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plication of UV responsive
detachable adhesives from epoxidized plant oils

Muhammad Hassan Ahmad,a Muhammad Atif *a and Bilal Anjum Ahmedb

Permanent adhesives pose significant environmental concerns because they cannot be reversed or

recycled, limiting repair, reuse, and material recovery. Temporary and reversible adhesives offer a better

option by allowing removal, repair, and recycling when needed. In this study, UV-responsive adhesives

were prepared from natural oils, including castor, sesame, mustard, and eucalyptus, without using

a photoinitiator. Five formulations (UVad-1 to UVad-5) were developed and tested. Their physical,

structural, and mechanical properties were evaluated. Samples containing sesame and castor oil (UVad-

4) and samples with eucalyptus and mustard oil (UVad-5) exhibited superior detachment and reusability,

achieving up to 10 and 12 cycles of bonding and debonding under 638.79 KN m−2 and 532.97 KN m−2

applied stress, respectively. Mechanical strength was also evaluated under UV and non-UV conditions.

Results indicate that these materials are suitable for temporary yet robust bonding and reuse.
1 Introduction

Adhesives are substances used to attach two surfaces without
mechanical fastening.1,2 They bond by physical or chemical
contact.3 Adhesives are generally classied as permanent or
removable. Permanent adhesives are long-lasting and difficult
to remove,4 whereas removable adhesives permit controlled
separation when needed.5 Adhesives can also be classied by
chemistry, curing mechanism, or responsiveness to external
stimuli.6 Adhesives nd diverse applications across elds such
as electronics,7 automotive manufacturing,8 construction,
packaging,9 and biomedical products.10 They offer advantages
over mechanical fastening, including uniform stress distribu-
tion, light weight, design exibility, and compatibility with
complex or delicate surfaces.11 Adhesive bonding also promotes
miniaturisation and eliminates the need for drilling, welding,
or thermal processing.5 Nonetheless, most traditional adhesives
form permanent bonds that are hard to break. This poses issues
for repairing, recycling, and dismantling, and can result in
material waste, damage, residue, and waste production.12

Increased demand for reuse, repair, and recycling has
enhanced focus and research about detachable adhesives.13,14

These materials form strong bonds during use and can be
released upon external stimulation.15–17 They respond to heat,
pH, moisture, pressure, ultrasound, electricity, magnetism, or
light. Nevertheless, both types are associated with weaknesses,
including damage to sensitive components, potential for
ation Lahore (Vehari Campus), Punjab,

k; chemistatif@yahoo.com

, King Fahad University of Petroleum and

28908
residue in pH-sensitive systems, soening of moisture-sensitive
adhesives on so surfaces, and use of pressure-based
systems.5,18–22 Safety and compatibility may also be issues with
ultrasonic, electrical, and magnetic methods.4,8,23–32 Such limi-
tations point to the need for cleaner and more selective
reversible bonding methods.

UV light can be used as an accurate and non-contact method
for adhesive detachment. UV-based separable systems can be
separated without the use of heat, chemicals, or mechanical
force, which is benecial for protecting valuable resources.33–36

When bio-based sources are used to create UV-responsive
adhesives, these materials eliminate the use of synthetic
materials and support the sustainability purpose.37 These
systems enable clean removal, controlled activation, and
minimal residue. Their selective response makes them suitable
for applications where surface preservation and recyclability are
important.38,39

Several studies have reported UV-responsive detachable
adhesives based on synthetic photoinitiators. Kim et. al.,13

formulated UV-responsive detachable optically cleared acrylic
adhesives (OCA) using benzophenone-derived initiators that
detached under 365 nm UV at 4200 mJ cm−2, but sometimes le
residue and needed an addition of an external photoinitiator.
Wang et. al.,14 developed coumarin-based pressure-sensitive
tapes with peel strength up to 10.15 N cm−1 and reversible
adhesion under 254 nm and 365 nm UV. This formulation lacks
an intrinsic photoinitiator capability and relies on the addition
of a coumarin-based photoinitiator. Another study by Kim et.
al.,40 used nitrobenzyl dimethacrylate and observed a drop in
adhesion from 341 kPa to 223 kPa, a reduction of 38% aer
30 min irradiation, and further decreased to 150 kPa aer 3 h,
resulting in a total drop of 56%. These systems demonstrate UV-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Literature review of UV-responsive detachable adhesives

Starting materials Catalyst Substrate
DB UV (nm)/
Intensity (mWcm−2) PI DB time/cycles Product Ref.

nBA, HBA, BA, DMAEA, DMAEAc Cyanoarene Glass 365/14 4Cz-IPN 5 min/NR OCA 13
HMC, HEOMC, PPG1000, 2-HEA, IPDI DBTDL Glass 365/31.3 Coumarin 5 min/NR S-PSA 14
pSBMA, DOPA, dioxane, KMnO4 AIBN Polyester 352/NR NBDM 3.5 h/5 MDOPA-co-SBMA-

co-NBDM
40

EuO, HEuO, MSO, HMSO, HSSO,
CaO, DMG, glycerin, TDI

DBTDL Glass 365/20 Nil 3 min 47 s/4 UVad-2 a

23 s/10 UVad-4
43 s/12 UVad-5

a This work, NR = not reported; nBA = n-butyl acrylate; HBA = d 4-hydroxybutyl acrylate; DMAEA = dimethylaminoethyl acrylate; DMAEAc =
dimethylaminoethyl acetate; 4Cz-IPN = 2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile; OCA = optically clear adhesive; HMC = 7-hydroxy-4-
methylcoumarin; HEOMC= (7-hydroxy-ethoxy-4-methylcoumarin); PPG1000 = polypropylene glycol; 2-HEA = hydroxyethyl acrylate; IPDI =
isophorone diisocyanate; S-PSA = switchable pressure sensitive adhesives; pSBMA = poly(sulfobetaine methacrylate); DOPA = 3,4-
dihydroxyphenylalanine; NBDM = 2-nitro-1,3-benzenedimethanol dimethacrylate; AIBN = azobisisobutyronitrile; MDOPA-co-SBMA-co-poly(N-
methacryloyl-3,4-dihydroxyl-L-phenylalanine-co-sulfobetaine methacrylate-co-2-nitro-1,3-benzenedimethanol dimethacrylate; EuO = eucalyptus
oil; HEuO = hydroxylated eucalyptus oil; MSO = mustard seed oil; HMSO = hydroxylated mustard seed oil; HSSO = hydroxylated sesame seed
oil; CaO = castor oil; DMG = dimethyl glyoxime; TDI = toulene 2-4,diisocyanate; DBTDL = dibutyl tin dilaurate.
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triggered detachment but still face limitations such as surface
residue, reduced strength over time, and dependence on
synthetic photoinitiators (Table 1).

This study presents a new type of UV-responsive Poly-
urethane (PU) adhesive made entirely from plant oils, without
using synthetic photoinitiators. Oils such as Castor (CaO),
Mustard seed (MSO), Sesame seed (SSO), and Eucalyptus (EuO)
were used for their natural response to UV light. Adhesives
exhibited good bonding under normal conditions and easy
detachment when exposed to UV light. They also performed well
in terms of mechanical strength, water resistance, thermal
stability, and repeated attachment–detachment cycles. By
replacing petrochemical ingredients with renewable materials,
this work supports the development of practical and eco-
friendly adhesives for modern applications.
2 Experimental
2.1 Materials

EuO, MSO, SSO, and CaO were purchased from the local
market. Dimethyl glyoxime (DMG) (1.37 g cm−3) was purchased
from Simpsons. Toluene 2,4-diisocyanate (TDI) (1.21 g cm−3)
was purchased from DAEJUNG. Dichloromethane (DCM,
$99%), hydrogen peroxide (35%), formic acid, acetic acid, and
ethanol were purchased from Sigma. Dibutyl tin dilaurate
(DBTDL, catalyst) was purchased from Fluka Chemika. All
chemicals were utilised as received, without purication.
2.2 Sample preparation

Sample preparation was carried out in two steps. The rst step
involved modifying plant oils, and the second step involved
adhesive preparation using unmodied and modied plant
oils.

2.2.1 Plant oil modication. Three plant oils (EuO, SSO,
and MSO) were modied via a two-step process: epoxidation
and hydroxylation.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Epoxidation of EuO was performed according to the reported
method.41 0.0073 mol acetic acid and 0.19 mol 35% H2O2 were
condensed at 60 °C for 2.5 h with a dropwise addition of
0.06 mol EuO. Mixture was heated at 130 °C for 30 min, organic
layer (Ep-EuO) was separated and used for hydroxylation.

For hydroxylation, 0.28 mol of deionised (DI) water,
0.133 mol formic acid, and 0.137 mol ethanol were heated at
60 °C with continuous stirring. Ep-EuO (0.026 mol) was added
dropwise, and mixture was heated for 30 min. HEuO layer was
separated aer 24 h. SSO was epoxidised and hydroxylated
using the same reported procedure. Similarly, MSO was also
epoxidised and hydroxylated following the same reported
procedure utilised for previous oil modications.

2.2.2 Adhesive preparation. Five biobased UV-responsive
PU adhesives have been prepared, as per the compositions
given in Table 2. In general, selected plant oils were heated (50–
60 °C) and mixed for homogenisation, followed by the addition
of DMG with ethanol as solvent. DBTDL was introduced at 60–
70 °C, and TDI was added dropwise under continuous stirring.
Glycerin was incorporated at the nal stage to adjust soness
and exibility. Mixtures were then cured under mild heating,
depending on the formulation.

Small changes were made for some adhesives: UVad-3 used
HEuO instead of EuO, UVad-2 had slightly more MSO to change
gelation time, UVad-4 replaced EuO/MSO with CaO/HSSO, and
UVad-1, UVad-3, and UVad-5 had slight differences in curing
time.
3 Characterisation

Fourier Transform Infrared Spectroscopy (FTIR, IRSprit, Shi-
madzu) with diamond ATR was used to identify functional
groups of prepared samples in the 400–4000 cm−1 range.
Simultaneous Thermal Analysis (STA) (SKZ1060A Industrial Co.)
was conducted with an aluminum crucible from 30 to 500 °C
with a 10 °C min−1 ramp rate in N2 for Thermogravimetric
analysis (TGA), Differential Scanning Calorimetry (DSC), and
RSC Adv., 2026, 16, 28892–28908 | 28893
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Table 2 UV-responsive adhesive composition

Sample

BioSource (mol)
DMG
(mol)

Solvent
(mol)

DBTDL
(mol)

TDI
(mol)

Glycerin
(mol)

PU
(wt%)EuO HEuO MSO HMSO CaO HSSO

UVad-1 6 × 10−3 — 9.2 × 10−3 — — — 6.9 × 10−3 8.6 × 10−2 8 × 10−3 6.9 × 10−3 6.8 × 10−3 51.51
UVad-2 6 × 10−3 — 4.6 × 10−3 — — — 6.9 × 10−3 8.6 × 10−2 8 × 10−3 6.9 × 10−3 6.8 × 10−3 58.82
UVad-3 — 5 × 10−3 4.6 × 10−3 — — — 6.9 × 10−3 8.6 × 10−2 8 × 10−3 6.9 × 10−3 6.8 × 10−3 58.60
UVad-4 — — — — 1 × 10−3 8.2 × 10−4 6.9 × 10−3 8.6 × 10−2 8 × 10−3 6.9 × 10−3 2 × 10−2 49.54
UVad-5 1.2 × 10−2 — 4.6 × 10−3 2.6 × 10−3 — — 1.7 × 10−3 3.4 × 10−2 3.4 × 10−4 3.4 × 10−3 7.2 × 10−3 21.57

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/3
1/

20
26

 1
1:

23
:5

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Differential Thermal Analysis (DTA) of samples. Macrophasic
imaging was taken by microscope (IRMECO GmbH & Co., IM-
910) while nano-scale surface morphology was determined by
FESEM (Tescan Lyura-3). Ebullioscopic method (eqn (1)) was
used to determine the molar mass (MM) of unmodied and
modied oils using benzene as a solvent.42

DTb = Kbm (1)

DTb is elevation in solvent's boiling point, Kb is ebullioscopic
constant, and m is sample's molality. Kb for benzene is 2.53 °C
kg mol−1.41

A slightly modied reported method has been used to
determine iodine value (IV).42 A sample of 0.2 g in 10 mL of
chloroform wasmixed with 30 mL of Hanus solution for 30min.
A 10 mL aliquot of 15% KI solution was diluted with 100 mL of
DI and subsequently titrated with 0.1 N Na2S2O3 until a yellow
color endpoint was reached. 2 drops of indicator were added,
and titration proceeded until a blue color appeared. IV was
calculated by using eqn (2).

IV ¼ ðB� SÞ$N of Na2S2O3$0:127g=meq$100

Weight of SampleðgÞ (2)

Here, B and S represent volume of Na2S2O3 applied to blank and
sample solutions, respectively, while N represents normality of
Na2S2O3.

HCl-acetone titration-based method42 has been used to
determine epoxy value (EV). A sample solution was prepared by
mixing 0.25 g of sample in 5 mL of HCl (0.1 N) and 35 mL of
acetone. 5 mL of this solution with 2 drops of indicator was
titrated with 0.1 N NaOH until the pink color endpoint was
reached. EV was calculated by eqn (3).

EV ¼ ðB� SÞ$N of HCl

W � 10
(3)

S and B denote volume of NaOH used for sample and blank
solutions, respectively, whileW denotes weight of the sample.

Free fatty acid (FFA) was determined by using a reported
method of acid-base titration.43 1.5 g of oil was dissolved in
25 mL of ethanol, and aer the addition of 2 drops of phenol-
phthalein, solution was titrated with 0.1 N NaOH until a pink
hue emerged. Determination of FFA was conducted through the
application of eqn (4).

FFA ¼ V �N �M

W � 1000
(4)
28894 | RSC Adv., 2026, 16, 28892–28908
where V is volume of NaOH used, N is normality of NaOH, M is
molar mass of oil, and W is weight of oil taken.

Samples' water absorption capacity (WAC) was determined
using a previously reported method.4 Weighed adhesive
samples were immersed in DI water for specied time intervals
of 1, 2, 3, 4, 24, 48 h and 72 h. Samples were promptly taken out
of water and subsequently dried to determine their WAC
through the application of eqn (5).

WACð%Þ ¼ Wt �Wo

Wo

� 100 (5)

In eqn (5), Wo denotes weight of dry sample, while Wt indicates
weight of sample aer soaking.

Gel content (GC) was evaluated in samples using a reported
method.4 % GC in adhesive was calculated by immersing
a weighed amount of adhesive in 10 mL of DCM for 24 h.
Subsequently, samples were taken out from solvent and allowed
to dry at ambient temperature, and samples were weighed
again. Eqn (6) and (7) were used to estimate GC of samples.18

% Extract ¼ Ws �Wd

Ws

� 100 (6)

% GC = 100 − % Extract (7)

Ws and Wd represent sample weights before and aer soaking,
respectively.

PU weight percent content of prepared adhesives (% wt PU)
was calculated by using eqn (8).

% weight of PU ¼ MTDI �MDMG

MTDI �Μoil �MDMG

� 100 (8)

Mechanical evaluation of UV-responsive adhesive samples
(UVad-1 to UVad-5) was performed using single lap joint (SLJ)
method, following the reported methods outlined in literature,
while standardised methods such as ASTM D1002 are typically
conducted on universal testing machines, this study employed
a custom-built dead-weight loading apparatus to evaluate the
apparent shear strength of SLJ. This simpler and cost-effective
approach is supported by prior research, which highlights the
validity of using non-standardised test setups for comparative
adhesive assessments, particularly when access to advanced
instrumentation is limited.4,6,44 Two clean glass slides (25 × 75
mm2) were used as adherends, and 0.08 g of adhesive was
applied uniformly to a dened overlap area. Slides were gently
© 2026 The Author(s). Published by the Royal Society of Chemistry
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pressed together to ensure even spreading of adhesive and were
allowed to cure at room temperature for about 1 hour. Aer
curing, bonded joints were subjected to weight-bearing tests
where known weights were gradually applied to bonded slides
until joint failure occurred, and the maximum load sustained
before failure was recorded. Strength of bonds was then calcu-
lated as normalised applied load relative to effective bonded
area, allowing comparison across all samples and several
reattachments.

Normalised force (FN) was determined by eqn (9).4 Applied
pressure was calculated by taking force (N) and dividing it by the
area of the adhesive (m2).

FN ¼ P� pmin

pmax � pmin

(9)

Statistical analysis for cycle-to-cycle change, like mean,
standard deviation (SD), and Coefficient of variation (CV), was
evaluated by using eqn (10)–(12), respectively.

Mean ¼ Number of values

Sum of all values
(10)

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðx� xÞ2

n� 1

s
(11)

Here, x= each value in the data set, �x= themean (average) of all
values, and n = total number of values.

CV ¼ SD

Mean
� 100 (12)
4 Results and discussion
4.1 Oil analysis

Plant oils were comprehensively characterised via physico-
chemical and instrumental analysis, both prior to and following
chemical modication.

4.1.1 Physico-chemical analyses. Molecular mass (MM), IV,
EV, density, and FFA of both unmodied andmodied oils were
calculated (Table 3) to check the efficacy of modication
method. Increase in MM and density of modied oils,
compared to their unmodied counterparts, proves
Table 3 Physico-chemical analysis data of unmodified and modified pla

Sample MM (g mol−1) IV (g I2/100g)

EuO 154.25 123.6
Ep_EuO 178.6 70.5
HEuO 185.2 61.8
SSO 1103.5 129.20
ESSO 1290.1 114.25
HSSO 1322.3 100.70
MSO 99.15 104.20
EMSO 158.6 90.55
HMSO 189.16 7.88
CaO 933.43 95.25

© 2026 The Author(s). Published by the Royal Society of Chemistry
a transformation in molecular structure. IV difference proved
the efficient utilisation of unsaturated components during two-
step modication process of plant oils. EV has been validated as
a good indicator for epoxidation of plant oils. Ep-EuO showed
a increase in EV, conrming successful epoxidation, while IV of
EuO decreased from 123.6 to 70.5 (g I2/100 g), indicating
a decrease in unsaturation degree.

4.1.2 FTIR. A comparative FTIR analysis (Fig. 1) of both
unmodied andmodied oils was done to elucidate progressive
two-step chemical modications. FTIR spectra of EuO (Fig. 1a)
had two prominent peaks at 1140 cm−1 (C–O–C) and 2900 cm−1

(C–H str).45 Aer the rst step of modication, peaks at
826 cm−1 (ref. 42) were obtained in Ep-EuO, supporting the
formation of epoxy. By end of the modication of second step,
HEuO had an increase of hydroxyl groups at 3400 cm−1,46

indicating successful hydroxylation. FTIR spectra of SSO, ESSO,
and HSSO (Fig. 1b) showed presence of prominent chemical
changes where SSO showed distinct C]C–H str peaks at
3008 cm−1,41 along with C–O–C linkages at 1242 cm−1.41 Epox-
idation was veried by presence of peak reduction for C]C
(723 cm−1)41 and ]C–H bend (3008 cm−1),41 as well as epoxy
peak appearance at 826 cm−1.42 In addition, widening of the
C–O–C peak suggests an increase in ether linkages. Aer
hydroxylation, O–H peak (3500 cm−1)4 broadened, whereas
C–O–C and epoxy peaks decreased, indicating the process of
epoxy ring opening and later generation of hydroxyl groups.

FTIR spectra (Fig. 1c) of the transformation of MSO to EMSO
and HMSO conrmed chemical transformation. MSO had
characteristic peaks of hydrocarbons (3000 cm−1),47 C]C of
alkene (1660 cm−1),48 and amide II band (1533 cm−1) (N–H
bending coupled with C–N stretching)49 attributed to the pres-
ence of proteinaceous components in crude mustard oil.
Epoxidation of MSO resulted in the appearance of new peaks at
1700 cm−1 (carbonyl group),41 1250 cm−1 (C–O–C stretching),41

and 826 cm−1 (epoxy group),42 indicating successful chemical
modication. Hydroxylation gave another broad peak between
3400–3600 cm−1 (hydroxyl)4 and at 1700 cm−1 (carbonyl),41

showing a successful hydroxylation.
4.2 Adhesive analysis

Prepared adhesives were subjectively characterised using
physicochemical and instrumental analysis to determine their
nt oils

EV (mmol g−1) FFA (%) Density (g cm−3)

3.2 0.073 0.9225
105.5 0.0809 0.9301
93.5 0.0987 0.9351
104.78 0.798 0.9140
131.15 1.03 0.9520
104.95 1.366 1.0881
1.75 0.008 0.912
5.05 0.066 0.942
2.31 0.055 0.975
5.6 0.099 0.9585

RSC Adv., 2026, 16, 28892–28908 | 28895
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Fig. 1 FTIR spectra comparison for the modification of (a) EuO, (b) SSO, and (c) MSO.
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chemical and structural characteristics. Additionally, their
adhesive strength was compared using SLJ tests.50–52

4.2.1 FTIR. Ingredients of UVad-1 and UVad-2 (Fig. 2a and
b) presented prominent peaks of OH str (at 3200–3400 cm−1)
from glycerin and DMG,53 NCO str from TDI at 2245 cm−1,41 and
MSO unsaturation C]C peak at 1660 cm−1.48 Following the
reaction completion, FTIR analysis of prepared adhesive
revealed the disappearance of NCO peak, indicating utilisation
of TDI isocyanate. Emergence of a C–N peak at 1230 cm−1

further substantiated the successful formation of adhesive.
Moreover, a strong C]O str peak at 1700 cm−1 (ref. 41) andN–H
str peak at 3300 cm−1 are characteristic peaks of urethane
group. Further evidence has emerged from new peaks observed
in the range of 1000–1200 cm−1, specically relating to C–O
stretching,4 which is a major component of PU adhesive
network. A slight reduction in the C]C peak indicates partial
utilisation of the functional group.

FTIR spectrum of UVad-3 showed the quenching of OH and
NCO peaks, indicating consumption of these functional groups
during synthesis. Concurrently, new peaks emerged at
Fig. 2 FTIR of UVad-1 (a), UVad-2 (b), UVad-3 (c), UVad-4 (d), UVad-5 (

28896 | RSC Adv., 2026, 16, 28892–28908
1048 cm−1 (C–O), 3293 cm−1 (NH), and 1230 cm−1 (C–N), con-
rming the formation of urethane bonds.41

FTIR spectrum of UVad-4 exhibited characteristic peaks
corresponding to OH groups from glycerin, DMG, and HSSO in
range of 3200–3500 cm−1.4 Additionally, NCO group from TDI
was observed at 2245 cm−1.41 Isocyanate groups reacted with
hydroxyl groups to form urethane bonds, resulting in maximum
consumption of NCO groups, as evidenced by the disappear-
ance of NCO peak. FTIR analysis veried the formation of
urethane groups, with characteristic peaks observed for C]O
str at 1700 cm−1 (ref. 4) and N–H str at 3300 cm−1.41 Addition-
ally, peaks at 1538 cm−1 indicated the presence of aromatic or
cyclic structures,41 while C–O str vibrations within 1100–
1200 cm−1 range4 further supported the development of
a robust urethane network.

UVad-5 spectrum revealed OH str from Glycerin, DMG, and
HMSO at 3200–3500 cm−1 (ref. 42) and TDI's NCO peak at
2245 cm−1.41 MSO and EuO C]C str at 1660 cm−1 indicated
unsaturation.48 Formation of adhesive was evidenced by the
vanishing of NCO and OH peaks, signifying a successful
e), and its components.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reaction between isocyanates and hydroxyls that created
urethane bonds. Appearance of new peaks at approximately
1703 cm−1 (C]O)41,42 and 3300 cm−1 (N–H)41 indicated forma-
tion of urethane linkages. Reduction of the C]C peak at
1660 cm−1 suggested cross-linking in unsaturated oils.
Urethane network was supported by C–O str at 1100–
1200 cm−1,4 while peaks at 1219 cm−1 (C–N) indicated
production of PU linking aer cross-linking.4

4.2.1.1 Proposed reaction mechanisms. The proposed mech-
anism was developed based on FTIR data (Section 4.3), taking
into account the sequence of ingredient addition during sample
preparation. Five adhesive samples with different formulations
and PU content displayed varying UV-responsive detachment,
load-bearing capacity, and reusability, revealing the inuence of
molecular structure and network connectivity on adhesive
properties. A possible UV-induced detachment mechanism is
suggested (Scheme 1), involving interactions between DMG and
1,8-cineole.
Scheme 1 Proposed mechanisms for synthesis and UV detachment of p
(e) UVad-5.

© 2026 The Author(s). Published by the Royal Society of Chemistry
In samples UVad-2 and UVad-5, the presence of DMG's
hydroxyl group in close proximity of 1,8-cineole may facilitate
detachment, whereas absence of this situation in UVad-1 may
explain the lack of responsiveness. In sample UVad-3, wide-
spread cross-linking because of HEuO may limit DMG's
bonding with 1,8-cineole, suppressing detachment. In sample
UVad-4, DMG and CaO (natural PI) connections may contribute
to UV-based detachment.

4.2.2 TGA and DTA. TGA spectra provided thermal degra-
dation behavior of prepared adhesive samples, which has been
marked by three distinct segments; i.e., rt-150 °C, 151–300 °C,
and 301–500 °C (Fig. 3). A slight weight loss was observed at
start of TGA run, which could be associated with the evapora-
tion of volatile components and residual moisture because of
the presence of solvent and volatile components present in
polyols in the formulations.6,54 In particular, weight losses
observed for UVad-1, UVad-2, UVad-3, UVad-4, and UVad-5 have
been 11.66%, 11.23%, 7.63%, 10.01%, and 5.49%, respectively.
repared samples as (a) UVad-1, (b) UVad-2, (c) UVad-3, (d) UVad-4, and

RSC Adv., 2026, 16, 28892–28908 | 28897
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Fig. 3 TGA and DTA combined spectra of UVad-1 (a), UVad-2 (b), UVad-3 (c), UVad-4 (d) and UVad-5 (e).
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Reduced weight loss in UVad-3 and UVad-5 suggests improved
thermal stability till 150 °C, likely due to less volatile compo-
nents. This stability might have contributed to their low WAC
values.

All samples exhibited signicant weight losses in the second
segment, indicating a breakdown of the polymeric network in
adhesives. Weight losses observed in second segment for UVad-
1, UVad-2, UVad-3, UVad-4, and UVad-5 have been 69.21%,
67.55%, 79.29%, 45.29%, and 53.01%, respectively. In second
segment, UVad-3 presented the highest weight loss, whereas
UVad-4 presented the least, which is likely indicative of differ-
ences in cross-linking density and degradation pattern of
different hydroxylated plant oils. It might be considered as one
of the reasons, which is counter conrmed by their GC.

In third segment, observed weight losses indicated degra-
dation of remaining aromatic network, leaving behind unox-
idizable residues. Final weight losses observed for UVad-1,
UVad-2, UVad-3, UVad-4, and UVad-5 have been 19.13%,
20.28%, 13.08%, 35.88%, and 27.90%, respectively. In third
segment, the least degradation in UVad-3 demonstrates the
lowest aromatic content in comparison to other samples. On
contrary, the highest degradation rates observed in UVad-4 and
UVad-5 suggest high aromatic content that disintegrated at
elevated temperatures.

For a better understanding of thermal degradation behavior
in all adhesives, DTA spectra are presented in Fig. 3. Data
showed three main decomposition processes in thermal
degradation proles of adhesive samples. First decomposition
was observed between 200–220 °C, with highest intensity, cor-
responding to PU depolymerisation.42 Second decomposition
with slightly less intensity was observed at about 260–280 °C,
28898 | RSC Adv., 2026, 16, 28892–28908
attributed to polyol and isocyanate degradation.42 Third
decomposition with the least intensity was observed between
390–450 °C, indicating breakdown of thermally stable TDI
structure with aromatic rings, isocyanate moieties, and methy-
lene bridges.43 DTA spectra of UVad-1 and UVad-5 presented
sharp, well-dened peaks for all three distinct processes, which
might be attributed to homogenised sample compositions.
Contrarily, the other three samples showed diffused peaks for
some of these transitions.

4.2.3 DSC. DSC spectra of all samples (Fig. 4) displayed
endothermic peaks, referring to glass transition of hard
segment (TgH), melting temperature (Tm), and degradation
temperature (Td). The difference in thermal transitions
observed in all ve samples reected the difference in molec-
ular compositions and cross-linking densities. First endotherm
in DSC spectra of adhesives near 100 °C is attributed to the
change of aggregation of hard segment.44 DSC study of adhesive
samples UVad-1 to UVad-4 showed TgH at 117.50 °C, 112.80 °C,
116.50 °C, and 120.50 °C, respectively. Data revealed that UVad-
5 curve lacked a distinct TgH peak, potentially due to the lowest
TDI % mole ratio compared to the other formulations. Despite
lack of a sharp TgH, UVad-5 showed considerable thermal
transitions.

UVad-1 to UVad-5 showed a range of Tm from 207 to 219 °C.
This variation in Tm among the samples shows different
molecular connectivity, which likely inuences depolymerisa-
tion behavior.55 Data showed that UVad-4 lacked a well-dened
Tm, which might be attributed to the presence of CaO among
the ingredients, notorious for high density and step-growth
polymerisation reaction,45 therefore not supportive in building
huge polymers. Sample UVad-3 exhibited a sharp and well-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Comparative DSC analysis of all adhesive samples.
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dened Tm, likely due to nearly equal and relatively low polyol
density, combined with high hydroxyl contents of HEuO,
resulting in amore ordered polymeric network. Samples UVad-1
and UVad-2, which were made of same ingredients but varying
mole ratios, exhibited a clear difference in Tm proles. Speci-
cally, UVad-1, with a higher MSO concentration, exhibited
a prominent Tm peak, which is slightly split, whereas UVad-2,
with a higher EuO concentration, displayed a diffused Tm
peak, which was characterised by two distinct maxima. These
differences indicate differences in bond formation, as shown in
Scheme 1. Sample UVad-5 had a broad and non-segmental peak
for melting and decomposition, likely caused by high viscosity
of HMSO, which prevents large polymer chains from forming.
Despite this, high functionality facilitated the development of
a cross-linked network, which might also be associated with
hydrogen bond formation.56

Endothermic peaks from 250 °C onwards corresponded to
degradation temperatures, which fell into two distinct sets:
below 300 °C, attributed to the segregation of polyol and
isocyanate groups, and above 300 °C, attributed to degradation
of hard segments of aromatic components.57

To summarise, UVad-4 and UVad-5 show improved resis-
tance to deterioration at high temperatures because of their
increased cross-linking density and thermal stability. On the
other hand, UVad-1 and UVad-3 show less thermal resistance
and a weaker cross-linking structure due to their lower thermal
Table 4 WAC (%) and GC (%) of adhesive samples

Sample ID

WAC (%)

1 h 2 h 3 h 4 h

UVad-1 −2.77a −7.54a −8.73a −1
UVad-2 −1.38a −2.06a −3.10a −
UVad-3 0.91 2.71 2.11 −
UVad-4 3.27 4.92 5.73
UVad-5 2.99 5.97 2.99

a Dissolution of the samples was observed at some stages.

© 2026 The Author(s). Published by the Royal Society of Chemistry
transitions. Variations in UV-triggered detachment character-
istics account for the observed variation among samples. In
particular, two thermally stable and cross-linked adhesives,
UVad-4 and UVad-5, showed better resistance to heat and UV-
induced degradation.

4.2.4 WAC and GC.WAC and GC data (Table 4) of prepared
adhesives showed a signicant difference, indicating composi-
tional and inter-connectivity differences. Despite absorbing
10.71% water at 48 h, initial decrease in WAC and low GC of
UVad-1 suggested the existence of uncured components,
compromising its stability when exposed to moisture over
a prolonged period of time; UVad-2 showed a similar but
slightly better WAC pattern, with a peak absorbance value of
15.51% aer 48 h, accompanied by a slightly better GC. A
decreased MSO concentration in UVad-2 may explain this
increase in comparison to UVad-1. UVad-3 had the lowest WAC
with a peak value of 3.93% at 48 h, though it had slightly better
GC. This might be attributed to the hydrophobic nature of both
MSO and HEuO (while the high functionality and density of the
network likely hindered DCM penetration). UVad-4 showed
a similar behaviour, with a WAC peak of 5.73% at 3 h and then
a decrease, indicating rst water absorption due to high-density
CaO, which in turn degraded or melted. This high density may
also have led to the sample's highest GC. UVad-5 showed a clear
WAC pattern, manifested by an initial increase, followed by
a decrease, and nally another increase reaching a maximum
absorption of 7.46% aer 72 h. This pattern implies that the
sample was initially free of uncured material so that it absorbs
water. The subsequent reduction in WAC was a sign of struc-
tural disintegration, which stopped once a particular compo-
nent degraded, allowing further water absorption. Higher GC
value implies a dense molecular structure with a good level of
cross-linking, which usually decreases solubility and increases
stability in DCM.

4.2.5 Morphology. Morphological analysis of prepared
samples was performed at macrophasic and microparticulate
levels using microscopy and scanning electron microscopy
(SEM), respectively (Fig. 5). Microscopic examination provided
insight into the mixing quality of ingredients, while SEM
imaging provided a deeper understanding of the molecular
organisation of components. Microscopic analysis showed
signicant variation in surface textures, reecting differences in
ingredient homogeneity and formulation. Specically, different
surface morphologies were observed: UVad-1 had a slightly
GC (%)24 h 48 h 72 h

0.32a 7.14 10.71 −4.36a 78.92
4.13a 10.00 15.51 8.62 84.78
1.51a 2.71 3.93 −9.48a 81.01
4.92 3.28 1.64 −7.38a 89.03
1.49 −1.49a 4.48 7.46 85.10

RSC Adv., 2026, 16, 28892–28908 | 28899
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wrinkled surface (Fig. 5a); UVad-2 had a smooth surface (Fig.
5c); while UVad-3 (Fig. 5e), UVad-4 (Fig. 5g), and UVad-5 (Fig. 5i)
had surfaces with holes, cracks, and akes, respectively. Surface
uniformity and smoothness indicate a well-blended macro-
phasic composition, whereas damaged surfaces suggest
macrophasic heterogeneous separation of ingredients in
sample.

SEM analysis of ve samples revealed two general
morphologies: needle-shaped structures and lump-like
domains. The lump-like appearance may be related to
increased crosslinking density, localised phase separation, or
brittle fracture, whereas the needle-like features may result
from oriented polymer domains or irregular curing. Correlating
SEM analysis with UV-responsive detachment, it has been
noticed that samples with needle-shaped structures presented
UV-responsive detachment, demonstrating the crucial role of
internal crosslinking in adhesive performance. UVad-1 (Fig. 5b)
and UVad-3 (Fig. 5f) showed a morphology consisting of a lump-
like structure. These samples showed no UV-responsive
detachment, probably because of an agglomerated structure
that has no requisite functional groups for such detachments.
SEM analysis of UVad-2 (Fig. 5d), UVad-4 (Fig. 5h), and UVad-5
(Fig. 5j) showed that they had needle-shaped structures, indi-
cating that they have signicant crosslinking, which is related
to their ability to withstand multiple bonding–debonding
cycles.

4.2.6 Mechanical testing. Mechanical evaluation of UV-
responsive adhesives (UVad-1 to UVad-5) was performed to
determine their load-bearing capacity and resistance to
Fig. 5 Microscopic and SEM images of UVad-1 (a and b), UVad-2 (c and

28900 | RSC Adv., 2026, 16, 28892–28908
pressure. Normalisation of force was carried out in order to
achieve a comparative analysis of load-bearing capacity between
several cycles of de-adhesion and reattachment.6 A small
quantity of each sample (0.08 g) was utilised to bond two slides,
and subsequently, their capacity to withstand a load before SLJ
failure was assessed by applying different load levels.

UVad-1 showed a load-bearing capacity of up to 3.95 kg with
a normalised force of 1 in fourth cycle. UVad-2 demonstrated
an enhanced load-bearing capacity as compared to UVad-1 and
reached a maximum loading of 4.45 kg with a normalised
power of 1 in h cycle. A gradual rise in pressure and nor-
malised force through cycles is suggestive of improvement in
reattachment and bonding consistency. This improved
performance could be attributed to a change in composition.
However, the performance of UVad-3 was reduced compared to
UVad-2 and attained a maximum load of 3.9 kg, with a nor-
malised force of 1 for rst cycle. Load-bearing capacity and
mechanical strength were decreased gradually thereaer.
UVad-4 showed a certain moderate level of performance, with
a maximum load of 2.5 kg, having a normalised force of 1
during fourth cycle. Addition of HSSO in this sample has
resulted in improved UV responsiveness but decreased its
mechanical performance in comparison to its previous
samples. Lastly, UVad-5 exhibited a load-bearing capacity of
3.85 kg with a normalised force of 1 in sixth cycle. Mechanical
strength was slowly increased, showing an enhancement in
mechanical performance. Impressive performance high-
lighting the efficacy of HMSO and EuO for improving
mechanical strength and UV responsiveness. Mechanical
d), UVad-3 (e and f), UVad-4 (g and h), UVad-5 (i and j).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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evaluation highlights continuous enhancement of adhesive
properties from UVad-1 to UVad-5, with UVad-5 standing out
as the most effective sample. Findings indicated that modied
Fig. 6 (a) Performance graph, (b) regression analysis, (c) ANN trained da

© 2026 The Author(s). Published by the Royal Society of Chemistry
oils have a considerable effect on adhesive strength, dura-
bility, and reusability, suitable for applications that require
frequent detachment and reattachment (Table 6).
ta for mechanical test.
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Table 5 Mechanical strength evaluation of prepared samples
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Mechanical testing evaluation was conducted to determine
the bonding strength of prepared adhesives, and their maximum
weight-bearing capacity for multiple cycles is given in Table 5.
28902 | RSC Adv., 2026, 16, 28892–28908
4.2.7 Statistical analysis. For each adhesive sample, mean,
SD, and CV have been calculated (Table 7) to evaluate cycle-to-
cycle variability in mechanical performance. Mean applied
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 : Mechanical load-bearing analysis of prepared adhesives

No. of
cycles

Sample
weight (g)

Length
(mm)

Width
(mm)

Area
(mm2)

Area
(m2)

Thickness
(mm)

Load
(kg)

Applied stress
s (KN m−2)

Normalised
force (FN)

UVad-1 C1 0.08 20.55 23.12 475.12 0.0004751 0.13 0.95 19595.21 0.00
C2 20.55 23.14 475.53 0.0004755 0.12 2.95 60795.71 0.67
C3 20.56 23.14 475.76 0.0004758 0.11 2.8 57676.33 0.62
C4 20.56 23.17 476.38 0.0004764 0.10 3.95 81259.48 1.00
C5 20.57 23.20 477.22 0.0004772 0.08 3.8 78034.63 0.95
C6 20.60 23.20 477.92 0.0004779 0.07 3.8 77920.99 0.95

UVad-2 C1 0.08 19.20 21.55 413.76 0.0004138 0.17 2.75 65134.38 0.11
C2 19.26 21.56 415.25 0.0004152 0.16 2.55 60181.25 0.00
C3 19.27 21.58 415.85 0.0004158 0.14 3.45 81304.02 0.47
C4 19.27 21.58 415.85 0.0004158 0.13 3.7 87195.61 0.61
C5 19.28 21.59 416.26 0.0004163 0.13 4.45 104767.46 1.00
C6 19.30 22.00 424.6 0.0004246 0.11 4 92322.19 0.72

UVad-3 C1 0.08 15.1 16.55 249.905 0.0002499 0.22 3.9 152938.12 1.00
C2 15.13 16.56 250.553 0.0002506 0.21 2.5 97783.78 0.60
C3 15.2 16.59 252.168 0.0002522 0.19 1 38862.98 0.17
C4 15.22 16.62 252.956 0.000253 0.18 1 38741.85 0.17
C5 15.25 16.63 253.608 0.0002536 0.17 0.5 19321.20 0.03
C6 15.26 16.65 254.079 0.0002541 0.15 0.4 15428.27 0.00

UVad-4 C1 0.08 18.62 17.90 333.298 0.0003333 0.14 1 29403.12 0.25
C2 18.65 17.91 334.022 0.000334 0.13 0.5 14669.71 0.00
C3 18.68 17.93 334.932 0.0003349 0.12 1.5 43889.45 0.50
C4 18.71 17.95 335.845 0.0003358 0.10 2.5 72950.43 1.00
C5 18.73 17.96 336.391 0.0003364 0.09 1 29132.78 0.25
C6 18.75 17.99 337.313 0.0003373 0.08 2 58106.36 0.75

UVad-5 C1 0.08 21.96 25.85 567.666 0.0005677 0.21 1.5 25895.51 0.00
C2 21.96 25.86 567.886 0.0005679 0.21 2 34513.99 0.21
C3 21.92 25.88 567.29 0.0005673 0.20 2.5 43187.82 0.43
C4 21.93 25.90 567.987 0.000568 0.19 3 51761.75 0.64
C5 21.96 25.91 568.984 0.000569 0.17 3.5 60282.93 0.85
C6 21.99 25.93 570.201 0.0005702 0.15 3.85 66169.68 1.00
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stress values ranged from 38 692 KN m−2 (UVad-4) to 79 212 KN
m−2 (UVad-2). SD reected the dispersion of individual cycle
data around respective means, while CV enabled direct
comparison of relative variability among samples. Among the
ve formulations, UVad-2 exhibited the most consistent
performance (CV= 20.6%), whereas UVad-3 showed the highest
variability (CV = 87.7%). Subsequently, an articial neural
network (ANN) model was developed using statistical parame-
ters as inputs to predict target stress. At epoch 0, the ANN's best
validation mean squared error (MSE) was 0.00022158. Its
Table 7 Statistical analysis parameters for mechanical strength
evaluation

Sample

Input data Output data

ANN ErrorMean SD CV Target stress

UVad-1 72 713 22 981 31.6 72 713 −1.4379 0.067479
UVad-2 79 212 16 311 20.6 79 212 −1.432 −0.015072
UVad-3 57 162 50 147 87.7 57 162 −1.3918 −0.004376
UVad-4 38 692 22 636 58.5 38 692 −1.4437 0.09262
UVad-5 44 569 14 788 33.2 44 569 −1.4986 −0.0068324

© 2026 The Author(s). Published by the Royal Society of Chemistry
correlation coefficients for training, validation, testing, and
combined dataset were 0.96773, 1.000, 0.94713, and 0.96891,
respectively. These ndings suggest that the combination of
statistical analysis and ANN modelling offers a reliable way for
assessing the mechanical reliability of adhesives subjected to
cyclic loading conditions (Fig. 6).

4.3 UV detachment analysis

All prepared samples have been analysed for UV-responsive
detachment and thermal reattachment cycles. A specic
amount of samples (0.05 g each) has been utilised for glass slide
attachments in form of SLJ. Each sample's slide was then sub-
jected to UV irradiation until detachment (Table 8). UV irradi-
ation was carried out using a setup equipped with a 365 nm UV
lamp (20 mW cm−2), where bonded samples were placed at
a distance of approximately 4–5 cm inside a wooden enclosure.
Samples UVad-1 and UVad-3 exhibited no detachment when
exposed to UV irradiation. However, other three samples
exhibited UV-responsive detachment. UVad-2 demonstrated 4
maximum cycles, UVad-4 exhibited 10 cycles with gradually
increasing detachment time, and UVad-5 also showed
continued detachment for 12 cycles with increasing detachment
RSC Adv., 2026, 16, 28892–28908 | 28903
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Table 8 UV-responsive detachment analysis of prepared samples
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time. When examining the time of detachment in relation to UV
irradiation, all samples demonstrated a rise in time corre-
sponding to an increasing number of cycles. UVad-2 detached at
28904 | RSC Adv., 2026, 16, 28892–28908
3 min and 47 s during rst cycle under 571.07 KNm−2 force and
at 8 min and 13 s during fourth cycle under 560.33 KN m−2

force. Sample UVad-4 exhibited the fastest detachment, taking
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Visual representation, FTIR, and microscopic analysis for the respective cycles in UV detachment of samples
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23 s for rst cycle under 675.23 KNm−2 force and 1min and 33 s
for the tenth cycle under 638.79 KN m−2 force. Sample UVad-5
demonstrated detachment ranging from 43 s in rst cycle
under 562.44 KN m−2 force to 6 min and 58 s in twelh cycle
under 532.97 KN m−2 force. Compositional differences between
these two samples, which utilise different plant oils, expose
a signicant improvement in their chemistry and UV-
responsiveness concerning detachable adhesives. Notable
© 2026 The Author(s). Published by the Royal Society of Chemistry
thing is the fact that, all prepared adhesive formulations had
a repeated detachability under mechanical load conditions.

All samples were analysed in FTIR in bonding and debond-
ing states while undergoing UV-responsive cycles of detach-
ment. This test was done to study the chemical differences
between bonded and debonded states. Data presented in Table
9 indicate that aer debonding, all samples exhibited three
distinct peaks at 1048 cm−1 (C–O),4 1533 cm−1 (alkene),41 and
RSC Adv., 2026, 16, 28892–28908 | 28905
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Table 10 Physical parameters of adhesives for UV-responsive debonding

Sample ID Cycles
Sample
weight (g)

Length
(mm)

Width
(mm)

Area
(mm2)

Thickness
(mm)

Load
(kg)

Applied stress
s (kN m−2)

Detachment
time

Uvad-1 C1 0.05 11.53 11.92 137.44 0.26 0.01 713.05 No DB

Uvad-2 C1 0.05 13.05 13.15 171.61 0.17 0.01 571.07 3 min 47 s
C2 13.11 13.19 172.92 0.15 566.73 5 min 29 s
C3 13.14 13.25 174.11 0.14 562.88 6 min 3 s
C4 13.17 13.28 174.90 0.12 560.33 8 min 13 s

Uvad-3 C1 0.05 13.51 12.87 173.87 0.19 0.01 563.63 No DB

Uvad-4 C1 0.05 11.41 12.72 145.14 0.25 0.01 675.23 23 s
C2 11.43 12.75 145.73 0.24 672.46 24 s
C3 11.46 12.79 146.57 0.21 668.61 39 s
C4 11.50 12.83 147.55 0.19 664.20 39 s
C5 11.51 12.85 147.91 0.18 662.59 46 s
C6 11.53 12.88 148.51 0.17 659.90 1 min 2 s
C7 11.57 12.92 149.48 0.16 655.59 1 min 3 s
C8 11.60 12.95 150.22 0.15 652.38 1 min 23 s
C9 11.65 12.99 151.33 0.13 647.58 1 min 24 s
C10 11.72 13.09 153.41 0.10 638.79 1 min 33 s

Uvad-5 C1 0.05 13.20 12.22 161.30 0.23 0.01 562.44 43 s
C2 13.22 12.25 161.95 0.21 560.74 1 min 8 s
C3 13.23 12.27 162.33 0.20 559.89 1 min 12 s
C4 13.26 12.30 163.10 0.19 557.36 1 min 21 s
C5 13.28 12.32 163.49 0.19 555.69 1 min 23 s
C6 13.28 12.33 163.74 0.18 555.69 1 min 42 s
C7 13.30 12.36 164.39 0.16 554.02 2 min 14 s
C8 13.31 12.37 164.64 0.15 553.18 2 min 23 s
C9 13.34 12.40 165.42 0.13 550.70 3 min 33 s
C10 13.40 12.48 167.36 0.11 545.78 4 min 13 s
C11 13.50 12.55 169.43 0.10 537.72 5 min 4 s
C12 13.56 12.61 170.99 0.09 532.97 6 min 58 s
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3200 cm−1 (OH).42 This indicated that UV-based separation of
adhesives is at a location where alkene and hydroxyl compo-
nents are produced. Physical parameters of adhesives, tested
during UV-responsive debonding, are presented in Table 10.
5 Conclusion

This research successfully synthesised UV-responsive, bio-
based adhesives derived from plant oils to create temporary
binding while increasing environmental sustainability. Of the
ve samples, UVad-4 and UVad-5 showed exceptional reus-
ability, latter being found to maintain numerous cycles of
detachment (due to UV) and reattachment (due to thermal
treatment). Formulation of UVad-5, which includes HMSO and
EuO, has been optimised to improve adhesive strength and
detachability, making it suitable for frequent separation. EuO
and HMSO functioned as natural plasticisers for exibility and
durability against UV radiation. This study points out the
potential of bio-based adhesives for temporary but strong
bonding applications. This provides opportunities for further
research on plant oil derivatives in the domain of advanced and
sustainable adhesive technologies.
28906 | RSC Adv., 2026, 16, 28892–28908
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