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Abstract. This work, a novel fabrication technique was developed to graft PNIPAm onto
PET film wusing solvent-assisted technique together with microwave-assisted
polymerization. The parameters studied included microwave output power (450, 600, 850,
and 1000 W), radiation time (1,3, and 5 min), and monomers concentrations (5,10, and 15
wt%). Fourier transform infrared spectroscopy (FTIR) results confirmed the success if this
novel technique and also provided calculated grafting percentage (Pg). The change in
contact angle at temperature below and above the lower critical solution temperature of
PNIPAm was in a good agreement with FTIR results. It was found that the increased
microwave output power, radiation time, and monomers concentration resulted in increased
amount of PNIPAm grafted onto the PET and increased hydrophilic to PET films. The
output power of 850 W at 5 min were found to be an optimum condition which gave the
highest Pg above 80%. This study demonstrated that Thermoresponsive films of PNIPAm
grafted PET film can be prepared using the novel technique of Microwave radiation and
solvent —assisted polymerization.

Keywords: Polyethylene terephthalate (PET), Poly(N-isopropylacrylamide)
(PNIPAm), Solvent-assisted polymerization, Microwave-assisted polymerization

1. Introduction

One of the most studied temperature-responsive materials is poly(N-isopropyl acrylamide)
(PNIPAm). Physical changes with a lower solution critical temperature (LCST) of 32 °C are one of the
most attractive properties of PNIPAm. The chain of this polymer collapses when it is exposed to
temperatures higher than its LCST[1] The polymer has been considered to be used in a variety of fields,
including biosensing , artificial muscle[2]. , and smart gating[3]. The LCST of PNIPAm can be tailored
to meet specific needs or used as a copolymer to improve temperature response capabilities in other
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polymers. PNIPAm has been copolymerized with various polymers, such as PNIPAm-g-PP{4],
PNIPAm-g-Nylon, and PNIPAm-g-PET[5], has recently been employed in investigations.

Polyethylene terephthalate (PET) is a commodity plastic that have used in form of films, fibers, and
plastic resins for various industries. The properties of PET are excellent mechanical strength, good
stability in the presence of body fluids, and high radiation resistance [6]. Adding or modifying the
properties of PET can be done using graft copolymer. In generally, the monomers that are copolymerized
with PET are vinyl monomers such as acrylic acid (AA), methyl methacrylate (MMA) [7], and
acrylamide (AAm) [8]. NIPAm can also be copolymerized with PET as a vinyl monomer.

The grafted polymerization of PNIPAm of PET can be done by various techniques such as UV
radiation induced grafting [9], transfer radical polymerization (ATRP) [10], and redox polymerization
[11]. Each technique takes different grafting time and has different limitations. UV grafting is casy to
control but gives a low radical yield and there is a problem of degradation of PET. ATRP and Redox
polymerization takes a long reaction time and uses more ingredients.

Sanli and Pulat studied solvent-assisted grafted copolymerization of acrylamide on PET films using
benzoyl peroxide initiator. The grafted polymerization in this study relied on the swelling of the PET,
which allowed monomers to enter the PET's physical structure. The solubility parameter (8) of the
solvent was one of the factors that affected the swelling of the polymer. When the solubility of the
solvent was close to that of the polymer, the chemical energy required to breakdown intermolecular
cohesive interactions between polymer chains was sufficient to create significant chain mobility.
Dimethyl sulfoxide (DMSO) was determined to be the most acceptable swelling agent and solvent-
assisted graft copolymerization for PET. In this investigation. This graft copolymerization method was
casy to synthesize and required less components. However, this method had long reaction time.

Katesripongsa and Trongsatitkul studied an optimization of microwave-assisted grafting of poly(N-
isopropylacrylamide) (PNIPAm) onto nylon-6 porous film for thermo-responsive gating membrane.
Microwave radiation was used in this study to help with the grafted copolymerization process.
Microwave-assisted grafting has a number of distinct advantages, including reduced energy usage and
thermal homogeneity. They reported that a PNIPAm grafted Nylon membrane could be fabricated under
only 5 minutes of microwave irradiation time.

In this study, we investigated parameters of a novel technique to graft PNIPAm onto PET film using
solvent-assisted combined microwave-assisted copolymerization. The focus of this work was to
optimize the essential parameters of microwave-assisted grafting. The effects of microwave output
power and irradiation, and monomer content. The success of the grafting by the novel technique was
verified using Fourier transform infrared spectroscopy (FTIR) and contact angle measurement.

2. Experimental

2.1. Materials

The PET used in this study were thickness 170 -190 pm. and purchased from Polyplex Co. Ethanol
(99.9%), used for washing the PET base film, was from Duksan Pure Chemicals. I-isopropylacrylamide
(NIPAm) (98%) used as monomer were purchased from TCI Co. Dibenzoyl peroxide (Bz0;) (75%
remainder water) used as initiator were purchased Acros Organics. Dimethyl sulphoxide (DMSO)
(99.9%) used as solvent for polymerization were purchased from RCI Labscan Ltd. and Deionized water
was used in all experiment throughout the study.

2.2. Preparation PET films

PET films were cut into small square pieces of 20 * 20 mm?*. They then were immersed in ethanol
sonicated for 15 minutes to remove contaminants from the PET surface. The treated PET films were
dried in a vacuum desiccator under ambient temperature overnight.
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2.3. Grafted PNIPAm on PET film via microwave

The NIPAm monomers were dissolved in DSMO solvent in the first step. Bz,O, was added to the
NIPAm monomer solution at a concentration of 0.159 g/mL. The treated PET films were then placed on
a petri dish and submerged in the prepared solutions in the second step. After that, microwave irradiation
was used to initiate grafting polymerization through heating. The various optimization conditions used
in this study are summarized in table 1. After grafting polymerization with microwave, a residual
solvent, monomer, and unstably bound oligomers were removed from the film substrates by washing
the films in boiling water for 1.5 hours. Washing water was changed at least four times. After that, the
films were dried and stored in a desiccator.

Table 1. Conditions for the fabricating of PNIPAm-g-PET Films via microwave and solvent
assisted polymerization.

Condition ~ NIPAm concentration Output Power Irradiation time

no. (wt%) (W) (min)
1 1
2 10 450 3
3 5
4 1
5 10 600 3
6 5
7 1
8 10 850 3
9 5
10 1
11 10 1000 3

[
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5
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600
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=

2.4. Characterization

2.4.1. Fourier Transform Infrared Spectrometer (FT-IR)

The grafting of PNIPAm onto PET film was confirmed using Fourier Transform Infrared Spectrometer
(FT-IR) (Tensor27, Bruker, Billerica, MA, USA). For all of the samples, the attenuated total reflection
(ATR) mode was used. FT-IR microscopic spectrometer was used to acquire the spectra at 4 cm
resolutions over 64 scans. The information obtained was the relationship between Transmittance and
wavenumber.

The percentage of grafting, Pg (%) could be calculated from FT-IR spectra by estimating the specific
absorbance peak [12], which could be used to convert transmittance to absorbance using the equation
following (1)

A=-log, T (1)

Where; A is absorbance (a.u.)
T is transmittance (a.u.)
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The following equation could be used to determine Pg (%) (2)

Pg (%)= 2amplefungsted g ) 1)
Amgrxﬂed

Where; Pg (%) is percentage of grafting
Agample 15 absorbance of sample specimen (a.u.)
Aungraiea 15 absorbance of ungrafted specimen (a.u.)

2.4.2. Contact angle measurement

The PNIPAm grafting onto the PET film was carried out at room temperature (23 + 2 °C). The water
contact angle was measured with a microscope (Dino-Lite Digital Microscope, Taiwan) using the sessile
drop method. Using a micro syringe, a droplet of deionized water (5 pL) was placed on the sample's
surface. Using the Imagel] software, the contact angle was determined immediately after droplet
placement. DI water at two different temperatures (28°C and 68°C) was used in this experiment. The
contact angle reported was the average of five readings taken from different places on the same sample.

3. Results and disc

Three parameters for grafted PNIPAm on PET films using microwave assisted were investigated
in this study. These parameters were output power, radiation time, and NIPAm concentration. The
effects of each effect parameter on physical appearance, chemical change (FTIR analysis), and surface
hydrophobic-hydrophilic behaviour (contact angle) were described in the data presented here.

3.1. Physical analysis

The NIPAm monomers was grafting copolymerization on PET films using microwave-assisted
radiation. Figure 1 shows the temperatures measured in the NIPAm solution immediately after
microwave irradiation. The increases of output power and radiation time resulted in the increase of the
measured temperature. The increased temperature affected the shape and transparency of PET films.
Figure 2 shows samples after grafted polymerization using microwave radiation. When higher
temperature was used, the swell ability of the film and the rate of diffusion of monomer and initiator
into the film matrix was increased [14]. This causes the specimen to became cloudy and swell. At high
output power of 1000 W and irradiation time of S min, the film broke into small pieces. This was account
as an unusable condition for this grafting technique.

Figure 1 The temperatures measured in the Figure 2 Appearance of the samples after grafted

NIPAm solution after microwave irradiation. polymerization using microwave radiation using
different conditions.
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3.2. FTIR analysis

Figure 3 shows the confirmation of grafted PNIPAm on PET films using the ATR-FTIR
methodology. The PNIPAm peaks were identified on FTIR spectra at 3,300 cm™* (N-H stretching), 3,070
cm ™ (N-H stretching resonant with Amide I overtone, also known as Amide B band), 1,650 cm™!
(Amide T) and 1,550 cm™! {(Amide II). The peaks of 1,650 cm™ ! and 1,550 cm™ ! could be clearly
observed. Figure 3(a) shows the increasing amounts of the grafted PNIPAM with increasing output
power and radiation time. Increased NIPAm concentrations, as well as increased reaction medium
viscosity, slowed monomer diffusion into the film illustrated in Figure 3(b).
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Figure 3 FTIR spectra of the films prepared the effects of (a) output power and radiation time and (b)
Monomer content on the degree and success of grafting. (c)Percentage of grafting from FTIR
spectra using varied output power and radiation time at 10wt% NIPAm concentration

The 1550 cm™ transmittance peak was transformed to an absorbance peak using Equation 1. Figure
3(c) shows Percentage (Pg), estimated from Equation 2, of grafting from FTIR spectra using various
output power and radiation time at 10wt%NIPAm concentration. With increasing output power and
radiation time, the result shows an increase in Pg. The best condition was found to be 850 W for 5
minutes, which yielded the highest Pg of over 80%.

3.3. Contact angle (CA) measurement

PET film was a hydrophobic polymer that gave water contact angle to be closer to 90°. Figure 4(a)
shows relationship of water contact angles of grafted PNIPAm on PET films and different condition of
grafting and structures at temperature below and above PNIPAm’s LCST at 25 and 63 °C, respectively.
The condition with monomer concentration of 10 wt%, irradiation power 450W for Imin was assigned
default condition and was given a code as 10-450-1. It was found that the film prepared using the default
condition gave the CA at 25 °C higher than that of at 63°C. This result was similar that observed in the
neat PET film and with the condition of 5-600-5 indicating that these conditions may give little to no
grafting yield. It was also plausible that the surface coverage of the grafted PNIPAm molecules was
more or less limited. It should be also point out that temperature is one of critical parameter in measuring
CA. Higher temperature usually gave lower water CA. Interestingly, when greater grafting yield film
was measured, the hydrophobic-hydrophilic behavior reversed. This could be the evident that PNIPAm
was successfully grafted onto the PET film’s surface. Also, the surface coverage was sufficient the film
showed the Thermoresponsive behavior of PNIPAm. The increased output power, radiation time and
NIPAm concentrations resulted in the deceased contact angle at 25 °C because with more amount of
PNIPAm, the stretching PNIPAm chains were wrapped by the water molecules, showing hydrophilicity.
While at above LCST, the contact angle of grafted PNIPAm film was increased because the collapsed
PNIPAm chains were wrapped by isopropyl groups, showing hydrophobicity. Therefore, the increased
output power, radiation time, and NIPAm concentrations enhanced hydrophilicity. For the film prepared
with the condition using monomer concentration of 10 wt%, Power output of 1000W, and time of 1min
clearly showed the difference in contact angle at two temperatures in figure 4(b) and 4(c) that
corresponded to their %Pg value.
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Figure 4 (a)Relationship of water contact angles of grafted PNIPAm on PET films and different
condition of grafting and structures at 25 and 63 °C

(by and ¢y Water contact angle of 10%wt 1000W 1min at 25 °C and 63 °C respectively

4. Conclusions

Poly(N-isopropy! acrylamide) have been successfully grafting on PET films using solvent-
assisted together with microwave-assisted polymerization method. The PNIPAm grafted on PET
resulted in a change in the film's transparency and shape. The success of grafting was confirmed and
calculated percentage of grafting (Pg) were done through the appearance of the specific peak of PNIPAm
in FTIR spectra. The increased microwave output power, radiation and monomers concentration resulted
in increased amounts of PNIPAm grafted onto the PET and increased hydrophilic to PET films. Finally
output power 850 W at 5 min were found to be an optimum condition which gave the highest Pg above
80%. The results of this work could bring about the possibility to create smart films with tailorable
surface properties in small amounts of time and energy.
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ABSTRACT

This study presents a simple and scalable process for fabricating thermoresponsive membranes by physically coating poly(N-
isopropyl acrylamide) (PNIPAm) onto a track-etched polyethylene terephthalate (PET) substrate. Dimethyl sulfoxide (DMSO),
used as a swelling agent, enhanced monomer penetration into PET pores, while microwave-assisted polymerization reduced
fabrication time to 30 min, achieving uniform polymer deposition. Key parameters—microwave power (300-850 W), irradiation
time (5-15min), and crosslinker addition—were systematically studied. Weight gain (WG) increased by 195%, with crosslinker
addition further enhancing incorporation fourfold. Vacuum-assisted techniques improved PNIPAm coverage, confirmed by
scanning electron microscopy (SEM). Fourier-transform infrared spectroscopy (FT-IR) verified PNIPAm incorporation, with
peak intensity correlating to WG. The membrane exhibited thermoresponsive hydrophilic-hydrophobic transitions, with contact
angles shifting from 40°-67° (below 25°C) to 56°-72.8° (above 40°C), enabling “on-off” permeability control. In a shelf-life
simulation, membranes fabricated at 600 W and 15 min irradiation effectively regulated O, and CO, concentrations in asparagus
packaging, extending shelf life. These results demonstrate the potential of this scalable fabrication method for smart packaging
and industrial applications.

1 | Introduction This responsiveness enables their integration into advanced ap-
plications, including water purification, controlled release sys-

Over the past decade, stimuli-responsive materials have revolu- tems, and biosensing technologies [1-3].

tionized polymeric membrane technology, giving rise to the con-

cept of “smart” or “intelligent” membranes. These membranes Among the stimuli-responsive materials, poly(N-isopropyl

exhibit a remarkable capacity to respond dynamically to envi- acrylamide) (PNIPAm)has emerged as one of the most exten-

ronmental stimuli such as temperature, pH, and magnetic fields. sively studied and widely applied in recent years. PNIPAm is a

@ 2025 Wiley Periedicals LLC.
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thermoresponsive polymer characterized by its unique ability
to undergo a coil-to-globule phase transition at its lower critical
solution temperature (LCST), approximately 32°C [4]. Below the
LCST, the PNIPAm chains expand as hydrogen bonds form be-
tween the hydrophilic amide (—CONH—) groups of the polymer
and surrounding water molecules. However, at temperatures
above the LCST, the increased molecular kinetic energy disrupts
hydrogen bonding, leading to a predominant hydrophobic inter-
action involving the polymer's isopropyl group (—CH(CH,),).
This transition causes the PNIPAm chains to collapse and expel
water, resulting in dehydration [5, 6]. This unique property of
PNIPAm has made it an attractive material for applications
such as drug delivery, tissue engineering, and biosensors [7-9].
When incorporated with a membrane, PNIPAm can transform
a passive membrane into a smart membrane that can regulate
transport properties, making it ideal for advanced applications
in drug delivery, tissue engineering, and biosensors.

PNIPAm-based composite membranes have been synthesized
on various substrates [10-12]. Among the substrates, polyeth-
ylene terephthalate (PET) has been extensively utilized in var-
ious forms, such as films, fabrics, and membranes [10, 13, 14].
The exceptional advantages of PET-based support membranes
include high chemical resistance, superior mechanical proper-
ties, and excellent permeability [15, 16]. In addition, their inher-
ent hydrophobic nature further enhances their performance,
preventing unwanted moisture absorption [17].

The PNIPAm-PET composite membranes have been developed to
leverage these unique properties, finding applications in smart-
gating systems, bio-separation, and cell culture [18-20]. Despite
their potential, the fabrication of PNIPAm-based composite mem-
branes presents significant challenges. Conventional methods
such as dip coating and spray coating often result in inconsistent
coating thickness and limited material compatibility. Several
methods have been developed to fabricate smart membranes effec-
tively. To address these issues, innovative approaches have been
developed to improve fabrication efficiency and performance.
Among these, microwave-assisted polymerization offers a prom-
ising solution by drastically reducing reaction time and conserv-
ing energy. Unlike conventional heating, which relies on gradual
thermal conduction, microwave energy directly heats the polym-
erization solution, accelerating the process and achieving high
grafting yields [21, 22]. This method has proven especially effec-
tive for synthesizing PNIPAm-grafted membranes. For instance,
our previous work showed that microwave-assisted polymeriza-
tion reduced the grafting time of PNIPAm onto a plasma-activated
surface of a Nylon membrane to just 30 min—compared to several
hours with traditional oil-bath heating—while achieving high
grafting yields of approximately 83% [23]. This acceleration sig-
nificantly enhances productivity and aligns with sustainable and
energy-efficient manufacturing goals [24]. However, the plasma-
activated technique used for initiating the polymerization process
was expensive and it limited scalability. An alternative method
was needed to improve fabrication with improved scalability and
cost-effectiveness.

Solvent-assisted polymerization has emerged as a promising
alternative, leveraging solvents with solubility parameters ()
similar to the substrate to enhance monomer diffusion and sub-
strate swelling. The solvent swelling promotes the disruption

of intermolecular cohesive forces between polymer chains and
increases chain mobility. Consequently, monomers can diffuse
more effectively into the swollen substrate, leading to improved
incorporation into the membrane structure [25-27]. Hsieh et al.
[25] revealed the effectiveness of dimethyl sulfoxide (DMSO) as
aswelling agent in promoting the diffusion and incorporation of
acrylic acid into PET films. Among six organic solvents: DMSO,
y-butyrolactone, dimethyl formamide (DMF), pyridine, tetra-
chloroethane, and chlorobenzene, DMSO exhibited the highest
monomer inclusion at 100°C. The monomer inclusion efficiency
followed the order of pyridine, tetrachloroethane, DMF, chloro-
benzene, y-butyrolactone, and DMSO, with DMSO proving most
effective in enhancing the diffusion process.

In addition to microwave-assisted methods, vacuum-suction fil-
tration has been shown to improve the structural properties of
composite membranes. Marvin et al. [28] demonstrated that the
vacuum-suction filtration assisted in the pervaporation dehydra-
tion of aqueous isopropanol solutions of the thin film composite
polyamide membranes. The vacuum-assisted technique promoted
ahigher degree of crosslinking, increased surface roughness, and a
denser membrane structure as compared to membranes fabricated
without vacuum assistance. These advancements highlight the
potential of combining advanced synthesis methods to optimize
composite membrane performance across various applications.

Thisstudy focuses on developing a scalable, simple fabrication pro-
cess for PNIPAm-PET composite membranes by combining sol-
vent- and microwave-assisted polymerization techniques. DMSO
was used asa swelling agent to enhance diffusion and facilitate the
incorporation of the NIPAm monomer into the PET membranes,
followed by microwave-assisted polymerization to ensure rapid
and efficient PNIPAm deposition. The effects of microwave output
power (300-850 W), irradiation time (5-15min), vacuum-assisted
technique, and crosslinker addition on weight gain (WG) were sys-
tematically studied. The composite membranes were subjected to
chemical and morphological analysis to assess their structure and
thermoresponsive properties. The water vapor and gas permeabil-
ity (CO, and O,) of the membranes were measured at temperatures
below and above the PNIPAm's LCST (25°C and 40°C) to evaluate
their ability to regulate the permeance of water vapor and gas by
opening and closing the PNIPAm gating mechanism. Finally, a
high permselectivity composite membrane was selected to demon-
strate its potential as a smart packaging application for extending
the shelf life of fresh produce. A temperature simulation study
was conducted to mimic real-life scenarios that packaged fresh
produce may encounter during transportation and storage or shelf
display. Gas concentrations were measured, and the quality of the
fresh asparagus was evaluated to assess the membrane's ability to
regulate conditions and prolong shelf life under simulated trans-
port temperatures.

2 | Experimental Section

2.1 | Materials

Circular PET membranes with a diameter of 47 mm, a thickness
of 12 m, and an average pore diameter of 0.2 wm were purchased

from Starlitech Co. Ltd. DMSO and n-hexane, used as swelling
and recrystallization agents, respectively, were obtained from
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RCI Lab Scan Co. Ltd. N-isopropyl acrylamide (NIPAm) mono-
mer and N, N-methylene bisacrylamide (BIS) crosslinker were
obtained from TCIL. The NIPAm was recrystallized in n-hexane
to remove inhibitors. Ammonium persulfate (APS) with 75%
remaining water was used as an initiator and obtained from
Acros Organics Co. Ltd. Calcium chloride 2-hydrate, procured
from KemAus Co. Ltd., served as a desiccant for water vapor
permeability testing. Deionized (DI) water was used throughout
the study.

2.2 | Preparation of PNIPAm-PET Composite
Membranes

Tigure 1 shows the preparation process for PNIPAm-PET com-
posite membranes. The PET membrane was first swollen in
DMSO at 100°C for 3h and then carefully blotted with tissuc
paper Lo remove excess solvent. A NIPAm monomer solution
was prepared by dissolving 8.80 mmol NIPAm monomer and
8.76 X 10~ mmol of APS initiator in 10mI DI water. After that,
the swollen PET membrane was individually submerged in
the prepared NTPAm solution for 10min at room temperature.
Subsequently, the membrane was irradiated in a microwave
oven (Samsung, MS2815255UB/ST, Thailand). During the mi-
crowave irradiation, the APS initiator decomposed at solution

temperatures exceeding 70°C and initiated the [ree-radical po-
lymerization of the NIPAm monomer [29]. Table 1 summarizes
the microwave irradiation conditions employed for synthesizing
the PNIPAm-PET composite membranes.

The microwave output power (300, 600, and 800 W) and irradia-
tion time (5, 10, and 15 min)were varied to optimize the synthesis
conditions. For membranes prepared using the vacuum-assisted
technique, the swollen PET membrane was clamped in the
vacuum [iltration device, and the NIPAm solution was [lushed
through the membrane before being irradiated in the micro-
wave oven. To investigate the effect of crosslinker addition, the
mol ratio of BIS: PNIPAm was fixed at 0.41: 8.81 mmol. The BIS
crosslinker was added to a NIPAm solution, and the same pro-
cedure was followed for preparing the non-crosslinked or lincar
PNIPAm-PET composile membrane.

The smart membranes were labeled based on the synthesis
conditions to streamline identification. The effects of key pa-
rameters, including microwave output power, irradiation time,
additional vacuum-assisted technique, and crosslinker addition,
were abbreviated as P, T, Va, and C, respectively. For instance,
P600T15VA was synthesized under microwave power output of
600W, irradiation time of 15min, and with the usc of a vacuum-
assisted technique.

DMSO solvent

PET TeMS Swelling membrane in DMSO

f - ST N
Effect of microwave output power and irradiation time ﬂl’j
DI water n
o (-
o o, o o PNIPAm 2~y
> T —
Microwave
irradiation
PNIPAM-PET
composite membrane
\ D,
(" T s N
Effect of vacuum-assited technique
Vacuum DI water Dense PNIPAm
= Microwave
irradiation
Vacuum-assisted PNIPAm-PET
composite membrane
" >,
Vs . - N
Effect of crosslinker addition
Crosslinked PNIPAm
irradiation
Crosslinked PNIPAm-PET
composite membrane
2 J

FIGURE 1 | Schematic illustration of the preparation process of PNIPAm-PET composite membranes. [Color figure can be viewed at wileyon-

linelibrary.com]|
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TABLE1 | The PNIPAm-PET composite membrane codenames and preparation conditions.

Irradiation Vacuum
Effect Codename Output Power (W) time (min) technique use NIPAm:BIS
Microwave output power P300T15 300 15 — —
P600T15 600 15 — —
P850T15 850 15 — —
Irradiation time P600TS 600 5 — —
P600T10 600 10 R =
Vacuum-assisted technique P600T15Va 600 15 v —
Crosslinker addition P300T15C 300 15 — 0.41:8.81

After completing the polymerization process, the PNIPAm-
PET composite membrane was then thoroughly washed with
DI water and subsequently immersed in 20mL of DI water in a
water-shaking bath overnight to remove the nonreacted mono-
mer before being stored in a desiccator at room temperature. The
percentage WG—defined as the dry weight difference between
the PNIPAm-PET composite membrane and the original PET
membrane using the gravimetric method—was calculated ac-
cording to Equation (1).

W, -W
wq%m%xmo )
1

wherein W, is the weight (g) of the original PET membrane and
W, is the weight of the membrane after microwave-assisted po-
lymerization of PNIPAm.

For chemical structure and thermal character comparison,
PNIPAm hydrogel was prepared by microwave-assisted po-
lymerization at the microwave output power of 600W and
the irradiation time of 15min with the same concentration of
NIPAm monomer and APS initiator in fabricating PNIPAm-
PET composite membranes. Then, the film of PNIPAm hydro-
gel was acquired by solution-casting in a petri dish at room
temperature.

2.3 | Characterizations

Fourier-transform infrared spectroscopy (FT-IR) analysis of the
PNIPAm-PET composite membranes was carried out using an
FT-IR spectrometer (Tensor 27, Bruker, USA) equipped with at-
tenuated total reflectance (ATR) mode to confirm the presence
of PNIPAm functional groups. The FT-IR spectra were collected
in the wavenumber range of 4000 to 400cm ™! with 64 scans in
the resolution of 2cm™'.

The morphology of the PNIPAm-PET composite membranes
was examined using a scanning electron microscope (SEM)
(JEOL JSM-6010LV, JEOL Ltd., Japan). The samples were
cryo-fractured in liquid nitrogen and sputter-coated with gold
for 120s before observation. Morphological analyses were per-
formed on both the top surface and cross-sectional areas with
a rotating angle of 45° tilt angle with an accelerating voltage
of 10 kV.

Water contact angle measurement was performed on the com-
posite membrane at room temperature using the sessile drop
method and a goniometer (Dino-Lite Digital Microscope, AnMo
Electronics Corp., Taiwan). A 3uL droplet of deionized (DI)
water was placed on 5 different surfaces for 3 sample repetitions
of the composite membrane using a syringe at temperatures of
25°C and 40°C. The contact angle was determined immediately
after the droplet was applied by analyzing photographs of five
different areas on the sample surface. The axisymmetric drop
shape analysis (ASDA) was performed using Imagel software.

2.4 | Thermoresponsive Performance
Measurement

Water vapor transmission rate (WVTR) measurement was
conducted using the dry-cup method (ASTM 96-95) [30]. The
PNIPAm-PET composite membrane with an effective area of
176.71 mm?* was secured on the lid of a polytetrafluoroeth-
ylene (PTFE) cup, which contained 5g of calcium chloride
(CaCl,) as desiccant. The assembled cups were placed in a
temperature- and humidity-controlled chamber maintained
at a relative humidity (RH) of 90%, and tested at temperatures
of either 25°C or 40°C. Mass measurements were recorded
at hourly intervals. The WVTR was calculated based on the
water vapor flux, defined as the rate of mass change over
time normalized by the effective area of the membrane, as de-
scribed by Equation (2).

_Flux _AG
T Area  AtxA

@

where WVTR is the water vapor transmission rate (g/h.m?).
A is the permeable area (m?). AG and At are the weight differ-
ence (g) and time difference (h) of the tested sample, respec-
tively [30].

The ratio of water vapor transmission rate (Ry, ;) Was calcu-
lated by using Equation (3).

WVTR,
R 2 at 40°C
WY T WVTR 550 @

The gas permeability measurements were conducted following
the methodology described in the previous study [23]. In short,
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the PNIPAm-PET composile membrane was immersed in DI
water for 20min at room temperature to allow the PNIPAm
to swell. The swollen PNIPAm-PET composite membrane was
then placed over the opening of a chambered acrylic cylindrical
container with a volume capacity of 1179cm?. The membrane
was secured with an acrylic cover that featured a 5mm perfo-
rated hole. The chamber was cvacuated with a high-vacuum
pump for 3min to remove air, followed by [lushing with a gas
mixture containing 21% CO,-balanced N,,. This flushing process
was repeated twice Lo ensure consistent gas composition. The
container was then stored under controlled conditions: either in
an air-conditioned room at 25°C or in an oven at 40°C.

Gas sampling was performed by extracting 5em? of gas from the
chamber hourly, replacing the sampled volume with N, to main-
tain chamber pressure. The gas composition was analyzed using
a gas chromatograph (7890A, Agilent Technologics, USA). The

data were processed by plotting the logarithm ratio of gas con-
Cranl) = Croult)

centrations ln against time, where and represent

)= Crault)
the volumetric fractions of gas I inside and outside the container

at the initial time (0) and at a determined time (t). This analysis
determined the CO, and O, transmission rales per volume.

2.5 | Shelf-Life Analysis of Green Asparagus Under
Simulated Storage and Transportation Conditions
Using PNIPAm-PET Composite Membranes

The PNIPAm-PET composite membrane was cvaluated for its
suitability in simulating the transportation conditions of fresh
produce, characterized by immediate temperature changes.
Iigure 2a illustrates the temperature profile during storage and
transportation. Green asparagus was stored in airport cargo at
5°Cfor 48 h (hours 0-48), followed by exposure to 35°C during a
tarmac process for 2h (hours 49-50), and then returned to stor-
age at 5°C (hours 51-216) [31].

The PNIPAm-PET composite membrane was chosen for its high
B value to accommodate the high respiration rate of the green
asparagus. The composile membrane was compared (o commer-
cial LDPE film. Green asparagus was chosen for this study due

40

(a) Actual temperature
5 —— Theoretical temperature|

Temperature (°C)
> 8 B B8
T T T T

>
T

0 | b o o 0 N e B o
0 24 48 72 96 120 144 168 192 216 240 264
Storage time (hours)

1o its high respiration rale and sensitivity to temperature [luc-
tuations. The asparagus was sourced from Stang arm Fresh
Vegetable Ltd. (14.927042°N, 102.109524°E), washed twice
with distilled water to remove soil, and trimmed to a length
of 140mm. Uniform spears with straight profiles and diame-
ters ranging from 7 to 12mm were selected, with 100g batches
weighed for the experiment. The chosen asparagus batches
were placed in acrylic containers (1179 cm? capacity), as shown
in I'igurc 2b. The containers were covered using three config-
urations: an open control condilion with a perforated acrylic
lid (5mm diameter hole), a lid covered with the PNIPAm-PET
composite membrane (CM) over the 5mm diameter hole, and
a lid covered with commercial LDPE film (LDPE) 5mm diame-
ter hole. Each configuration was further covered with the per-
forated lid. The asparagus containers were tightly sealed with
binder clips and stored under the temperature profile illustrated
in Figure 2a. Gas concentrations (CO? and 0%) were monitored
every 24h. Due (o the dynamic storage profile, actual internal
temperatures increased over the measurement period.

In a shelf-life study, the concentrations of O, and CO, in the con-
tainer headspace were monitored using a gas analyzer (900,141,
Bridge Analyzers Inc., USA). During sampling, N, was added
to the chamber to maintain pressure balance and compensate
for the removed volume. The asparagus in cach container was
weighed before and afler storage (o delermine the percentage
of weight loss. Additionally, the textural propertics of the aspar-
agus were assessed using a TA-XTplusC texturometer (Stable
Micro Systems, UK). Shear force tests were performed by cut-
ting the asparagus at two positions—30mm and 100mm from
the tips—at a test speed of 10mm/min. These measurements
provided insights into the mechanical integrity of the asparagus
after storage under the specified conditions.

2.6 | Statistical Analysis

Most experimental results were analyzed using one-way
ANOVA bascd on three replicates. Post hoc comparisons were
conducted using Tukey's HSD test at a significance level of
«=0.05.

FIGURE2 | (a)Theoretical and actual temperature profile for simulated storage and transportation and (b) Setup of the PNIPAm-PET composite
membrane preparation for shell-life simulation. |Color figure can be viewed at wileyonlinelibrary.com|
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3 | Results and Discussion

3.1 | Effects of Synthesis Conditions on the Weight
Gain of PNIPAm-PET Composite Membranes

Table 2 presents the WG of the PNIPAm-PET composite mem-
branes synthesized under various conditions. To examine the ef-
fect of microwave output power, the irradiation time was fixed at
15 min. It could be seen that the WG increased as the microwave
output power increased from 300 to 600W, showing that the
WG of 44.21 and 191.74% corresponded to the samples P300T15
and P600T15, respectively. However, at a higher output power
of 800 W, the WG decreased to 93.35% for sample P800T15. The
increased microwave output power enhanced the activity of the
reaction system and the propagation rate of the NIPAm mono-
mer [32]. Nevertheless, excessive microwave power led to rapid
and excessive heating, which accelerated the termination phase
of the monomer polymerization reaction [22].

Ontheotherhand, at a fixed microwave output power of 600 W—
which yields the maximum WG, the WG increased linearly with
the extended irradiation times. The WG of the samples P600TS5,
P600T10, and P600T15—corresponding to the irradiation times
of 5, 10, and 15 min—was 36.25, 121.73, and 191.74, respectively.
The increase in WG was attributed to the prolonged propagation
process in the reaction system, allowing more monomer incor-
poration [33].

The effect of the vacuum-assisted technique was evaluated by
comparing sample P600T15Va, which utilized vacuum assis-
tance, to sample P600T15, prepared under normal conditions;
both used a microwave output power of 600W and an irradia-
tion time of 15min. The vacuum-assisted technique enhanced
the WG of the CM from 191.74 to 210.25%, because the pres-
sure facilitated the penetration of monomers and initiator into
the surface and pore of the PET membrane before microwave-
assisted polymerization.

Furthermore, the addition of a crosslinker was also investigated.
Preliminary results showed that at the microwave output power
of 600 W with an irradiation time of 15min, the PNIPAm layer
became too thick for the PET membrane to maintain its shape.
Therefore, the reduced microwave output power and irradiation
time of 300 W and 15min were used. The sample P300T15C
had a WG of 184.03%, which was approximately 4 times higher

TABLE2 | WG of PNIPAm-PET composite membranes.

than P300T15 (44.21%). This result was because the BIS cross-
linker reacted with the PNIPAm monomers to form covalent
bonds between the polymer chains. This reaction results in a
three-dimensional network structure that prevents the polymer
chains detaching from the membrane [34].

In the previous study [23], the surface of the Nylon mem-
brane was modified by plasma treatment before grafting with
PNIPAm using microwave-assisted polymerization. These cou-
pled methods could fabricate the grafted PNIPAm on the Nylon
membrane with a grafting yield of 6-154%, which is less than
the solvent and microwave-assisted method. The solvent and
microwave-assisted polymerization were alternative methods to
fabricate the CM.

In summary, the study highlighted the effects of microwave
output power, irradiation time, vacuum-assisted technique,
and crosslinker addition on the WG of PNIPAm-PET compos-
ite membranes. WG increased with higher output power and
extended irradiation times due to the enhanced reaction activ-
ity. The vacuum-assisted technique improved WG by facilitat-
ing monomer penetration, while crosslinker addition further
enhanced WG by forming a robust three-dimensional polymer
network.

3.2 | Effects of Synthesis Conditions on the FT-IR
Spectra of PNTPAm-PET Composite Membranes

Figure 3a shows the FT-IR spectra of PNIPAm film and
PNIPAm-PET CMs. The absorption bands at 3285cm™
(N—H stretching), 3080cm™ (C—H stretching resonant with
Amide I overtone), 2973 cm™! (asymmetric C—H stretching),
1638 cm™' (Amide 1), and 1540cm™~ (Amide II) belonged to
the characteristic absorption peaks of PNIPAm film [29, 35].
The PET membrane displayed the characteristic bands at
1715cm™! (C=0 stretching), 1250 cm™ (C—C—O stretching),
1100cm™! (C—O stretching), and 724 cm™! (C—H bending)
[36,37]. The FT-IR spectra of the PNIPAm-PET CM presented
the characteristic absorption bands of both the PNIPAm and
PET membranes, confirming that the PNIPAm-PET CM com-
prised components from both materials. The FT-IR spectra of
PNIPAm-PET CMs with and without BIS crosslinker addition
were similar. This similarity was due to the characteristic
NIPAm peaks and the H-bond between isopropyl groups, as

Codename Microwave output power (W) Irradiation time (min) Additional technique Weight gain (%)
P300T15 300 15 — 44.21£3.70°
P600TI1S 600 15 — 191.74 £10.56*
P850T15 850 15 — 93.35+12.28°
P600TS 600 5 —_ 36.25+5.23°
P600T10 600 10 — 121.73+18.98"
P600T15Va 600 15 Vacuum-assisted technique 210.25+11.95*
P300T15C 300 15 Crosslinker addition 184.03+13.89*

Note: Significant differences at p<0.05 are indicated by different letters. Data are presented as mean +standard error (S.E.) based on three replicates.
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FIGURE3 | (a) FT-IR spectra of PNTPAm film, PET membrane, and PNIPAm-PET composite membrane (without and with crosslinker), (b) FT-
IR spectra ol the PNIPAm-PET composite membrane [abricated under various conditions. [Color ligure can be viewed at wileyonlinelibrary.com|

reported in the literature [29, 38]. Moreover, no shifts were
obscrved in the characteristic PET peaks within the I'T-
IR spectra of the PNIPAm-PET CM. This indicales that the
microwave irradiation process did not chemically alter the
PNIPAm or PET molecular structures.

Figure 3b presents the FT-IR spectra of PNIPAm-PET compos-
ite membranes prepared under varying synthesis conditions.
A comparison of the microwave power outputs for samples
P300T15, P600T1S, and P850T15 (300, 600, and 850 W, rc-
spectively, with a constant irradiation time of 15min) reveals
differences in the intensitics of characteristic absorption
peaks. These include peaks at 1638cm™" (Amide T), 1540 cm™’
(Amide 11), and 3285cm™" (N-H stretching) |39]. The intensi-
ties of these peaks increased as the microwave power output
rose from 300 W to 600 W, indicating the enhanced incorpo-
ration of PNTPAm onto the PET membrane. It had been re-
ported that the reaction rate enhancement depended on the
microwave output power [22, 40]. Furthermore, the charac-
teristic peaks at 1250cm™" of PET gradually decrcased and
disappeared due to the dense PNIPAm on the PET membrane,
so that the infrared ray cannot penetrate the substrate |41].
However, applying excessively high microwave power to the
reaction system could resultin overheating [42]. In this study,
at a higher output power of 850W, the peak intensitics asso-
ciated with PNIPAm decreased while the characteristic PET
peak (1250em™) reappeared. This suggests that overheating
caused the polymerization process o terminale prematurely.
Therefore, selecting optimal microwave conditions was cru-
cial to achieving the maximum WG.

1t was noticeable that the intensity of the characteristic absorp-
tion peak of PET at 1250 showed a decreasing trend with the WG
obtained from different synthesis conditions. Similarly, the el-
fect of irradiation time (P600TS5, P600T10, and P600T15) showed
an improvement in the intensity of PNIPAm-related peaks. This
trend was consistent with the effects of the vacuum-assisted

technique and crosslinker addition. This phenomenon could be
attributed to the incrcased WG, indicating a greater PNIPAm
deposition over the PET surface. Therelore, the results con-
firmed that microwave-assisted did not chemically alter the
substrate. Instead, the intensity of the composite's characteristic
peak depended on the synthesis condition, which influenced the
amount of PNTPAm incorporated into the substrate. In the case
of crosslinker addition, the spectra predominantly resembled
those of the PNIPAm-PET composite membrane, with only faint
PET characteristic peaks detected. This reduction in PET peak
inlensity is likely due to the formation of a thicker PNIPAm layer
on the membrane surface.

3.3 | Effects of Synthesis Conditions on
the Morphology of PNIPAm-PET Composite
Membranes

Figure 4 presents SEM images of PNIPAm-PET composite mem-
branes, illustrating the top surface (top row) and cross-sectional
views (bottom row) under different synthesis conditions. The
pristine PE'T membrane (Figure 4a) exhibited uniformly distrib-
uted pores with vertically aligned cylindrical structures and no
polymer coverage.

Under microwave-assisted polymerization at lower power and
irradiation time (P3007T15; Iigurc 4b), partial membranc sur-
[lace coverage and pore infiltration by PNIPAm were observed,
with some polymer localized on the surface and within the
pores. Randomly distributed PNIPAm clusters were also seen
on the surface. As microwave output power and irradiation time
increased (P600T1S; Figure 4¢), the extent of pore coverage im-
proved significantly, and the frequency and size of surface clus-
ters increased. This behavior is attributed to the higher energy,
facilitating rapid polymerization and localized accumnulation
of PNIPAm, particularly in areas where monomer concentra-
tion may have been higher during the synthesis process. These
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Cross-section area | Top surface area

FIGURE 4 | SEM micrographs of the top surface (top) and cross-sectional area (bottom) of. (a) original PET membrane and PNIPAm-PET com-
posite membranes with different conditions: (b) P3007T15, (¢) P600T15, (d) P850T15, () P600T15Va, and () P300T15C.

observations align well with the WG results, which showed a
higher WG value for P600T15 compared to P300T1S, confirm-
ing the role of synthesis conditions in influencing both poly-
mer coverage and cluster formation. At the high output power
(P850T15; Iigure 4d), PNTPAm clusters appeared to be larger
than those of P600T15 because of the rapid polymerization in-
duced by the high-energy condition. llowever, the PLT mem-
brane pores also became visible, suggesting that the overhealing
caused the polymerization in some areas, which aligns with WG
and FT-IR results.

The application of the vacuum-assisted technique (Figure 4¢)
further enhanced PNIPAm dispersion and pore infiltration.
The vacuum promoted monomer penetration and polymeriza-
tion within the pores, crealing a more consistent polymer layer.
However, excessive vacuum pressure caused slight pore defor-
mation and aggregation of PNIPAm into clusters, as observed in
the SEM images. These clusters may result from local increases
in monomer population during synthesis under high-vacuum
conditions.

The addition of a crosslinker (Figure 4f) produced the most ex-
tensive surface and pore coverage, forming a thick, cohesive
polymer layer. The crosslinker facilitated stronger intermolee-
ular interactions, which enhanced polymer uniformity but also
promoted the formation of larger PNIPAm clusters. These clus-
ters enveloped the pores and surface, contributing to the higher
WG observed under these conditions.

The random distribution of PNIPAm clusters and their in-
creased occurrence at higher microwave energies suggest that
synthesis parameters strongly influenee the morphology of the
composite membranes. The clusters are likely formed due to the
rapid polymerization and localized accumulation of polymer
in high-concentration regions, particularly during microwave-
assisted synthesis. These observations, coupled with the WG re-
sults, demonstrate the interplay between synthesis conditions,
polymer morphology, and functional properties. The extent of
pore coverage and cluster formation plays a crucial role in deter-
mining the gas permeabilily and thermoresponsive behavior of
the membranes.

3.4 | Hydrophilicity and Hydrophobicity Analysis
of PNIPAm-PET Composite Membranes

The thermoresponsive hydrophilic-hydrophobic properties of
PNIPAm-PET composite membranes were evaluated through
water contact angle measurements. To ensure accurate analysis,
the PET sheet was used in place of the PET support membrane
to avoid interference from pore-connecting channels that could
cause waler droplets to migrate. Figure 5 presents the water con-
tact angles of PNIPAm-PET composite sheets prepared under
various conditions.

The water contact angles of the PET sheet showed a mini-
mal change, from 77° to 75° when the temperature changed
[rom 25°C to 40°C, indicating that there were no thermore-
sponsive “hydrophilic-hydrophobic™ switching properties.
In contrast, PNIPAm-PET composite membranes prepared
using microwave-assisted polymerization demonstrated a
significant change, with the water contact angle of 40° and
80° at 25°C and 40°C, respectively. At 25°C, the influence of
microwave output power was assessed for samples P300T15,
P600T15, and P850T15, which exhibited walter contact angles
of 58°, 40°, and 61°, respectively. Additionally, the effect of ir-
radiation lime was evaluated for samples P600TS, P600TI10,
and P6007T15, which showed contact angles of 67°, 53° and
40°, respectively. The observed decrease in water contact
angle with increased microwave output power and irradiation
time was attributed to enhanced WG of the composite sheets,
resulting in greater hydrophilicity. This phenomenon occurs
as the hydrophilic groups (-NH,-C=0) form hydrogen bonds
with water molecules.

At 40°C, the contact angles of the composite sheets were gen-
erally higher than those at 25°C, consistent with the thermo-
responsive properties of PNIPAm. For example, as shown in
Figure 5b, the water contact angle of P600T15 increased from
55.9° at 25°C to 72.8° at 40°C. This temperature-dependent
behavior was attributed to the interaction of hydrophilic
groups (-NII,-C=0) and hydrophobic groups (-CII(CII,),)
in PNIPAm [39]. The WG played a significant role in the
water contact angle changes, as incrcased PNIPAm content
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on the PET surlace enhanced its unique thermoresponsive
properties.

The effect of crosslinker addition was further compared be-
tween sample P300T15C and the P600T15Va, which has sim-
ilar WGs. It was observed that the difference in water contact
angles at 40°C and 25°C was smaller for P300T15C compared
1o P600T15Va. This suggests that the BIS crosslinker restricted
the free movement of PNIPAm chains, limiting their swelling
ability, a phenomenon consistent with previous reports [23].

3.5 | Water Vapor Permeability of PNIPAm-PET
Composite Membranes

Fresh-produce packaging relies heavily on water vapor perme-
ability due to its connection to transpiration. Morcover, water
vapor permeability plays a critical role in humidity optimization
to restrict bacterial growth and prolong shelf life [43]. Table 3
shows the relationship between the WVTR of various PNTPAm-
PET composite membranes at 25°C and 40°C and the water vapor

transmission ratio (Ryqp), denoted as WVTR, ../ WVTR

407 25°C*

Firstly, the WVTR of the PET membranc was 134g/(hm?) at
25°C and 268g/(hm?) at 40°C, indicating that tempcrature

100

significantly influences waler vapor permeability. This increase
in WVTR at higher temperatures is due to the enhanced molec-
ular motion, allowing more water vapor molecules to permeate
through the membrane material [44]. The WVTR of composite
membranes P300T15, P600T10, and P600T15 reflected the im-
pact of microwave output power and irradiation time. P300T15,
with low WG, showed WVTR values comparable to the PET
membrane at 25°C, suggesting insufficient PNIPAm coverage
on the pores to fully exhibit thermoresponsive behavior. In con-
trast, P600T10 and P600T15, which had higher WG, exhibited
decreased WVTR at 25°C due to the increased PNIPAm cover-
age, which effectively restricted water vapor transmission.

The application of the vacuum-assisted technique (P600T15Va)
resulted in a WVTR of 83g/(hm?) at 25°C, slightly higher than
P600T10, likely due to the differences in membrane morphology
caused by vacuum processing. Similarly, the addition of a cross-
linker (P300T15C) yielded a WVTR of 83 g/(hm?) at 25°C.

AL 40°C, the WVTR of all composite membranes increased sig-
nificantly, approaching but remaining slightly lower than that
of the PET membrane, compared to their values at 25°C, except
for the crosslinked membrane (P300T15C). This trend suggests
the temperature-dependent behavior of smart membranes. The
slightly lower WVTR at clevated temperatures indicates that

@ Eesciod (b

a
[a b 3
80 Jrl) 5 be il— A
- El cd e b4 d
B +
i d}' Cd
]

Water contact angle (°)

i

PET sheet P300T15 P600T1S PSSOT1S P60OTS P60OT10 P300T15C PNIPAm

Condition of PNIPAm-PET composite membranes

FIGURES | (a) Water contact angles at 25°C and 40°C of the PNIPAm composite membrane prepared under various conditions (b) Water contact
angle measurement of PNIPAm composite membrane (P600T15), showing values of 55.9°at 25°C and 72.8° at 40°C. Significant ditferences at p <0.05

are indicated by different letters. Data are presented as mean +SE based on three replicates. [Color figure can be viewed at wileyonlinelibrary.com)]

TABLE 3 | Water vapor transmission rate at 25°C and 40°C of the PNIPAm-PETT composite membranes prepared under various conditions.

WVTR (g/(h-m™2))

Effect Codename %WG 25°C 40°C .
PET membrane — - 134+ 3? 268441 2.0
Output power and irradiation time P3007T15 44 104 222 219+8° 21
P600T10 121 80+9° 231+ 19" 2.8
P600T15 191 46+10° 21443 4.7
Vacuum-assisted technique P600T15Va 210 837" 247 10 3.0
Crosslinker addition P300T15C 184 83+ 14 88+4d 1.1

Note: Signilicant differences al p <0.05 are indicated by different letters. Data are presented as mean +standard error (SE) based on three replicates.
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the presence of PNIPAm polymer within the membrane pores
may partially restrict water vapor mobility through the mem-
brane, even when the polymer chains collapse above the LCST.
The increased WG in these membranes enhanced their ability
to regulate water vapor permeability, demonstrating that higher
PNIPAm content improves the “on-off” gating mechanism for
water vapor. However, despite its high WG of 184%, P300T15C
achieved a WVTR of 88g/(hm?) at 40°C, closely resembling its
value at 25°C. This outcome is likely due to the obstruction of
chain movement caused by crosslinking, which restricted the
polymer's thermoresponsive behavior and hindered the “on-
off” gating effect.

Ry,yrg Was analyzed to reveal the thermoresponsive character-
istics of the composite membranes. According to Darcy's law,
the theoretical RWVTR for a membrane at 25°C, 90% RH, and at
40°C, 90% RH, is 2.32 [45]. The Ry, of the PET membrane
and P300T15 is lower than 2.32, likely due to their porous
structures, which allowed unrestricted water vapor transmis-
sion. Conversely, the composite membranes with high WG ex-
hibited an Ry, greater than 2.32, suggesting the presence of
additional mechanisms beyond Darcy's law. These mechanisms
include enhanced diffusion through PNIPAm polymers and
structural changes in the pores at 40°C. However, the cross-
linked membrane exhibited an Ry lower than 2.32, likely
due to the restricted chain mobility caused by crosslinking. This
limitation reduced diffusion, caused pore blockage, and hin-
dered gate opening at elevated temperatures.

3.6 | Gas Permeability Performance of Composite
Membranes

Gas permeability is a critical property of packaging materials for
extending the shelf life of fresh produce. Properly aligning the
gas permeability of the packaging with the respiration rate of the
produce can suppress respiration, reduce weight loss, and slow
down aging, thereby preserving quality. Gases such as oxygen
(0,) and carbon dioxide (CO,) play an essential role in modu-
lating internal gas concentrations, which are vital for shelf-life

extension. However, as temperature increases, the respiration
rate of fresh produce also rises, requiring higher O, concentra-
tions and greater CO, release from the packaging. This variabil-
ity underscores the need for self-regulating gas permeability
systems in fresh-produce packaging. Furthermore, permselec-
tivity, defined as the permeability ratio between CO, and O,
(denoted as f3), is a crucial parameter in modified atmosphere
packaging (MAP) systems. A high 8 value supports the mainte-
nance of reduced oxygen levels, thereby decreasing respiration
rates and metabolic activity in fresh produce, significantly con-
tributing to extended shelf life and quality preservation [46].

The smart-gating membrane concept for fresh-produce packag-
ing operates via temperature-responsive behavior mediated by
water. During storage, transpiration induces water vapor con-
densation, which becomes trapped on the film or CM surface.
This moisture facilitates the hydration of PNIPAm, enabling its
thermoresponsive phase transition in response to temperature
fluctuations.

Table 4 presents the O? transmission rate (OzTR), CO, trans-
mission rate (CO,TR), and § values for the PET membrane and
PNIPAm-PET composite membranes under various synthesis
conditions at 25°C and 40°C. The PET membrane exhibited
CO,TR, O,TR, and g values at 25°C of 60.65cm?/h, 74.57cm?/h,
and 0.82, respectively. In general, the O,TR was higher than
the CO,TR due to the differences in the molecular sizes and
diffusivities of oxygen and carbon dioxide [46, 47]. When the
temperature increased to 40°C, CO,TR and O,TR values also
increased, consequently influencing the 8 value. This behavior
can be attributed to the enhanced molecular motion at higher
temperatures, driven by increased kinetic energy, which facili-
tates the ability of gas molecules to overcome barriers and per-
meate through the membrane pores more readily [48].

The composite membrane P300T15, with a WG of 44%, exhib-
ited O,TR and CO,TR at 25°C and 40°C similar to those of the
PET membrane, reflecting the insufficient PNIPAm coverage
on the PET surface. Increased microwave output power and
irradiation time enhanced WG, leading to improved PNIPAm

TABLE4 | Gastransmission rates (O,, CO,) of PET membrane and PNIPAm-PET composite membranes prepared under various conditions.

25°C 40°C

CO,TR 0,TR CO,TR 0,TR
Effect Condition %WG (cm?/h) (cm?/h) g (cm?/h) (ecm?/h) B
PET - —  60.65£3.89"° 74.57+£7.43* 0.82+0.05° 7493+1.70° 91.02+1.27° 0.82£0.01%
membrane
Output P300T15 44 55294213 73.68+044* 0.75+0.03° 78.72+£271* 92.32£6.00° 0.85+0.03*
powerand poonio 13 198042190 1450+1.270 138£024° 56.50%1.12% 77.46+3.27° 0.73+0.02
irradiation
time P600T15 191  51.88+3.36"° 43.05+1.75° 1.20+0.03* 61.43+2.08" 84.42+265" 073+0.01%
Vacuum- P600T15Va 210  44.09+3.22° 54.82+3.36° 0.80+0.01° 61.43+9.85" 84.42+783° 073+0.07
assisted
technique
Crosslinker ~ P300TISC 184  31.95+2.11¢ 41.48+2.17° 077+001° 4810+290° 78.05+0.24° 0.62+0.04¢
addition

Note: Significant differences at p<0.05 are indicated by different letters. Data are presented as mean +standard error (SE) based on three replicates.
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coverage and significant changes in gas transmission behavior.
Membranes P600T10 and P600T15, with WG of 121% and 191%,
respectively, demonstrated decreased O,TR and CO,TR at 25°C.
This reduction indicates that the swelling of PNIPAm chains
below the LCST restricts gas transmission by effectively block-
ing the pores.

At 40°C, above the LCST, the PNIPAm chains collapsed, expos-
ing more of the PET membrane to air and facilitating greater
gas transport. This transition resulted in increased O,TR and
CO, TR values, approaching those of the PET membrane. These
findings highlight the temperature-dependent behavior of
PNIPAm-PET CMs and their ability to regulate gas permeability
through a thermoresponsive “on-off” gating mechanism.

In order to enhance PNIPAm uniformity on the PET membrane,
the effects of the vacuum-assisted technique were examined. At
25°C,the O2TR, CO2TR, and B values of P600T15Va were 44.09,
54.82, and 0.80, respectively. In comparison to the P600T15, the
vacuum-assisted sample demonstrated increased O2TR and
CO2TR values, while presenting a reduced § value. This sug-
gests that the pressure applied during the vacuum-assisted tech-
nique may have caused pore damage, which notably impacts gas
transmission rates. The resulting membrane exhibited larger,
interconnected pores that facilitated increased gas permeation
through the membrane.

A previous study reported that the grafted PNIPAm on a Nylon
porous membrane with high grafting yields showed 8 at 25°C
close to 1.1 [23]. In contrast, the PNIPAm-PET composite mem-
brane prepared under P600T15 conditions demonstrated the
potential to achieve a 8 value exceeding 1.1, highlighting its su-
perior gas permselectivity. The increased 8 value makes P600T15
a promising alternative due to its simple fabrication process and
reduced reliance on chemical ingredients. Additionally, design-
ing atmosphere-controlling packaging systems that effectively
extend shelf life depends on choosing a gas permselectivity that
is compatible with the specific respiration rates of different spe-
cies of fresh produce.

3.7 | Fresh-Produce Storage and Transportation
Simulation Analysis

The CM P600TLS was selected for the simulation and compared
to commercial LDPE film due to its high 8 value. Figure 6 (a) il-
lustrates the gas composition (O, and CO,) within the asparagus
packaging headspace during storage. The optimal ranges for O,
(15%-20%) and CO, (5%-10%) at 5°C are indicated by the green
and gray bands on the graph, respectively [49].

For O, concentration monitoring, the open (control) condition
maintained a constant concentration of 20%, whereas the CM
and LDPE conditions decreased to approximately 17%. When
the asparagus chambers were exposed to 35°C for 2h (hours
49-50), O, concentrations declined sharply across all three con-
ditions due to the accelerated respiration of the asparagus. Upon
returning to 5°C for 9days (hours 51-216), the respiration rate
of the fresh produce decreased. By hour 72, the open condition
returned to equilibrium at 20%, maintaining a stable O, concen-
tration throughout the storage period. In contrast, the CM and

LDPE conditions stabilized at 11%-12% O, after the temperature
abuse and showed a slight increase upon returning to 5°C. Both
conditions reached equilibrium around hour 140, with the O,
concentration for the CM remaining within the optimal range
for asparagus storage.

The CO, concentration across all three conditions remained
within the range of 0%-3% during the initial 2days. Exposure
to 35°C for 2h caused a sharp increase in CO, concentration,
which was followed by a gradual decline until equilibrium was
achieved. Both the LDPE film and the PNIPAm-PET CM effec-
tively regulated CO, levels, maintaining concentrations suitable
for asparagus storage throughout the experiment.

From these results, it is evident that the gas concentrations in
the package headspace for the smart packaging (CM) were com-
parable to those of the commercial LDPE film during the 10-day
experiment. However, as shown in Figure 6a, the gas concentra-
tions for the smart packaging consistently fell within the opti-
mal range for asparagus storage (indicated by the green and gray
bands on the graph), demonstrating comparable performance
over the full storage duration. This highlights the effectiveness
of the responsive properties of the PNIPAm-PET CM in main-
taining favorable storage conditions.

Figure 6b further supports the effectiveness of the PNIPAm-PET
CM in restricting asparagus transpiration, as indicated by re-
duced weight loss. The weight loss for the CM was 2.85%, slightly
higher than the LDPE film (2.73%) but significantly lower than
the open control (3.13%). Although the differences in weight loss
were not statistically significant within the 10-day experiment,
the results highlight the CM's ability to regulate water vapor and
maintain produce freshness. Given the thermoresponsive prop-
erties of the CM, it is hypothesized that over extended storage
periods, the CM may demonstrate even better performance in
reducing weight loss compared to the LDPE film. The CM's dy-
namic regulation of water vapor permeability, especially under
fluctuating temperature conditions, could provide cumulative
benefits in preserving asparagus quality over time. Future stud-
ies could further validate this by examining its performance in
longer storage trials.

Figure 6¢ presents the firmness of asparagus before and after
storage under the open (control), commercial LDPE film, and
PNIPAm-PET CM conditions. Measurements taken 5cm from
the tips showed an increase in asparagus firmness after storage
across all conditions, attributed to enhanced fiber content and
fiber lignification [50]. Notably, both the LDPE and CM con-
ditions exhibited firmness values approximately 180N higher
than the open condition, primarily due to reduced moisture loss.

Additionally, firmness measurements taken at 10cm from the
tips were consistently higher than those at 5cm across all condi-
tions prior to storage, reflecting variations in fiber content along
the asparagus spears. Despite these non-significant differences,
the overall firmness trends at both Sem and 10cm from the tips
were similar, reinforcing the effectiveness of both the LDPE and
CM in maintaining asparagus quality during storage.

Given the responsive nature of the CM, it is anticipated that
during extended storage periods, the smart packaging would
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demonstrate superior performance in preserving the quality of
fresh asparagus. Moreover, as a responsive packaging system,
the CM is expected to perform even better in extending shelflife
when used with larger quantities of [resh produce, leveraging its
self-regulating properties to adapt to the respiration rates of the
stored produce.

It is important to note that this study represents a preliminary
experiment designed to demonstrate the potential application of
the CM for extending the shelf life of fresh produce. While these
results are promising, a more extensive investigation is required
to validate the effectiveness of the CM. Future studies should
include a larger sample size and incorporate more rigorous and
comprehensive qualily assessments of asparagus, such as sen-
sory evaluation, nutritional content, and microbial analysis.
However, this work focused not on extensive quality testing but
on showcasing the potential utility of the CM as a responsive
packaging material.

In summary, the PNIPAm-PET CM exhibited comparable
propertics to the LDPE film, with the added advantage of reg-
ulating water and gas transport based on temperature, making
ita promising alternative for advanced packaging applications.

4 | Conclusions

Smart PNIPAm-PET CMs were successfully fabricated using
solvent- and microwave-assisted polymerization techniques,
providing a simple, scalable, and efficient method for advanced
membrane production. Among the [abrication paramelers, mi-
crowave power and irradiation time had significant effects on
WG, with optimal conditions (600 W, 15min) achieving a WG
of 192%. The addition of a crosslinker further increased WG by
up to four times through covalent bonding between polymer
chains, enhancing the functional properties of the membranes.

Morphological and chemical analyses conlirmed the success-
ful incorporation of PNIPAm, with vacuum-assisted polymer-
ization improving monomer penetration and distribution on
the PET surface. The membranes exhibited thermoresponsive
behavior, with water contact angles shifting from 55.9° at 25°C
to 72.8° at 40°C, demonstrating hydrophilic-to-hydrophobic
switching near the LCST. Membranes with WG greater than
120% enabled cffective “open-closed” pore switching for selec-
tive water vapor and gas (ransmission. Despile the crosslinker's
restriction of PNIPAm chain mobility, high thermoresponsive
performance and permselectivity were maintained. The CM
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fabricated under optimal conditions exhibited a permselectiv-
ity of 1.36 at 25°C, indicating efficient gas barrier performance
at lower temperatures, and a reduced permselectivity of 0.73 at
40°C, corresponding to increased gas permeability due to the
thermoresponsive pore opening behavior.

The optimized CM demonstrated effective shelf-life extension
for green asparagus by regulating O, and CO, concentrations
to meet storage requirements, achieving quality comparable to
commercial LDPE film. Solvent- and microwave-assisted polym-
erization thus offers a versatile approach to fabricating thermo-
responsive membranes for gas separation and smart packaging
applications. Future studies should focus on validating these
membranes' performance in extended storage periods and with
different produce types to fully explore their industrial potential.
In addition to extending the shelflife of fresh produce by preserv-
ing their quality, smart packaging can also be reused multiple
times, owing to the reversibility of PNIPAm [29]. This character-
istic contributes to more sustainable material utilization.
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