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ABSTRACT: Water pollution by per- and polyfluoroalkyl
substances (PFASs) is a rising issue for the environment and
human health because PFASs are persistent and nonbiodegradable.
Recent studies have revealed that the concentration of PFASs
found in contaminated water is in the order of the parts per trillion
(ie., 107'?) scale. This can result in a grand challenge for scientists
not only to remove PFASs from water but to detect them. Various
methodologies including functionalized nanoparticles, bioassay,
activated carbon, anion exchange resin, and molecularly imprinted
polymers have been employed to detect or remove PFASs from
water. Dynamic adsorbents have demonstrated that they can
adsorb PFASs from water while releasing them on demand for
reuse upon an external trigger. This enables one to remove PFASs
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from water and retain them for preconcentration, while on-demand releasing allows for regenerating the adsorbent for reuse. Herein,
a poly(isopropylmethacrylamide) (P-NIPMAM)-based adsorbent that can adsorb and retain PFASs at a temperature higher than its
lower critical solution temperature (LCST) while releasing them at a lower temperature is reported. Perfluorooctanoic acid (PFOA)
and perfluorohexanoic acid (i.e., PFHxA) are utilized as a representative PFAS with a long and short fluoroalkyl chain, respectively.

The adsorption capacity for PFOA and PFHxA is measured as ~37

and ~18 mg g~" at 75 °C, respectively. When the adsorbent is

submerged in water at a lower temperature (e.g, 23 °C < LCST)), it starts to release the adsorbed compounds resulting in the
desorption efficiency of ~0.66 and ~0.81 for PFOA and PFHxA, respectively. Finally, a prototype PFAS sampler was engineered by
utilizing P-NIPMAM that can demonstrate the LCST-driven reversible adsorption and desorption of PFASs.

KEYWORDS: perfluoroalkyl substances, poly(isopropylmethacrylamide), dynamic adsorbent, reversible adsorption and desorption,

sampling, water remediation

B INTRODUCTION

Per- and polyfluoroalkyl substances (PFASs) are a class of
organofluorines that have been utilized in a wide range of
applications including surfactants,’ aqueous film-forming
foams,” and oleophobic coatings® due to their excellent
thermal stability,4 low surface free energy,5 and chemical
inertness.” Recent reports’ " have revealed that PFASs are
found in soil or groundwater in various places such as the sites
at which firefighting activities have undertaken and industrial
effluents have been disposed. Paradoxically, their excellent
chemical durability and thermal stability make PFASs
persistent in both the environment and the human body."'
While it remains an active research topic, it is generally agreed
that PFASs can cause a variety of human health disorders and
pose adverse effects to both aquatic and terrestrial
ecosystems.'” In accordance with these findings, the U.S.
Environmental Protection Agency (EPA) included perfluor-
ooctanoic acid (PFOA) and perfluorosulfonic acid (PFOS) in
the List of Contaminant Candidate issued in the 2016 annual
report.”> More recently, the U.S. Drinking Water Health
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Advisory restricted the PFAS concentration in drinking water
to 70 parts per trillion (ppt) or less.”'*

One of the prevailing methods to measure the PFAS
concentration in water is using ultrahigh-performance liquid
chromatography (UHPLC)."'® A typical limit of detection
(LoD, i.e., lowest concentration of a contaminant that can be
reliably detected) is 10—60 ppt.'” Given that the PFAS
concentration of groundwater or soil found in the contami-
nated sites can be as low as %10 ppt level,'® both detecting and
removing such trace amounts of PFAS is a grand challenge. To
enhance the detection limit, an ultrasensitive nanosensor has
been reported as an emerging tool for detecting PFASs at a low
LoD (e.g, <10 ppt). For example, Zhang et al."” synthesized
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magnetite (Fe;O,) nanoparticles functionalized by octadecyl-
triethoxysilane and chitosan derivative compounds. The
resulting Fe;O, nanoparticles can concentrate PFASs (e.g.,
perfluoroundecanoic acid and perfluorododecanoic acid) at a
concentration as low as ~0.075 ppt (ie, 0.07S ng L™') in
water. Xia et al.”’ developed a bioassay to detect trace amounts
of PFASs via ligand—receptor interaction by utilizing function-
alized gold nanoparticles. The LoD of the bioassay for PFOS
was ~5.0 ppt (10 pM). Chen et al.”' developed an
electrochemiluminescence sensor that can detect PFOA
using polypyrrole-modified carbon nitride (C;N,) nanosheets.
The sensor can detect PFOA with an LoD of =10 ppt.
Furthermore, Li et al.*? developed a sensor based on an ion-
selective electrode that can detect PFOS and perfluoroocta-
noate (PFO~™) with an LoD of ~430.0 and =70.0 ppt,
respectively.

Recently, dynamic adsorbents have demonstrated that they
can not only detect PFASs but also release them on demand
for regeneration or reuse.”’”>> For example, Ateia et al.”’
synthesized a hydrogel using poly(N-[3-(dimethylamino)-
propyl]acrylamide, methyl chloride quaternary) that can
adsorb PFASs from water, while it can release it to an aqueous
solution containing sodium chloride (NaCl, 1.0%) and
methanol (30:70, vol/vol). Saad et al** leveraged the low
critical solution temperature (LCST) behavior of poly-N-
isopropylacrylamide (PNIPAm) to adsorb and desorb PFASs
upon a temperature change. When a temperature is higher than
the LCST, the isopropyl groups can be dehydrated resulting in
adsorption for PFASs via interacting with its hydrophobic tail.
Upon a decrease in temperature below the LCST, PFASs can
be desorbed from PNIPAm. More recently, Xiang et al.”’
synthesized phenolic resin microspheres coated with PFOA
and polyethylene glycol (PEG). PFOA can selectively catch the
fluorinated compounds, while PEG can enhance the wettability
of microspheres to water. When a temperature is above the
LCST of PEG, the captured fluorinated pollutants could be
readily separated from water.

Herein, a thermoresponsive poly(isopropylmethacrylamide)
(P-NIPMAM) is reported that can exhibit reversible
adsorption and desorption of PFAS from water upon switching
temperature. The LCST of P-NIPMAM was measured as
~73.9 °C. PFOA and perfluorohexanoic acid (i.e, PFHxA)
were utilized as representative PFASs with a long and short
fluoroalkyl chain, respectively. The adsorption capacity for
PFOA and PFHxA was measured as 37 and ~18 mg g™' at
75 °C, respectively. When the temperature became %23 °C,
lower than the LCST, the adsorbed PFOA and PFHxA were
desorbed with a desorption efliciency of ~0.66 and =0.81,
respectively. A higher adsorption capacity and a lower
desorption efficiency for PFOA in comparison with PFHxA
can be attributed to a stronger hydrophobic interaction with a
longer fluoroalkyl chain. Finally, a prototype PFAS sampler was
engineered by utilizing P-NIPMAM that can demonstrate the
LCST-driven reversible adsorption and desorption of PFASs.

B RESULTS AND DISCUSSION

P-NIPMAM was prepared by free-radical polymerization of
NIPMAM in a mixture of water and ethanol (80:20, vol/vol)
at 70 °C. Here, potassium persulfate (KPS) and N,N’-
methylenebisacrylamide (MBAA) were used as an initiator
and a cross-linker, respectively (Figure la). The initiator
(anionic sulfate groups)26 can react with carbon—carbon
double bonds (e.g, H,C=C(CH;) or H,C=CH) in an
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Figure 1. (a) Synthesis of P-NIPMAM by a temperature-driven free-
radical polymerization of the NIPMAM monomer, MBAA as a cross-
linker, and KPS as an initiator. (b,c) FTIR spectra (b) and DSC
curves of heat flow (c) for P-NIPMAM prepared with cross-linker
concentrations in the range of 12.5—100.0 wt % with respect to the
mass of the NIPMAM monomer. The peaks indicated by dotted lines
demonstrate the LCST.

acrylate group of NIPMAM and MBAA resulting in cross-
linked P-NIPMAM. The P-NIPMAM was then rinsed with
deionized (DI) water to remove unreacted monomers followed
by drying in a vacuum oven at 70 °C for 3 h (Experimental
Section).

The P-NIPMAM'’s surface chemistry was characterized by
Fourier-transform infrared (FTIR) spectroscopy (Figure 1b).
Here, P-NIPMAMs were prepared with varying cross-linker
concentrations (e.g., 12.5, 25.0, 50.0, 75.0, and 100.0 wt % with
respect to the mass of NIPMAM monomer). A broad
absorption band at ~3400 cm™' corresponds to the O—H
stretching vibrations, while the bands at ~1550 and ~1640
cm™" are assigned to the N—H stretching vibration of amide II
and C=0 stretching mode of amide I, respectively.”” >’ The
absorption bands at ~1380, ~1440, and ~1460 cm™' are
assigned to C—H deformation, while those at 2870, ~2930,
and ~2960 cm™" correspond to the symmetric and asymmetric
stretching vibration of C—H bonds, respectively.”® Of note, the
intensity of a characteristic band at #2930 cm™" (i.e., =C—H
bond) slightly decreases with an increase in the cross-linker
concentration. This indicates a higher degree of cross-linking
of the carbon—carbon double bonds which are the main cross-
linking points in P-NIPMAM.”

As a thermoresponsive polymer, P-NIPMAM exhibits an
LCST behavior. When a temperature is below the LCST, the
P-NIPMAM network exists in an extended coil-like con-
formation exposing its hydrophilic groups (i.e, —NH).*'=**
When a temperature becomes above the LCST, the solvation
entropy of hydrophobic groups (i.e, methyl and isopropyl
groups) becomes dominant resulting in globule-like collapsed
conformation.****® The LCST values were measured by
conducting differential scanning calorimetry (DSC) (Exper-
imental Section). Figure lc demonstrates the endothermic
heating curves for P-NIPMAMs prepared with varying cross-
linker concentrations. The LCST values were measured as
~71.2, ~73.5, ~73.8, =739, and =742 °C for the P-
NIPMAM prepared with 12.5, 25.0, 50.0, 75.0, and 100.0 wt
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Figure 2. (a) BET plots determined by utilizing CO, adsorption isotherms at 273 °K. The inset shows a SEM image of P-NIPMAM prepared with
75.0 wt % of the cross-linker. (b) Measured BET surface area as a function of cross-linker concentration. (c) Measured maximum adsorption
capacity for PFOA in DI water (C, = 0.6 mg mL™") as a function of BET surface area.

% of the cross-linker, respectively. An increase in the LCST
value of P-NIPMAM prepared with a higher cross-linker
concentration can be attributed to topological constraints
caused by an increase in the number of cross-linking points.>’
Consequently, higher thermal energy is required to enable
entropy-driven phase transition.

A larger specific surface area is desirable for adsorbents.*® To
assess the specific surface area of our P-NIPMAM, the carbon
dioxide (CO,) adsorption isotherms were measured by
conducting the Brunauer—Emmett—Teller (BET) surface
area analyses (Figure 2a, also see the Experimental Section).
The isotherms exhibit type-I adsorption curves with concavity
to the relative pressure (P/P,, i.e., pressure of adsorbate (CO,)
divided by its saturation pressure), indicating that P-
NIPMAMs possess a microporous (i.e., pore size <2.0 nm)*’
structure.” We also found that P-NIPMAM prepared with a
higher cross-linker concentration exhibits a higher BET surface
area. For example, the BET surface area was measured as ~90,
~109, ~114, ~156, ~184, and ~187 m* g for P-NIPMAM
prepared with 12.5, 25.0, 50.0, 75.0, 100.0, and 125.0 wt % of
cross-linker concentration, respectively (Figure 2b). An
increase in the BET surface area with a higher cross-linker
concentration can be attributed to a more rigid structure that
can prevent entanglement and tight packing of the P-
NIPMAM structure.”

We measured the adsorption capacity («, i.e., adsorbed mass
per gram of adsorbent) of our P-NIPMAMs with varied BET
surface area values for PFASs. Here, PFOA was utilized as a
representative PFAS. A cross-linked P-NIPMAM adsorbent
(20 mm X 20 mm, thickness = 100 ym) was submerged in a
PFOA aqueous solution (concentration, C, = 0.6 mg mL™")
for 10 h at a temperature of 75 °C (>LCST =73.9 °C). Note
that the thickness of 100 pm is comparable to that of the
adsorbents in PFAS-adsorbing devices (e.g, Polar Organic
Chemical Integrative Sampler modules) that are currently in
use.*”** Figure 2c demonstrates the value of @ which is given
by a=(C, = C,re10n)V/ m.** Here, C, =100 is the concentration
of PFOA at t = 10 h. V and m are the volume of the PFOA
solution (20 mL) and the mass of dry P-NIPMAM (100 mg),
respectively. High-performance liquid chromatography—mass
spectrometry (HPLC-MS) was utilized to measure C,,
(Experimental Section). The results show that P-NIPMAM
with a larger BET surface area exhibits a higher value of a
indicating that it can adsorb and retain more PFOA. For
example, P-NIPMAM with 90 m” g~ of BET surface area
exhibits @ ~ 12 mg g (i.e, 12 mg of PFOA adsorption per 1
g of P-NIPMAM), while that with 156 m> g~ BET surface area
exhibits @ ~ 37 mg g, Please note that the a values remain
almost constant after 10 h of immersion indicating that the
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equilibrium condition (i.e, @, the maximum adsorption
capacity) was attained. Of note, the a,,, values remained
almost constant when the BET surface area becomes greater
than 156 m* g~'. Thus, the P-NIPMAM with 156 m* g~' BET
surface area was utilized for the rest of this study. The a,,,
values were also measured for sodium dodecyl sulfate (SDS)
which is a nonfluorinated anionic molecule (Supporting
Information, Section 1).

Adsorption of PFOA is primarily driven by the hydrophobic
interaction between the fluoroalkyl chain of PFOA and P-
NIPMAM'’s isopropyl or methyl groups when a temperature is
above the LCST (Scheme 1). When the temperature becomes

Scheme 1. Schematic Demonstrating the Adsorption of
PFASs (e.g., PFOA) by P-NIPMAM via Hydrophobic
Interaction between the Fluoroalkyl Chain of PFASs and
Hydrophobes of the P-NIPMAM (e.g., Isopropyl and/or
Methyl) at T > LCST*
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“When the temperature is below the LCST, the P-NIPMAM retrieves
coil-like conformation to expose hydrophilic amide groups leading to
desorption of PFASs and hydrogen bonding with surrounding water
molecules.

lower than the LCST, P-NIPMAM retrieves a coil-like
conformation with the extended amide groups that can
hydrogen-bond with water.’*> This can result in the
desorption of PFOA. Such LCST-driven adsorption and
desorption cycles are reversible."’

The kinetics of adsorption and desorption of PFASs to our
P-NIPMAM was investigated. Here, four PFASs with varied
fluoroalkyl chain lengths were utilized that include PFOA
((CF,)¢—CF;), PFHxA ((CF,),—CF;), and perfluoropenta-
noic acid (PFPeA, (CF,);—CF;). In addition, PFOS [(CF,),—
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Figure 3. (a) Measured adsorption capacity for PEPeA, PFHxA, PFOA, and PFOS in water (C, = 0.6 mg mL™") as a function of immersion time at
T =~ 75 °C. The predicted values obtained by utilizing the pseudo-second-order kinetic model (eq 1) are also shown for comparison. (b) Plots of
the values of ta™" for PFPeA, PFHxA, PFOA, and PFOS as a function of immersion time.The intercept of the fitted lines with the y-axis was utilized

to determine the values of k,. (c) Measured desorption efficiency for PFPeA, PFHxA, PFOA, and PFOS at T =~ 23 °C.

(CF;)] was also used which has a long fluoroalkyl chain (e.g,,
PFOA), while it possesses a sulfonic acid functional group.
This will enable us to investigate the effect of a functional
group on the adsorption or desorption kinetics.

First, the adsorption capacity was measured at T = 75 °C
(>LCST) (Figure 3a). Of note, the concentration (C,) for all
PFAS solutions was 0.6 mg mL ™" which is far below the critical
micelle concentration for PFASs used here [e.g, ~4.5 mg
mL™' (PFOS), #10.3 mg mL™" (PFOA), ~28.0 mg mL™"
(PFHxA), and ~66.0 mg mL™" (PFPeA)].*~** This is critical
to accurate measurements because the PFAS adsorption can be
decreased by micelle formation.*” The results show that PEASs
with a longer fluoroalkyl chain exhibit a higher value of a,,.
For example, thea,,,, values were =11, ~18, and ~37 for
PFPeA, PFHxA, and PFOA, respectively. This can be
attributed to the fact that a longer fluoroalkyl chain can
constitute a stronger hydrophobic interaction®**" with the
hydrophobes of the P-NIPMAM (i.e., isopropyl and/or methyl
groups) and show a lower water solubility (e.g., 9.5 mg mL™"
for PFOA) than that with a shorter fluoroalkyl chain (e.g, 15.7
mg mL™' for PFHxA). This can result in a decrease in the
partitioning in water and facilitates adsorption to the P-
NIPMAM.' ! Interestingly, the a, value for PFOS was
measured as ~32 mg g ' which is lower than that of PFOA
(~37 mg g'), although it possesses a slightly longer
fluoroalkyl chain (i.e., (CF,),—CF;). This can be attributed
to a sulfonate group of PFOS which can form a stronger
hydrogen bond with water and impede the adsorption in
comparison with a carboxylate group in PFOA.”* Of note, the
concentration of PFAS in water (Ca,:) was determined by
measuring the electrical conductivity of a solution and
comparing the value with the calibration curves (Supporting
Information Section 2). The concentration of a solution at
equilibrium (C,,o,) was further verified by HPLC-MS
(Experimental Section and Supporting Information Section 3).

The PFAS adsorption to the P-NIPMAM surface is a kinetic
process that can be described by a pseudo-second-order kinetic
model. The adsorption capacity (@) is given as’ >

a = (k2amax2t/(1 + k2amaxt)) (1)

where a,,,, and k, are the maximum adsorption capacity and
the adsorption rate constant, respectively. The approximate
values of k, were determined by plotting ta' against t and
utilizing the interceﬁpt of the fitted lines with the y-axis (Figure
3b and Table 1).°7>® The results show that the adsorption
rate for a PFAS with a longer fluoroalkyl chain (e.g., PFOA) is
higher than that of PFAS with a shorter chain (e.g., PFPeA). A
lower value of the initial adsorption rate for PFOS compared to

Table 1. Values of the Adsorption Rate Constant (k,) and
the Initial Adsorption Rate (&) for Various PFASs

PFAS k, (gmg™' h™') 9 (mg g' h')
PFOS 0.021 21.6
PFOA 0.017 23.5
PFHxA 0.061 20.0
PFPeA 0.111 134
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that of PFOA can be attributed to its larger molar mass which
can pose a steric effect.”” Please note that the initial adsorption
rate (9, i.e, fast initial adsorption due to a large concentration
gradient) of various PFASs can be determined by calculating
the value of 8 = k,a,,,2.>* The values of & are also listed in
Table 1.

Release of the adsorbed PFAS on demand is critical to both
regenerating the adsorbent for reuse and concentrating the
PFAS in a sampling solvent. The release test was conducted by
submerging the P-NIPMAM in DI water (volume = 20 mL) at
~23 °C (ie., below LCST). Note that the P-NIPMAM that
has attained the maximum adsorption capacity for a given
PFAS was utilized. The desorption efficiency (&;) was

calculated by®®!

gd = Cd,t/(co - Ca,t:th) (2)

where Cg, is the concentration of the PFAS in DI water at time
t during the test. The values of £4 remained almost unchanged
after ~8 h indicating that the equilibrium condition is attained
(i, Eqmap the maximum desorption efficiency) (Figure 3c).
The &40 values were measured as ~0.83, ~0.81, ~0.66, and
~0.57 for PFPeA, PFHxA, PFOA, and PFOS, respectively.
This can be a direct consequence of a weaker hydrophobic
interaction of PFASs with a shorter fluoroalkyl chain (e.g,
PFPeA) which can result in a facile release in comparison with
that with a longer chain (e.g., PFOA). The concentration of a
solution was determined by electrical conductivity measure-
ments and the HPLC-MS method (also see Supporting
Information Section 3). Similar to the adsorption kinetics,
desorption of PFASs can be described using a pseudo-second-
order kinetic model (Supporting Information Section 4).
Finally, a prototype device was engineered that can adsorb,
retain, and release PFASs upon switching the temperature
(Figure 4a, also see the Experimental Section). The device was
fabricated by coating open-channel support (polyethylene, 140
mm X 40 mm) with our P-NIPMAM (thickness of ~100 ym).
The whole device was tilted at an angle of 30° with reference
to the horizontal plane so that the injected PFAS solution can
flow through the channel under gravitational force. Approx-
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Figure 4. (a) Schematic and (b) photograph showing the working principle of a P-NIPMAM prototype device utilized for the LCST-driven
adsorption and desorption of PFHxA. (c) Plot of the adsorbed and desorbed mass of PFHxA upon repeated adsorption—desorption cycles (five

cycles).

imately, 20 mL of PFHxA solution (C, = 0.6 mg mL™}, a total
PFHxA = 12 mg) was continuously fed into the channel with a
constant flow rate of 0.4 mL min~' using a syringe pump
(Figure 4b). The temperature of the P-NIPMAM surface was
maintained at T & 75 °C (>LCST). The solution was collected
at the outlet of the channel. The concentration of PFHxA was
determined by the electrical conductivity measurements and
the HPLC-MS method. It was measured as ~0.23 mg mL™"'
indicating that ~7.4 mg of PFHxA was adsorbed by P-
NIPMAM. Please note that the absorption of the solution by
P-NIPMAM was negligible (<0.01 mL).

The PFHXA release test was conducted by feeding DI water
(20 mL) to the channel with a flow rate of 0.4 mL min™", while
the P-NIPMAM temperature was maintained at T = 23 °C
(<LCST). The concentration of PFHxA in DI water was
measured as ~0.29 mg mL™' which is equivalent to a
desorption efficiency, £; &~ 0.80. Please note that the
adsorption—desorption cycles can be repeated (Figure 4c).
Our P-NIPMAM is also effective in adsorbing and releasing a
commercial fluoro-surfactant (Capstone FS-66, Supporting
Information Sections 5 and 6) upon temperature change.

B CONCLUSIONS

In this work, thermoresponsive P-NIPMAM was synthesized
that can adsorb and retain PFASs at a temperature higher than
the LCST while releasing them at a lower temperature. The
PFOA and PFHxA were utilized as representative PFASs with
a long and short fluoroalkyl chain, respectively. The adsorption
capacity for PFOA and PFHxA was measured as ~37 and ~18
mg g~ at 75 °C, respectively. When the P-NIPMAM was
submerged in DI water at a temperature lower than the LCST,
it started to release the adsorbed compounds resulting in the
desorption efficiency of ~0.66 and =0.81 for PFOA and
PFHxA, respectively. This can be attributed to a stronger
hydrophobic interaction between the hydrophobes of the P-
NIPMAM (i.e., isopropyl and/or methyl groups) and a longer
fluoroalkyl chain. It was also demonstrated that PFAS
adsorption and desorption kinetics can be described using a
pseudo-second-order kinetic model. Finally, a prototype PFAS
sampler was engineered by utilizing P-NIPMAM that can
demonstrate the LCST-driven reversible adsorption and
desorption of PFASs.
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B EXPERIMENTAL SECTION

Synthesis of P-NIPMAM. A solution of NIPMAM monomer,
MBAA (cross-linker), and KPS (initiator) was prepared in a water/
ethanol mixture (80:20 vol/vol). The overall concentration of the
solute (ie., NIPMAM, MBAA, and KPS) was 25 wt %. The
concentration of the cross-linker was 12.5, 25.0, 50.0, 75.0, and 100.0
wt % with respect to the NIPMAM monomer. The concentration of
the initiator was 5.0 wt % with respect to the NIPMAM monomer and
the cross-linker. The solution was cast in a Petridish. Free-radical
polymerization was performed at 70 °C for 1 h to fabricate P-
NIPMAM with ~100 gm thickness. The resulting P-NIPMAM was
rinsed several times with DI water to remove unreacted monomers,
followed by drying in a vacuum oven at 70 °C for 3 h. Subsequently,
the P-NIPMAM was cut into 20 mm X 20 mm squares for the
experiments.

High-Performance Liquid Chromatography—Mass Spec-
trometry. HPLC-MS was conducted by utilizing QTRAP 6500.
The mobile phase was HPLC-grade methanol. A total of 20 L of the
samples (i.e., PFAS in DI water) was injected at a flow rate of 200 uL
min~!, and the temperature of the column was maintained at 25 °C.

Differential Scanning Calorimetry. Calorimetric investigations
in DI water were conducted by heating approximately 10 mg of P-
NIPMAM from 0 to 90 °C at a heating rate of 5 °C min~"' by utilizing
a TA Instruments Q200 differential scanning calorimeter. Please note
that helium gas at a flow rate of 20 mL min™" was utilized during DSC
measurements.

Surface Area Analysis. A TriStar II 3020 surface analyzer was
utilized to determine the BET surface area. The adsorption isotherms
of carbon dioxide (CO,) were measured at a temperature of 273 °K.

Scanning Electron Microscopy. The morphology and surface
texture of P-NIPMAM were characterized by utilizing a field emission
scanning electron microscope (FEI Versa 3D DualBeam) at an
accelerating voltage of 10 kV. The surface of P-NIPMAM was sputter-
coated with a thin layer of gold (*4—5 nm) to minimize charging.

FTIR Analysis. A PerkinElmer Spectrum 400 FTIR spectrometer
was utilized in the attenuated total reflectance mode in the range of
600—4000 cm™". The FTIR spectra were recorded at a resolution of 4
cm™! for 16 scans.

UV-Vis Analysis. Ultraviolet—visible (UV—Vis) spectrophotom-
etry was conducted by utilizing a Thermo Evolution 600 UV/visible
spectrophotometer at a scan speed of 240 nm min~' with a data
interval of 2 nm.”> Please note that the spectrum of acetone was
utilized as the background during UV—vis measurements.
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