shifted to 1110 cm~ in cardanol, confirming the
presence of active phenolic groups [16]. The polyol
spectrum revealed several notable changes. The O-H
stretching band shifted to 3333 cm, indicating a new
hydroxyl environment, possibly due to
intra/intermolecular interactions or the introduction of
other groups (e.g., —SH). A new absorption band at 1167
cm-?, absent in both CNSL and cardanol, was assigned to
aliphatic C-0 stretching, confirming the success of
chemical modification [25]. Additionally, a -C-S
stretching band at 633 cm™ indicates the successful
incorporation of thiol groups from 2-mercaptoethanol
[26].
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Figure 8. FTIR spectra of (a) CNSL, cardanol, and polyol and (b) PU and PU/Ag (15% w/w)

Table 4. List of observed peaks of FTIR spectra of CNSL, cardanol, polyol, PU, and PU/Ag (15% w/w) compared to
literature references

Bonding type CNSL Cardanol Polyol PU PU/Ag Ref.
O-H stretching 3553 3425 3333 3340 3306 [13]
C-H aromatic 3011 3008 3000 3004 3019 (6]
C—H aliphatic 2028 2924 2931 2033 2934
C=0 aromatic (carboxylic acid) 2363 - - - - [13]
C=0 aliphatic - - - 1696 1695 [19]
N-Hbending - - - 1624 1642 [27]
C=C aromatic 1576 1599 1546 1575 1525 [16]
C=C aliphatic 1399 1455 1460 1485 1470
C-0 aliphatic - - 1167 1257 1209 [25]
C-0 phenolic 1089 1110 1055 1010 1007 [16]
—C-S stretching - - 633 630 604 [26]
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In both PU and PU/Ag composites, the O—H band
shifted further to 3340 cm (PU) and 3306 cm™ (PU/Ag),
with a notable decrease in intensity. This suggests a
reaction between the hydroxyl groups of the polyol and
the isocyanate groups, leading to urethane bond
formation. New absorption bands appeared at 1696 cm™!
(PU) and 1695 cm™ (PU/Ag), corresponding to the
aliphatic C=0 stretch of urethane linkages [19]. Stronger
aliphatic C-O stretching was also observed at 1257 cm™!
(PU) and 1209 cm™ (PU/Ag), which were absent in the
CNSL and cardanol spectra. Furthermore, N—H bending
bands at 1624 cm™ (PU) and 1642 cm™ (PU/Ag) are
characteristic of urethane groups [27]. The aromatic C=C
band remained detectable within the 1525-1575 cm™
range, indicating the phenolic structure of cardanol was
preserved in the final PU structure. The phenolic C—0
stretch shifted to lower wavenumbers at 1010 cm~* (PU)
and 1007 cm™ (PU/Ag), suggesting a change in the
chemical environment due to new structural formation.
The —C-S stretching band remained visible at 630 cm™!
(PU) and 604 cm™ (PU/Ag), indicating the thiol group
remained incorporated within the modified PU structure.

3.5.2. HPLC Characterization of Cardanol from CNSL

HPLC analysis was performed to identify the major
compounds in cardanol isolated from CNSL and compare
them with published data. HPLC was employed as a
qualitative technique to confirm the presence of cardanol,
while quantitative purity determination was not
performed due to the absence of certified calibration
standards. The chromatogram is shown in Figure 9.

The red and blue lines represent CNSL and isolated
cardanol, respectively. The CNSL chromatogram
exhibited major peaks at 6.114, 8.436, 12.995, 14.747, and
21.567 minutes, which are comparable to reported
retention times [28] (6.851, 9.664, 15.528, and 22.938
minutes). The isolated cardanol chromatogram showed
peaks at 2.246, 4.796, and 10.661 minutes. Based on Phani
Kumar et al. [29], these peaks can be assigned to trienic
cardol (~3.8 minutes; 8Z,11Z,14-pentadecatrienyl), dienic
cardol (~4.3 minutes), and dienic cardanol (~10 minutes;
8Z,11Z-pentadecadienyl), respectively. The presence of
cardol in the isolated product likely arises from
incomplete separation during the isolation process,
possibly influenced by variations in temperature or
reaction time. Although cardol was not the intended
target, its presence does not hinder PU synthesis due to
the high reactivity of its phenolic groups. Nevertheless,
further purification is recommended to reduce cardol
content and ensure that the final PU product achieves
optimal physical and chemical properties for coating
applications.

3.5.3. GPC Characterization of Synthesized PU

The synthesized PU was characterized by GPC to
evaluate its molecular weight distribution and
polydispersity index (PDI), as shown in Figure 10. THF
was used as the solvent due to its good solubility for

polyurethane and compatibility with the
chromatographic  system and  detector.  The
chromatogram displayed two distinct peaks, indicating
the presence of different molecular-weight fractions.
Peak 1, representing 18.6% of the total area, was
attributed to the PU fraction, with a weight-average
molecular weight (Mw) of 1,789 g/mol, number-average
molecular weight (Mn) of 442 g/mol, and peak molecular
weight (Mp) of 970 g/mol. The PDI of 1.13 suggests a
relatively broad molecular weight distribution, which is
typical for step-growth polymerization systems such as
polyurethane synthesis.

In contrast, Peak 2, comprising 81.4% of the area,
showed an extremely low molecular weight (MW = 1948,
Mn = 7176, and Mz = 3.68 g/mol). This suggests the
presence of unreacted monomers, residual solvents, or
low-molecular-weight oligomers. Given its minimal
molecular weight and lack of polymeric characteristics,
Peak 2 was excluded from further analysis as it does not
represent the actual polymer product. Although Peak 1
represents a smaller proportion of the total
chromatogram area, it is the most relevant for evaluating
the success of the PU synthesis, as it reflects the fraction
of material that underwent successful polymerization
and formed the intended PU structure.
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Figure 9. HPLC chromatogram of CNSL and cardanol
samples using an acetonitrile:water:formic acid
(60:20:20) eluent, at a flow rate of 1.80 mL/min and
detection at 280 nm



Jurnal Kimia Sains dan Aplikasi 29 (3) (2026):195-206

80000

202

a) PU/Ag —PUlAg
----- Peak 1
----- Peak 2
I I B S D Y | BT Cumulative
— —Mw Peak 1
60000 - " Z Chnpenct
Mz Peak 1
I — —MwPeak 2
—_— 1 = = Mw Peak 2
> 1 — —MzPeakz
E 40000 4 "
E. 0
0
8
£ 20000 - et
0 e e oS S
0 . 10000 15000 20000
Elution Time (min)
b) PU/Ag Peak 1 I Peakt 80000 -{¢) PU/Ag Peak 2 | - o Pesk 2
i — —MnPeak 1 & — = MnPeak2
25000 [ S Mz Peak 1 | - - MzPoak2
I | I
20000 -| I il 60000 -| | |
E ! :S | % | |
515000 il > i1 I
a 151 @ 40000 1 Fol I
2 10000 1 Eo 2 | |
= 1 | - | |
5000 | Fol 20000 4 | |
1 | I
................. 1 | T
09 [N I 1
T T O T T T T
10000 12000 11000 12000 13000 14000 15000

11000
Elution Time (min)

Elution Time (min)

Figure 10. GPC chromatogram of (a) deconvolution, (b) peak, and (c) peak 2 1 the PU sample

Compared to the data reported by Bramhecha and
Sheikh [30], in which the synthesized PU had an Mn of
64,645 Da, MW of 82,074 Da, and a PDI of 1.269,
indicating a relatively uniform chain length, the PU
synthesized from cardanol in this study exhibited a
significantly broader molecular weight distribution. This
difference may be attributed to the inherent reactivity of
cardanol, suboptimal reaction conditions, or the lack of
additional purification steps. The progress of the thiol—
ene reaction was inferred from characteristic FTIR
spectral changes; however, the extent of conversion was
not quantitatively confirmed by NMR analysis, and
therefore, complete conversion is not claimed. The
relatively low molecular weight of the synthesized PU
may be attributed to the cardanol-based polyol structure,
the thiol-ene modification, and possible chain-
termination effects during polymerization. Therefore,
direct comparison with petroleum-based PU systems
reported in the literature should be made with caution. A
PDI value of 4.050 indicates substantial chain length
variability, which may affect the physical properties and
overall performance of the PU in its intended applications
(31].

3.5.4. TG-DTA Analysis

The thermal stability of cardanol-based PU films is
shown in Figure 11. Based on thermal analysis, the PU
exhibits a characteristic two-step degradation pattern,
consistent with previous findings [18]. These two stages
reflect the primary mechanisms of PU decomposition,
strongly influenced by the chemical composition and

polymer structure derived from cardanol-based

synthesis.

The thermal degradation of cardanol-based PU films
occurs in two main stages (Figure 11). The first stage
(200—-400°C, 46.99%) corresponds to the breakdown of
urethane groups, while the second stage (400-500°C,
50.42%) involves the degradation of the polymer
backbone. The DTA curve displays two exothermic peaks
without any prior phase transition, indicating a stepwise
degradation accompanied by heat release. The aromatic
ring structure in cardanol contributes to the thermal
stability of the PU, although the degradation pattern
remains typical of PU.
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Figure 11. TGA curve of cardanol-based PU
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Figure 12. FESEM images of (a) PU, (b) PU/Ag (5% w/w), (c) PU/Ag (10% w/w), and (d) PU/Ag (15% w/w) samples
3.5.5. FESEM-EDX Analysis

The surface characterization results of PU, PU/Ag
(5% wjw), PU/Ag (10% w/w), and PU/Ag (15% w/w)
samples using FESEM are presented in Figure 12. FESEM
analysis of pure PU reveals a smooth, dense, and
homogeneous morphology with no bright particles,
indicating the absence of metallic nanoparticles. In
contrast, PU/Ag (5% wj/w) exhibits a rough, layered
surface with uniformly dispersed Ag nanoparticles and no
signs of agglomeration, suggesting successful blending
and potential enhancement of mechanical and
antibacterial properties.

In the PU/Ag (10% w/w) sample, AgNPs appear as
evenly distributed, spherical-to-oval shapes, further
supporting their antibacterial functionality and
biomedical potential. PU/Ag (15 % w/w) shows a rougher
surface with noticeable protrusions and early signs of
nanoparticle agglomeration, which may negatively affect
performance. Therefore, the Ag concentration must be
carefully controlled to ensure uniform nanoparticle
distribution. The EDX mapping results of the three Ag-
containing samples are presented in Table 6.

The EDX data (Table 6) show that all samples contain
the main PU elements (C, O, S, and N), while Ag is detected
from PU/Ag (5% w/w) (0.04%) to PU/Ag (15% w/w)
(0.25%), confirming the successful incorporation of
AgNPs. The fluctuation in oxygen content, particularly its
decrease in PU/Ag (10% w/w), suggests possible physical
(non-covalent) interactions between PU’s carbonyl
groups and the Ag° surface. Variations in sulfur content
may reflect changes in functional structure, while the
increase in carbon and nitrogen levels indicates the
dominance of hydrocarbon segments and urethane
groups, as well as potential residual AgNO; precursors.

Table 6. EDX elemental analysis of C, O, S, N, and Ag in
PU, PU/Ag5%, PU/Ag10%, and PU/Ag15% samples

Sample ¢ 0 S N Ag
(%) (%) (%) (%) (%)
PU 64.77 15.55 12.01 7.67 -
PU/Ag5%  63.57 17.42 9.01  9.96 0.04
PU/Ag10% 7037 4.85 13.98 10.68 0.12
PU/Ag15%  62.31 19.73 7.20 10.02 0.25

The Ag content detected by EDX was lower than the
nominal AgNP loading because EDX is a surface-sensitive
and semi-quantitative technique, whereas the AgNP
content was calculated based on the bulk formulation
(w/w). Therefore, the EDX results represent localized
surface detection rather than the total silver content in
the PU matrix. Overall, these findings confirm the
successful formation of PU/Ag (15% w/w) and highlight
changes in surface composition that may influence the
material’s functional properties.

3.5.6. XRD Analysis

XRD analysis was conducted to identify the
crystalline phases in PU (0% w/w) and PU/Ag (15% w/w)
samples. PU/Ag (15% w/w) was selected as a
representative sample for XRD analysis because it
exhibits the highest AgNP loading and the most
pronounced antibacterial performance among the
investigated formulations. Specific diffraction peaks
observed only in the PU/Agi5% sample indicate the
presence of AgNPs. The diffraction pattern corresponds to
the standard JCPDS file 04-0783, confirming that the
AgNPs exhibit a face-centered cubic (FCC) crystal
structure. The complete results are presented in Figure 13.

The XRD data show prominent diffraction peaks at
approximately 36.18°, 48.53°, 64.24°, and 77.12° in the
PU/Ag15% sample, indicating the presence of crystalline
silver within the PU matrix. These angles closely align
with those reported by Khwanmuang et al. [25] for the
(111), (200), (220), and (311) crystal planes of FCC silver,
which are 36.91°, 48.53°, 60.2°, and 77.06°.
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Figure 13. X-ray diffractogram of PU and PU/Ag15%
samples



Jurnal Kimia Sains dan Aplikasi 29 (3) (2026):195-206 204

Staphylococcus aureus
Escherichia coli

Figure 14. (a) Antibacterial activity test results of chloramphenicol (positive control), THF (negative control), PU (0%
w/w), PU/Ag (5% w/w), PU/Ag (10% w/w), and PU/Ag (15% w/w) against Staphylococcus aureus and Escherichia coli,
(b) the histogram of antibacterial activity test results

3.5.7. Antibacterial Test

The antibacterial test results are presented in Figure
14a, with a summary in the histogram shown in Figure
14b. The findings demonstrated that both PU and
variation of PU/Ag samples exhibit antibacterial activity
against the gram-positive bacterium Staphylococcus
aureus and the gram-negative bacterium Escherichia coli.
The enhanced antibacterial performance is attributed to
the antibacterial properties of AgNPs, which act through
multiple mechanisms, including penetration of the
bacterial cell membrane, disruption of protein and DNA
structures, and the generation of free radicals that induce
oxidative stress in bacterial cells [32]. The effectiveness of
AgNPs in the PU system is also influenced by the
uniformity of nanoparticle dispersion and the bonding
within the polymer matrix.

The control test results showed that the positive
control, chloramphenicol, produced inhibition zones
with diameters of 19.72 mm against Staphylococcus aureus
and 29.99 mm against Escherichia coli, indicating strong
antibacterial activity. In contrast, the negative control,
THF, did not show an inhibition zone (0 mm), indicating
no antibacterial activity. The PU sample without AgNPs
(PU (0% w/w)) exhibited inhibition zones of 8.20 mm
against Staphylococcus aureus and 9.76 mm against
Escherichia coli, indicating minimal inherent antibacterial
activity of the PU matrix. However, after AgNPs
modification, a concentration-dependent increase in
antibacterial activity was observed. At 5% AgNPs loading
(PU/Ag (5% wj/w)), inhibition zones increased to 10.62
mm for Staphylococcus aureus and 9.71 mm for Escherichia
coli. With 10% AgNPs (PU/Ag (10% w/w)), the inhibition
zones reached 11.02 mm for Staphylococcus aureus and
11.63 mm for Escherichia coli. The highest activity was
observed in the PU/Ag (15% w/w) sample, which showed
inhibition zones of 12.60 mm and 16.40 mm for
Staphylococcus aureus and Escherichia coli, respectively
(321

4. Conclusion

Cardanol was successfully isolated from CNSL with a
yield of 25.6%, as confirmed by TLC, FTIR, and HPLC
analyses. The cardanol-derived polyol was subsequently

used to synthesize PU/AgNP composites with high yield
and elastomeric characteristics. The incorporation of
AgNPs improved hydrophobicity and thermal stability,
while  morphological analysis indicated good
nanoparticle dispersion at moderate loadings and slight
agglomeration at higher AgNP contents. PU/AgNP
composites exhibited antibacterial activity against
Escherichia coli and Staphylococcus aureus, with PU/Ag
(15% w/w) showing the highest inhibition among the
tested formulations. This study was limited to material
synthesis, physicochemical characterization, and
qualitative  antibacterial  evaluation; = mechanical
properties, biocompatibility, and long-term performance
were not investigated. Overall, the synthesized PU/AgNP
systems demonstrate promising antibacterial properties
and may be considered as potential materials for catheter
coating applications, pending further mechanical and
biocompatibility evaluation.
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