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Abstract: The present study describes the preparation of a composite material consisting of thermoplastic
polyurethane-poly (n-isopropylacrylamide) (TPU-PNIPAM), which was employed for the selective adsorption
separation of alcohol/water mixed solutions for the first time. The findings revealed that TPU and PNIPAM
were interconnected through interchain hydrogen bonding, resulting in exposed hydrophobic isopropyl
groups while covering the hydrophilic hydrogen bond sites. Selective separation of alcohols from alcohol/water
mixed solutions occurred via London dispersion forces between alkyl groups. Increasing the PNIPAM load on
the TPU surface led to a decrease in available hydrogen bond sites capable of bonding with water molecules,
an increase in dispersible isopropyl groups interacting with alcohol alkyl groups, and enhanced selective
adsorption capacity of TPU-PNIPAM towards alcohol/water mixed solutions. Moreover, TPU-PNIPAM
exhibited a characteristic fast-slow-fast-equilibrium adsorption curve for different initial concentrations of
alcohol/water mixtures, and its selective adsorption capacity increased when temperature reached 55C. In
addition to these general trends, under identical conditions, the selective adsorption capacity of TPU-PNIPAM
gradually increased by methanol < ethanol < isopropyl alcohol < propyl alcohol, thus indicating a positive
correlation between selectivity performance and hydrophobicity level.

Keywords: thermoplastic polyurethane; poly(N-isopropylacrylamide); adsorptive separation;
mixed alcohol/water solutions

1. Introduction

Bioethanol is a promising clean liquid fuel that could significantly reduce COz emissions if used
instead of gasoline [1]. However, the effective separation of ethanol from the fermentation broth is
still a major obstacle to its industrial production. The traditional distillation process is energy-
intensive, and the osmotic evaporation process is complex [2-5]. In contrast, adsorption separation is
an energy-efficient, environmentally friendly, and economically competitive method [6,7]. It is
particularly difficult to separate dilute ethanol/water mixtures when ethanol is a minor component
of fermentation mixtures. To achieve the best performance, it is necessary to selectively capture the
small amount of ethanol in the solution and reject the water molecules [8]. Therefore, there is interest
in developing an adsorbent that can selectively adsorb ethanol.

The separation of ethanol and water mixed solutions can be challenging due to their similar
molecular size and dipole moments [9]. To achieve separation, adsorbent materials are used to adjust
their adsorption characteristics. Various materials such as silica molecular sieves [10], metal-organic
frameworks (MOFs) [11], polymer resins [12], and carbon nanotubes [13] have been utilized as
adsorbents for ethanol adsorption. It is important to note that while zeolite membranes can be
effective for separating ethanol/water mixed solutions, they can also be expensive to produce [14].
Additionally, the pore structure of silica zeolite-1 is not ideal for further modification, which can limit
its practical use. Similarly, while MOFs can be effective for separation, they are known to be
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susceptible to hydrolysis in humid environments, which can also limit their large-scale use [15].
Ultimately, to achieve selective adsorption of ethanol, it is important to consider London dispersion
interactions. In a study conducted by G. F. de Lima et al., a water-stable MOF named Zn:(BDC)z(TED)
was prepared and found to have the ability to adsorb ethanol/water mixtures selectively [16]. The
preferential adsorption of ethanol over water in the framework is attributed to the van der Waals
forces between the ethanol alkyl group and the benzene ring present in Zn2(BDC)2(TED). This makes
it a promising candidate for applications requiring the separation of ethanol from water. Research
has demonstrated that a substance that can isolate ethanol from water must have water-resistant
properties so it can provide hydrophobic sites while keeping hydrophilic sites apart. The most
effective adsorption effect can be achieved when matching the length of the hydrophobic chain with
that of the alcohol chain through dispersive interactions between the alkyl groups.

Thermoplastic polyurethane (TPU) is a copolymer containing both soft and hard segments [17].
The soft segment consists of a long, low polymer chain that provides hydrophobic alkyl sites. The
hard segments, on the other hand, consist of polar groups like urethane groups, which offer abundant
hydrophilic hydrogen bonding sites. Due to these abundant hydrogen bonding sites, the target
materials can be introduced into the TPU material through in-situ polymerization, template leaching,
or thermally induced phase separation to obtain composites with specific properties [18]. Poly(N-
isoproplacrylamide) (PNIPAM) contains both hydrophilic amide groups (-(CONH-) and hydrophobic
isopropyl groups (-CH(CHB3)2-), exhibiting both hydrophilic and hydrophobic properties [19,20]. 1H
MAS NMR quantitatively characterizes the preferential alignment of alcohol molecules near
PNIPAM in ethanol/water mixtures, independent of temperature [21]. Meanwhile, as the
temperature increases, PNIPAM becomes more hydrophobic, making it more effective in adsorbing
and separating alcohols. However, its poor mechanical properties limit its practical application.
Composite polymers of PNIPAM with three-dimensional polymeric network structures can be made
by incorporating cross-linking agents to enhance their mechanical properties. Ou R et al. have
successfully prepared TPU-PNIPAM composite membranes that possess the ability to separate both
oil-in-water and water-in-oil emulsions [22]. Hydrogen bonds were formed between the poly-(ethyl
carbamate) group and the acrylamide group, which made it possible for PNIPAM to be evenly coated
on the surface of TPU. As the amount of PNIPAM increased, the number of hydrophilic sites in TPU
and PNIPAM decreased, while the surface roughness increased. This leads to the hypothesis that
PNIPAM can be used to flexibly modify TPU and act as a host-guest switch for ethanol/water
adsorption separation.

The study aimed to transform the surface flexibility of TPU material by conducting the in-situ
polymerization of PNIPAM on it. This process resulted in the preparation of TPU-PNIPAM
composite material, which was then used to separate the ethanol and water mixture and to explore
its selective adsorption and separation performance. The study also discussed the selective
adsorption effect of TPU-PNIAPM on other alcohol/water mixtures.

2. Results and Discussion
2.1. Characterization Analysis

2.1.1. Morphology Analysis

As per Figure 1, it can be observed that the surface of TPU has a smooth layer-like structure. T-
Nos, T-N1wo and T-Nus exhibit the characteristics of stacked layers. As the mass of the polymerized
monomers increases, the density of the stacks also increases, leading to a rougher surface. This
demonstrates that PNIPAM was successfully loaded onto the surface of TPU through in situ
polymerization.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2024 do0i:10.20944/preprints202403.0343.v1

Figure 1. SEM image of (A) TPU, (B) T-N0.5, (C) T-N1.0 and (D) T-N1.5.

2.1.2. FT-IR, Raman and TG

In Figure 2(A), the vibrational peaks observed at 2976, 2927, and 1460 cm are ascribed to
PNIPAM's methyl (-CH3), methylene (-CH2-), and isopropyl (-CH(CH3)2) stretching vibrations.
Additionally, the vibrational peaks at 1647 and 1537 cm are attributed to the stretching vibrations of
the carbonyl and amide groups, respectively. The TPU exhibits vibrational peaks at 1730 and 1704
cm!, which are attributed to the free carbonyl and hydrogen-bonded carbonyl stretching vibrations,
respectively.  The characteristic peaks in TPU and PNIPAM were observed simultaneously in T-
Nos, T-N1o, and T-Nu1s. The stretching vibrational peak of the carbonyl group in TPU is attributed to
the vibrational peaks at 1730 and 1704 cm, while the isopropyl group in PNIPAM is responsible for
the vibrational peak at 1460 cm!. In comparison to TPU, T-Nos demonstrates a significant reduction
in the free carbonyl peak at 1730 cm™. Furthermore, the peak is no longer observable in T-N1.o and T-
Nus, indicating the formation of a hydrogen bond between the carbonyl group and PNIPAM. The
free carbonyl group transforms into a hydrogen-bonded carbonyl group, and the bonding between
PNIPAM and TPU is achieved through hydrogen bonding.

o ‘ A =) L. Ak :

L
Pl anre : e
. I
|
i

i
&

i
. N | g P :
M\;f N ’_‘I W"’b\f""/ ,,—v—-v-"/ v I-N i H
: el
; MHM‘E 7

M

TPL UWW N i
. 1730 <4
‘7 ~1531 WML
PNIPAM 1704 Pl i
1563~ 162
in M‘M\

Transmittance /%
P
Fy
2
Intensity /a.u.

= a9y - i
2976 2927 1647 ‘I 515 ] . PNIPAM i .
4000 3500 3000 2500 2000 1500 1000 500 800 1000 1200 1400 1600 1800
Wavenumber /cm' Raman Shift /em'

Figure 2. (A) FT-IR spectra of PNIPAM, TPU, T-Nos, T-Nwo and T-N1s (B)Raman spectra of PNIPAM,
TPU, T-Nos, T-N1.o and T-Nais.

High-resolution laser Raman spectroscopy is used as a complementary method to FT-IR. In
Figure 2(B), the peaks observed at 1563 and 1627 cm in PNIPAM are attributed to the stretching
vibration of amide and carbonyl groups, while the peaks seen at 1717 and 1564 cm™ in TPU are
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attributed to the stretching vibration of carbonyl and amide groups. For TPU-PNIPAM, the carbony]l
vibrational peak at 1717 cm™ is slightly distorted and weakened. This can be explained by the
formation of intermolecular hydrogen bonds between TPU and PNIPAM, which is consistent with
the FT-IR spectral analysis.

According to the results presented in Table 1, the isopropyl peaks of T-Nos, T-N1.0, and T-Nus
had relative areas of 2.16%, 2.93%, and 3.37% in FT-IR spectra, respectively. The relative areas of the
amino peaks were 9.44%, 8.93%, and 7.24% in Raman spectra. The spectroscopic characterization
results obtained from FT-IR and Raman analyses indicated that PNIPAM was successfully loaded on
the TPU surface via in situ polymerization. The bonding between the two occurred through the
formation of an O--H hydrogen bond between the carbonyl oxygen and amino hydrogen. Due to the
formation of hydrogen bonds between TPU and PNIPAM, the carbonyl and amino groups on the
surface of both were heavily masked. These groups can form hydrogen bonds with water but are
now covered. On the other hand, the hydrophobic isopropyl groups are exposed. This outcome
inevitably leads to an improvement in dispersive interactions between isopropyl and alcohol alkyl
groups, this improvement favors the selective adsorption of alcohols. In other words, the hydrogen
bonding between PNIPAM and TPU effectively enhances the hydrophobicity of the TPU-PNIPAM
composites, which is beneficial for the selective adsorption and separation of the alcohol/aqueous
solution, as shown in Figure 3.

Table 1. Relative areas of some characteristic peaks of TPU-PNIPAM in FT-IR and Raman spectra.

T-Nos T-N1o T-Nu1s
FT-IR o o o
_C(CH3)2 2.16% 2.93% 3.37%
Raman o o o
NHa- 9.44% 8.93% 7.24%
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Figure 3. Hydrogen bonding mode between TPU and PNIPAM. The inside of the dotted line is the
structural formula of TPU and the outside of the dotted line is the structural formula of PNIPAM.

The temperature at which TPU and PNIPAM decompose is 310°C and 350°C, respectively.
Figure 4 displays the thermogravimetric curve of TPU-PNIPAM. The decrease in mass before
decomposition is due to the evaporation of water that is adsorbed on the surface of the sample with
the interstitial space. As the amount of PNIPAM on TPU increases, the loss of adsorbed water mass
decreases progressively. As the number of hydrogen bonds between TPU-PNIPAM increases, there
are fewer bonding sites left for water. This results in a decrease in the degree of adsorption of airborne
water. In other words, loading PNIPAM can effectively improve the hydrophobicity of TPU. The
thermogravimetric curves of TPU-PNIPAM show minimal changes compared to TPU due to the
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small mass loading of PNIPAM. At a thermal decomposition temperature of 650°C, the masses of
TPU, T-Nos, T-N1o, and T-Nis become 5.91%, 6.46%, 6.62%, and 7.74% of their original values,
respectively.
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Figure 4. TG spectra of TPU, T-Nos, T-N1o and T-Nus.
2.2. Adsorption Property Analysis

2.2.1. Maximum Adsorption Capacity

The TPU, T-Nos, T-Nwo, and T-N1s samples were immersed in ethanol for fixed time intervals,
followed by removal and weighing to establish adsorption equilibrium curves. Upon reaching
saturation adsorption, the ethanol absorbed by the material was extracted through simple extrusion
before subjecting it to further rounds of ethanol adsorption for a total of six cycles. The equation of
saturated absorption capacity (Qm) was expressed as follows:

Qm=(mt-mo)/mo*100% 1)

where mo and m: are the mass of the monolith before and after the experiment, respectively.

As depicted in the Figure 5, TPU, T-Nos, T-Nwo, and T-N1s exhibit ethanol adsorption capabilities
and achieve equilibrium within approximately 1 minute. Moreover, an increase in PNIPAM loading
on TPU leads to enhanced saturated adsorption capacity of the composite material for ethanol.
Notably, the saturated adsorption capacity of T-Nis for ethanol reaches 157.02%, which is
approximately fourfold higher than that of pure TPU. After the initial adsorption, the foam exhibited
a decrease in its saturated adsorption capacity, which eventually reached a stable state. Following
six cycles of adsorption-desorption, the saturated adsorption capacities of T-N1s, T-N1.o, T-Nos and
TPU decreased from 157.02%, 117.09%, 52.84% and 41.85% to 59.00%, 53.54%, 42.86% and
36.11%respectively. This is attributed to the presence of PNIPAM on the surface of TPU, which
facilitates interaction between isopropyl groups and ethanol alkyl groups. The incorporation of
more polymer enhances its ability to interact with ethanol. However, conventional extrusion
methods are unable to eliminate adsorbed ethanol and may result in polymer elution, consequently
reducing the saturated adsorption capacity in subsequent cycles.
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Figure 5. (A) The saturation adsorption curve of TPU, T-Nos, T-N1o, T-N1s for ethanol (B) Repeated
adsorption properties of TPU, T-Nos, T-Nw.o, T-Nus for ethanol.

2.2.2. The Impact of PNIPAM Loading on the Adsorption Performance

In Figure 6(A), it is demonstrated that the adsorption of TPU resulted in a reduction of the
concentration of the ethanol/water mixture solution by approximately 5%. This indicates that TPU
material displays preferential adsorption properties for ethanol. Moreover, the selective adsorption
of ethanol by TPU-PNIPAM was observed to increase with the input of polymerization monomers.
After 90 minutes, T-Nos, T-Nwo, and T-Nis adsorption caused a decrease in the concentration of
ethanol/water mixture solution by 13.8%, 16.3%, and 23.2%, respectively. This suggests that the
selective adsorption of TPU-PNIPAM composite on the ethanol/water mixture solution is improved
with an increase in the PNIPAM loading on the TPU surface. As the concentration of the polymerized
monomer NIPAM increases, the number of hydrogen bonds between PNIPAM and TPU also
increases. This is because the carbonyl and amino groups, which can form hydrogen bonds with
water molecules, are concealed, while a significant number of exposed isopropyl groups create
London dispersion interactions with the ethyl group of ethanol. T-Nis was found to have the
strongest selective adsorption capacity for ethanol, its selective adsorption capacity for ethanol within
90 minutes is about five times that of TPU. T-Nis was used as the adsorption material in all
subsequent experiments.
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Figure 6. (A) Adsorption of TPU, T-Nos, T-Nwo, T-N15 on 20wt% ethanol solution (B) Adsorption effect
of T-N1.5 on different concentrations of ethanol.

2.2.3. Effect of Initial Ethanol Concentration on Adsorption Performance

Ethanol solutions with 20wt%, 10wt%, 5wt%, and 2wt% mass fractions were used to investigate
the effect of initial ethanol/water concentration on the TPU-PNIPAM composite's selective adsorption
performance. Figure 6(B) presents the results. TPU-PNIPAM exhibited selective adsorption for
varying concentrations of ethanol solutions. The best adsorption performance was observed for the
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10wt% ethanol solution, which was reduced to 62.2% of its original concentration in 90 minutes, the
concentration of 20wt%, 5wt%, and 2wt% ethanol solution decreased to 76.8%, 69.5%, and 72.7%
respectively. The TPU-PNIPAM material exhibited consistent adsorption behavior for various
concentrations of ethanol and water solutions. Moreover, the ethanol concentration in the solution
decreased, indicating that TPU-PNIPAM has better adsorption capacity for ethanol/water mixed
solutions than for water alone. This proves that it selectively adsorbs ethanol.

The ethanol/water adsorption curves were observed for various initial concentrations. The
results showed that there was a rapid ethanol adsorption phase in the first 20 minutes, followed by a
smooth adsorption phase between 20-50 minutes. Then there was another rapid adsorption phase
from 50-70 minutes, and finally, the curve reached equilibrium with smooth adsorption from 70-90
minutes. TPU-PNIPAM possesses hydrophobic properties that enable it to adsorb ethanol selectively.
During the first 20 minutes of the process, the adsorption behavior is governed by kinetic diffusion,
allowing ethanol to be quickly absorbed and arranged on the surface of TPU-PNIPAM, leading to a
rapid decrease in ethanol concentration in the ethanol/aqueous solution. When ethanol and water are
mixed, they form a network of hydrogen bonds, which causes water molecules to be absorbed
between ethanol molecules. This co-adsorption of water and alcohol occurs on the surface of TPU-
PNIPAM. As a result, water molecules will be adsorbed within the first 20 minutes of rapid ethanol
adsorption. This phenomenon has been observed in previous studies [23]. According to a study by
R. F. DeJaco et al., when the adsorption capacity of alcohol reaches a moderate level, the co-
adsorption of water reaches its maximum level. However, the co-adsorption of water then decreases
as the adsorption capacity of alcohol further increases. As a result, the concentration of ethanol
decreases gradually during 20-50 minutes due to the co-adsorption of alcohol and water. [24]
Between 50-70 minutes, the process of adsorption is controlled by thermodynamics. At this stage, the
ethanol molecules that have been adsorbed on the hydrophobic point of TPU-PNIPAM undergo
rearrangement, which results in the discharge of co-adsorbed water molecules from the hydrogen
bond network. This leads to a rapid reduction of ethanol concentration in the ethanol/water mixed
solution. In the last 70-90 minutes, the adsorption curve became flat once again. This is because the
hydroxyl group of the ethanol molecule provided the bonding adsorption site for the water molecule
again after rearranging. As a result, the overall performance was that the selective adsorption
capacity decreased, and the adsorption reached equilibrium.

It has been observed that a higher selectivity of ethanol can be achieved in low-concentration
ethanol/water mixed solutions, particularly in 10wt% ethanol/water mixed solutions. ~However,
when the concentration of the solution is increased to 20wt%, the more ethanol molecules adsorb on
TPU-PNIPAM, which creates numerous bonding sites for water molecules, ultimately leading to a
decrease in selectivity. The results of the experiment indicate that TPU-PNIPAM can selectively
adsorb ethanol/water mixtures with varying concentrations. However, the intertwined hydrogen
bond networks present in ethanol/water mixed solutions can be affected by the concentration of
alcohol, which in turn can impact the hydrogen bond network within the solution and the bonding
site of water on the surface of TPU-PNIPAM. As a result, the adsorption curve of TPU-PNIPAM for
ethanol exhibits a characteristic trend of fast-slow-fast.

2.2.4. The Effect of Temperature on the Adsorption Performance of Composite Materials

Various experiments were conducted using mixed ethanol and water solutions with different
mass fractions (20wt%, 10wt%, 5wt%, and 2wt%) to examine how temperature affects the selective
adsorption performance of TPU-PNIPAM composite material on ethanol. PNIPAM is a polymer
that is sensitive to temperature. It is deemed that as the temperature increases, the hydrophobic
alcohol molecules are more likely to be adsorbed and retained in the polymer network than the polar
water molecules. This implies that warming provides PNIPAM with the ability to adsorb ethanol
selectively. The adsorption of alcohol molecules on PNIPAM promotes the dehydration of the
polymer chain. This is because alcohol molecules preferentially adsorb onto PNIPAM, which hinders
the hydrogen bonding between PNIPAM and water molecules. As a result, the hydrophobicity of the
polymer chain is increased. This phenomenon has been observed in previous studies [25,26]. When
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the temperature was raised to 55°C, the selective adsorption performance of TPU-PNIPAM on mixed
solutions of different concentrations of ethanol and water improved. This improvement was similar
to the trends observed at room temperature, the best ethanol selective adsorption effect was observed
at 10wt%. As a result, the concentration of ethanol in the 10wt% solution decreased to 55.0% of its
initial concentration. These observations are shown in Figure 7(A) and 7(B). The experimental
results demonstrate that by increasing temperature, TPU-PNIPAM can achieve better selective
adsorption capacity of ethanol in ethanol/water mixed solution.

B Fihanol - Ethanol
B Methanol I Methanol
(A) I Propanol (B) Il Propanol

Isopropanol Isopropanol

Figure 7. (A) The changes and the trends in solution concentration at room temperature (B) The
changes and the trends in solution concentration at 55°C.

2.2.5. Effect of Different Alcohols on Selective Adsorption Performance

The study investigated the adsorption properties of methanol, n-propyl alcohol, and isopropyl
alcohol with different concentrations (20wt%, 10wt%, 5wt%, and 2wt%). TPU-PNIPAM showed
similar selective adsorption characteristics for all three alcohols, as indicated in Figure 7. TPU-
PNIPAM has demonstrated a selective capacity for adsorbing methanol/water, propanol/water, and
isopropanol/water, similar to ethanol/water mixed solutions. TPU-PNIPAM exhibited the highest
adsorption capacity in a mixed solution of 10wt% alcohol and water. Increasing the temperature to
55°C further improved the selective adsorption capacity of TPU-PNIPAM for alcohol. According to
Figure 7, when subjected to the same conditions, different alcohols exhibit varying degrees of
selective adsorption capacity. Methanol shows the least capacity, followed by ethanol, isopropyl
alcohol, and propyl alcohol. For instance, after reaching an adsorption equilibrium for a mixed
solution with an initial concentration of 10 wt%, the solution concentration drops to 72.7%, 62.2%,
68.6%, and 58.2% (at room temperature) for methanol, ethanol, isopropyl alcohol, and propyl alcohol
respectively. At 55 C, the solution concentration drops to 58.1%, 55.0%, 50.5%, and 48.7%
respectively. In a mixed solution of alcohol and water with an initial concentration of 20wt%, the
selective adsorption difference between isopropyl alcohol and propyl alcohol was high, at 76.1%,
68.4%, 71.3%, and 62.4% at room temperature and 55°C.  This indicates that propanol was more
preferentially adsorbed.

Short-chain alcohols like ethanol have properties similar to water, and can easily form uniform
mixed solutions with water. Therefore, to separate alcohol from water, it is necessary to isolate or
cover the hydrophilic point in the adsorption material that can form hydrogen bonds with water.
This will allow selective adsorption of alcohol molecules using London dispersion. In this paper, TPU
and PNIPAM are combined using hydrogen bonds. This bonding method not only separates the
hydrophilic hydrogen bond site on the surface of TPU but also occupies the same site within the
PNIPAM network structure. Additionally, the exposed isopropyl group on the surface of PNIPAM
is utilized as a hydrophobic point to disperse the alkyl group of alcohol molecules. This selective
adsorption allows for the separation of alcohol and water in mixed solutions. As the length of the
alkyl chain in methanol, ethanol, and propanol increases, the strength of the London dispersion force
between these alcohols and TPU-PNIPAM also increases. This means that longer alkyl chains
enhance the selective adsorption ability of the alcohols and improve the adsorption and separation
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capacity of mixed solutions, such as methanol/water, ethanol/water, and propanol/water. Regarding
the difference in adsorption properties of isopropyl alcohol and propyl alcohol in high concentration
alcohol/water mixed solution, some researchers suggest that it is caused by the large steric hindrance
of isopropyl alcohol [26]. We believe that the concentration of the alcohol and water mixture has a
significant impact on the selective adsorption performance, as mentioned earlier. Both factors work
together to improve the adsorption selectivity of propyl alcohol over isopropyl alcohol.

3. Materials and Methods

3.1. Materials

Thermoplastic polyurethane pellets (Zhongcheng Plasticizing), tetrahydrofuran, sodium
chloride ,  isopropanol  (Sinopharm Chemical Reagent Co., Ltd.), N-isopropylacrylamide
(Shanghai McLean Biochemical Technology Co., Ltd.), N, N-methylenebisacrylamide (Anhui
Zaisheng Technology Co., Ltd.), ammonium persulfate(Anhui Sunrise Technology Co. Ltd.),
anhydrous ethanol (Shanghai Aladdin Biochemical Technology Co., Ltd.), anhydrous methanol
(Beijing Chemical Plant), propanol (Tianjin Yongda Chemical Reagent Co., Ltd.), distilled water, the
above reagents are analytically pure and are used directly without further purification.

3.2. Preparation of TPU-PNIPAM

Initially, 2 grams of TPU was dried in an oven for 12 hours and then weighed. Afterward, it was
dissolved in 8 milliliters of tetrahydrofuran, heated, and stirred until it became homogeneous and
transparent. Pre-ground sodium chloride particles were then added and mixed thoroughly. The
mixture was swiftly poured into cylindrical molds that had a diameter of 30 mm and a depth of 10
mm. After being left in a fume hood for 24 hours, it was transferred to an oven where it was dried at
a temperature of 55°C. After thoroughly drying and forming the product, remove it from the mold
and sand it. Then, place it in distilled water and replace the water once every 8 hours until no sodium
chloride precipitates. Once this is done, the reshaped TPU material can be dried and stored for future
use.

0.50g, 1.00g, and 1.50g of N-isopropyl acrylamide were weighed to use as the polymerization
monomer. Additionally, 1% of the monomer mass of N, N-methylenebisacrylamide was also
weighed and added as a cross-linking agent. The mixture was stirred in 30 ml of distilled water to
dissolve and create a colorless transparent solution. TPU material was added to a reaction solution,
to which 100pL of 10wt% ammonium persulfate solution was added as the initiator. The reaction was
carried out in an oxygen-free environment at 70°C for 3 hours. After the reaction, the product was
washed with distilled water at25°C and45C to remove any unreacted monomer. The TPU-PNIPAM
composite material was then dried to obtain T-Nos, T-N1.o and T-Nus.

3.3. Characterization of Materials

The sample was characterized using a FEI scanning electron microscope. The sample was fixed
onto the sample table with conductive adhesive and coated with a thin layer of gold to prevent
electrostatic charging.

The sample was analyzed using a Nicolet IS5 Fourier infrared spectrometer. The product was
first cut into a fine powder, then mixed thoroughly with potassium bromide at a ratio of 1:100. After
that, the mixture was pressed into thin slices using a tablet press. Finally, it was scanned 32 times
within the wavelength range of 4000-400cm-!.

Raman spectrum analysis was conducted using a LabRAM HR Evolution high-resolution laser
Raman spectrometer with a laser wavelength of 514nm and scanning range of 800-1800cm-!.

QMS403D \ Bruker V70 thermogravimetric analyzer was used to perform thermogravimetric
analysis of the experimental samples in N2 atmosphere. The temperature was increased from room
temperature to 700°C at a rate of 20°C/min.
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3.4. Adsorption Performance Test

The effectiveness of TPU-PNIPAM in selectively adsorbing alcohol/water mixtures was tested
using a SHIMADZU GC-8A gas chromatograph with a Q column. High-purity helium served as the
carrier gas and was maintained at a pre-column pressure of 400 kPa, injection column pressure of 220
kPa, and a reference column pressure of 230 kPa. The helium flow rate was set at 37.5 mL/min. The
current flowing through the bridge was measured at 140 mA. The injection and detection chambers
were maintained at a temperature of 200°C, while the column box was heated to 180°C. A single
injection volume of 0.2 pl was used for each test. In a closed bottle, 3 ml of an alcohol/water mixture
was taken and a prepared TPU-PNIPAM material was placed inside for each test. Samples were
collected and documented at 10-minute intervals to measure the alteration in the concentration of the
solution within a 90-minute timeframe.

4. Conclusions

A TPU-PNIPAM composite material was prepared by in-situ polymerization to selectively
adsorb alcohol from a mixed solution of alcohol and water for the first time. The molecular
structure of TPU and PNIPAM both have hydrogen bond sites that can bind with water. By
forming a hydrogen bond between the carbonyl oxygen and amino hydrogen, TPU and PNIPAM can
expose the hydrophobic isopropyl group of PNIPAM to the greatest extent while covering the
hydrophilic point. This resulted in the formation of a hydrophobic TPU-PNIPAM composite
which allowed for selective adsorption of alcohols in the alcohol/water mixture through London
dispersion force between alkyl groups. The performance of TPU-PNIPAM in selectively adsorbing
alcohol/water mixed solutions was tested by comparing the concentration of alcohol/water before
and after adsorption. As the amount of PNIPAM loaded on the surface of TPU increases, the number
of hydrogen bonds between TPU and PNIPAM increases, the hydrophilic point is largely covered,
and the dispersion between the exposed isopropyl group and the alcohol alkyl group is enhanced.
This results in the TPU-PNIPAM having an enhanced selective adsorption ability for alcohol/water
mixed solution. When mixing alcohol and water solutions with varying initial concentrations, the
adsorption of alcohol molecules is accompanied by the co-adsorption of water. The adsorption curve
of such mixtures shows a fast-slow-fast-equilibrium characteristic, with the two initial fast
adsorptions driven by kinetics and thermodynamics, respectively. As the amount of alcohol adsorbed
reaches a medium level, the co-adsorption of water reaches its maximum, leading to a gentle decrease
in the adsorption curve. When the temperature was raised to 55°C, the TPU-PNIPAM exhibited better
selective adsorption performance on alcohol/water mixtures of varying concentrations. With an
increase in temperature, alcohol molecules were more favorably adsorbed and retained in the
polymer network than water molecules. This was because the hydrophobic isopropyl group of
PNIPAM was more exposed, leading to an enhanced van der Waals interaction with alcohol alkyl
groups. In addition to the general adsorption law, different types of alcohol/water mixed solutions
exhibit varying degrees of selective adsorption capacity under the same conditions. The selective
adsorption capacity of different alcohols increases gradually in the order of methanol, ethanol,
isopropyl alcohol, and propyl alcohol. This is due to the increased dispersion of hydrophobic alkyl
and alkyl alcohol. In the mixed solution of alcohol/water at 20wt%, the steric hindrance of the alkyl
groups of isopropyl alcohol results in a less effective selective adsorption effect compared to propyl
alcohol. The TPU-PNIPAM composite is suitable for the selective adsorption and separation of
alcohol/water mixed solutions.
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