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Abstract: In this investigation, purified attapulgite (ATT) and polyvinyl alcohol (PVA) were utilized
to fabricate nanocomposite hydrogels and a xerogel, with a focus on studying the impact of minor
additions of ATT on the properties of the PVA nanocomposite hydrogels and xerogel. The findings
demonstrated that at a concentration of 0.75% ATT, the water content and gel fraction of the PVA
nanocomposite hydrogel reached their peak. Conversely, the nanocomposite xerogel with 0.75%
ATT reduced its swelling and porosity to the minimum. SEM and EDS analyses revealed that when
the ATT concentration was at or below 0.5%, nano-sized ATT could be evenly distributed in the
PVA nanocomposite xerogel. However, when the concentration of ATT rose to 0.75% or higher, the
ATT began to aggregate, resulting in a decrease in porous structure and the disruption of certain 3D
porous continuous structures. The XRD analysis further affirmed that at an ATT concentration of
0.75% or higher, a distinct ATT peak emerged in the PVA nanocomposite xerogel. It was observed
that as the content of ATT increased, the concavity and convexity of the xerogel surface, as well as the
surface roughness, decreased. The results also confirmed that the ATT was evenly distributed in the
PVA, and a combination of hydrogen bonds and ether bonds resulted in a more stable gel structure.
The tensile properties exhibited that when compared with pure PVA hydrogel, the maximum tensile
strength and elongation at break were achieved at an ATT concentration of 0.5%, indicating increases
of 23.0% and 11.8%, respectively. The FTIR analysis results showed that the ATT and PVA could
generate an ether bond, further confirming that ATT could enhance the PVA properties. The TGA
analysis showed that the thermal degradation temperature peaked when the ATT concentration was
at 0.5%, providing further evidence that the compactness of the nanocomposite hydrogel and the
dispersion of the nanofiller was superior, contributing to a substantial increase in the mechanical
properties of the nanocomposite hydrogel. Finally, the dye adsorption results displayed a significant
rise in dye removal efficiency for methylene blue with the increase in the ATT concentration. At
an ATT concentration of 1%, the removal efficiency rose by 103% compared with that of the pure
PVA xerogel.

Keywords: polyvinyl alcohol (PVA); attapulgite (ATT); nanocomposite hydrogels; nanocomposite
xerogel; dye removal efficiency
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1. Introduction

Hydrogels are a 3D network structure formed by cross-linking hydrophilic polymer
materials. It is insoluble in water and it fully swells in water. It can be used in many fields
due to its porous and easily expandable properties. Polyvinyl alcohol (PVA) is a hydrophilic
material that is simply soluble in an aqueous solution, somewhat soluble in ethanol, but
not soluble in most organic solvents [1,2]. It is a good polymer material for preparing
hydrogels [3]. PVA hydrogels can commonly be prepared using many kinds of methods,
such as chemical methods and physical methods (for example cyclic freezing–thawing
method [4]). Compared with others, the physical method of cyclic freezing–thawing to
prepare hydrogel has the advantages of high efficiency, convenience and simplicity [5]. The
hydrogel prepared using this method will not contain harmful chemicals [6]. However,
pure PVA hydrogels generally have limitations, such as low tensile and dye adsorption
capability [7,8], and such inadequacies limit their further applications [9]. A better method
to enhance the properties of a hydrogel is by enhancing it with nanofillers [10].

Zhang et al. [11] used nanofiller graphene oxide (GO) and PVA to prepare PVA/GO
composites hydrogel; when the GO content was 0.7%, the tensile strength was 132%
higher than neat PVA hydrogel. To give a hydrogel antibacterial properties, Chen et al. [12]
prepared a hydrogel from graphene-doped ZnO and PVA. The results showed that when the
graphene-doped ZnO content was 0.3%, the tensile strength improved from 1.9 to 2.2 MPa.
A nanocomposite hydrogel also has excellent dye adsorption and antibacterial properties.
There are also some studies that investigated carbon nanotubes (CNTs) enhancing the
properties of PVA hydrogels [13–15]. Tsou et al. [16] used ZnO-decorated carbon nanotubes
(CNT-ZnO) to improve the tensile properties of a PVA hydrogel, indicating that when
the addition of CNT-ZnO was 0.6%, its tensile strength was significantly increased from
1.1 MPa to 2.3 MPa, and the CNT-ZnO also improved the dye adsorption ability.

Attapulgite (ATT) is a kind of clay mineral found almost all over the world [17]. Be-
cause of its unique crystal structure and low price, ATT is widely used in building materials,
sewage adsorption treatment [18], agricultural composting and other fields [19,20], with
great development prospects [21]. In recent years, it has also received extensive attention
from the academic community [22,23]. Compared with other nanomaterials (such as CNT,
graphene, and ZnO), ATT is an abundant natural mineral with a low cost. Due to its porous
structure, it is more suitable for use as an adsorbent.

Song et al. [24] reported a nanocomposite hydrogel prepared with PVA cellulose and
GO, and they added 1, 1.5 and 2% ATT content to enhance the adsorption of Cu and Pb
metal ions. The results showed that the adsorption rate of the nanocomposite hydrogel
increased with the increase in ATT content. Elbassyoni et al. [25] first modified ATT with
hexadecyl trimethyl ammonium chloride and then they added 1, 3, 5, 7 and 10% modified
ATT to the PVA hydrogel. The results showed that the tensile strength and breaking
elongation of the hydrogel increased with the increase in ATT content, and the swelling
degree reached the maximum at 7% ATT content. Farid et al. [26] used the solution casting
method to prepare a PVA/carboxymethyl cellulose nanocomposite hydrogel by using citric
acid as the crosslinking agent and ATT as a nanofiller (1, 2, 4 and 5%). The results showed
that when the ATT content was 1%, the tensile strength and elongation at break of the
nanocomposite hydrogel reached the maximum value. This result also indirectly indicated
that 1% ATT was not the optimal reinforcement addition. Most related studies showed that
ATT can endow hydrogels with mechanical properties and improve their swelling degree
and adsorption rate, but so far, the amount of ATT added is more than 1%. A higher ATT
content will increase the cost of the nanocomposite hydrogel. Lower nanofillers can not
only reduce costs but also avoid agglomeration. Therefore, this study investigated the effect
of different low levels of ATT addition on the performance and physicochemical properties
of a hydrogel. This new experimental design has the advantage of lower cost compared
with other studies and can provide a reference value for future research. The prepared
nanocomposite hydrogel was instrumentally characterized using FTIR and SEM, while the
tensile property and porosity test of the hydrogel and dye adsorption test of the xerogel
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were undertaken. The low content of ATT enhanced the tensile strength and durability of
the PVA hydrogels through ether bonding and created a nanocomposite hydrogel with a
higher thermostability and dye adsorption ability.

2. Experimental
2.1. Materials

PVA 1799 was used for this study. The purity of the PVA was 99%, the degree of
polymerization was 1700 and the degree of alcoholysis was 99%. It was bought from Titan
Science Co. Ltd. (Shanghai, China). The purification method used for the ATT was the
same as that in a previous work [27]. Deionized water (DI water) was produced using a
water machine (ZYTEST, Ulupure, Chendu, China).

2.2. Fabrication of PVA/ATT Nanocomposite Hydrogels

First, PVA pellets were dehydrated in an oven at 85 ◦C, after which the dried PVA
was dissolved in DI water while stirring at 90 ◦C for 60 min to prepare the PVA solution;
the ratio of PVA to water was 15:85. Then, a certain proportion of ATT (0.25, 0.5, 0.75, 1%)
was ultrasonicated using a cell disrupter for 5 min. After that, different amounts of ATT
were mixed with the PVA solution. Subsequently, the blend was ultrasonicated with a
cell disrupter for 12 min and then stirred at 85 ◦C for 120 min. The blend was transferred
into a mold and it was allowed to sit overnight for defoaming. The freezing-and-thawing
method was used: the mold and its content were frozen in a freezer set to −20 ◦C for 24 h,
and subsequently thawed in an incubator at 25 ◦C for 24 h for 5 cycles to obtain PVA/ATT
nanocomposite hydrogels, whose components and their amounts are itemized in Table 1.

Table 1. Make-up of the PVA/ATT nanocomposite hydrogels.

Sample PVA (%) ATT (%)

PVA 100.00 0
PVA/ATT0.25 99.75 0.25
PVA/ATT0.5 99.50 0.50
PVA/ATT0.75 99.25 0.75
PVA/ATT1 99.00 1

2.3. Water Content

Each test was repeated 4 times, then the average value was calculated. The water
content (Wc) of the PVA/ATT nanocomposite hydrogels was calculated using the follow-
ing equation:

Wc =
Wh − Wx

Wh
× 100% (1)

where Wh is the weight of the hydrogel and Wx is the weight of the xerogel.

2.4. Swelling Ratio

All samples were put into DI water in an incubator at 25 ◦C. When the xerogel was
fully swollen for 2 days, the water on the surface of the xerogel was removed using filter
paper, after which the xerogel was weighed. Each test was undertaken 4 times, then the
average value of swelling was calculated. The swelling ratio (Sr) of the composite PVA/ATT
nanocomposite xerogel was calculated using the following equation:

Sr =
Ws − Wd

Wd
× 100% (2)

where Ws is the weight of the xerogel after swelling and Wd is the weight of the xerogel.
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2.5. Gel Fraction

The xerogel was weighed first, then the xerogel was immersed in deionized (DI)
water and allowed to fully swell in an incubator at 25 ◦C for 2 days. Subsequently, it
was subjected to vacuum freeze-drying for 2 days before being weighed. Each test was
undertaken 4 times, then the average value was calculated. The gel fraction (Gf) of the
PVA/ATT nanocomposite xerogel was calculated using the following equation:

G f =
W f

WF
× 100% (3)

where WF refers to the weight of the xerogel after the first vacuum freeze-drying process,
while WF refers to the weight of the xerogel after the second freeze-drying process.

2.6. Porosity

The weights of the nanocomposite hydrogel and nanocomposite xerogel were mea-
sured using the Archimedean buoyancy method [28]. An electronic balance (BSM-220,
Shanghai Zhuojing Electronic Technology, Shanghai, China) was used to determine the
weights of all the nanocomposites. Each test was undertaken 3 times, then the average value
was calculated. The porosities (P) of the PVA/ATT hydrogel and xerogel were calculated
using the following equation:

P =
W2 − W1

W2 − W3
× 100% (4)

where W1 refers to the weights of the hydrogel and xerogel in air, W2 refers to the weights
of the nanocomposite hydrogel and nanocomposite xerogel after its complete swelling, and
W3 refers to the weights of the suspended hydrogel and xerogel.

2.7. X-ray Diffraction Analysis

XRD (Bruker, Germany) was used on all samples to test the xerogels. The parameters
were as follows: Cu-Kα rays, 40 kV voltage, 40 mA current, 2θ angle range from 5–60◦ and
a scanning rate of 0.02◦/0.1 s.

2.8. Thermogravimetric Analysis

TGA (HTG-1, China) was utilized to conduct thermostability analyses on the xerogels
in a nitrogen-protective atmosphere (the flow rate was 70 mL/min, the heating rate was
10 ◦C/min and the heating range was 25 to 800 ◦C).

2.9. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

SEM-EDS (Czech Republic) was utilized to observe the fracture morphologies of the
xerogels. Before the xerogels were observed at a magnification of 5 k, the xerogels were
gold-plated. The dispersion of ATT in the xerogels was obtained at a magnification of 500
using EDS (QUANTAX, Bruker, Germany).

2.10. Surface Profile

The surface morphologies of the PVA and PVA/ATT nanocomposite xerogels after
48 h of freeze-drying and dehydration were tested using a three-dimensional optical
profilometer (Contour·GT-K, Tescan, Czech Republic).

2.11. Surface Roughness

The surface roughnesses of the dried gels after vacuum freeze drying for 48 h were
measured using a surface roughness tester (TR200, DANA, Huzou, China). The sampling
length of the equipment was 0.8 mm, each sample was tested 5 times and the average value
was calculated.



Polymers 2023, 15, 2535 5 of 19

2.12. Water Contact Angle

The surface hydrophilicity of PVA and PVA/ATT nanocomposite xerogels was char-
acterized using an automatically inclined contact-angle-measuring instrument (SDC-350,
SINDIN, Chengdu, China). After 48 h of vacuum freeze-drying, the test sample was placed
on the testing platform and the syringe automatically dripped 2 µL of deionized water,
recorded the contact angle data at 0 s, and the data was automatically fitted and calcu-
lated using computer software. Test each was sampled three times and the average value
was calculated.

2.13. FTIR

An FTIR spectroscopy instrument (Thermo, New York, USA) was utilized to analyze
the samples; the test range was 4000–500 cm−1 and a resolution of 4 cm−1 was set. The FTIR
spectra of the following samples were obtained: ATT, pure PVA xerogels and PVA/ATT
nanocomposite xerogels.

2.14. Tensile Properties

The tests of the tensile properties were carried out using the standard GBT528-2009
microcomputer-controlled universal testing machine (FBS-10KNW, Xiamen Forbes Equip-
ment Co., Ltd., Xiamen, China) at a speed of 50 mm/min and under ambient temperature
conditions. Five repetitions of each test were performed, and the average value was
computed. The tensile properties of pure PVA, PVA/ATT nanocomposite hydrogels and
PVA/ATT nanocomposite xerogels were identified (freeze-drying hydrogels under vacuum
conditions for 2 d).

2.15. Adsorption Studies

Xerogels (50 mg) of the same sizes were put in 10 mL methylene blue solution
(10 mg/L). The shaking speed was 150 rpm a 25 ◦C for 2 d to reach a state of absorbance
equilibrium. The absorbance of the solution was measured using an ultraviolet–visible
spectrophotometer (UV-1800PC, Shanghai Jing-Ruo, Shanghai, China) at a wavelength
of 664 nm. Each sample was tested 3 times, then the average value was calculated. The
removal efficiency (Re) was calculated using the following equation:

Re =
A0 − A1

A0
× 100% (5)

where A0 is the initial absorbency of the methylene blue solution and A1 is the absorbency
of the methylene blue solution after the adsorption procedure.

3. Results and Discussion
3.1. Water Content

Figure 1 discloses the water contents of the hydrogels. The water content was ob-
tained from the weight loss of the hydrogel samples that were freeze-dried for 2 d. The
incorporation of ATT had a slight effect on the water content. However, as the amount of
the incorporated ATT increased from 0 to 0.75%, the water content also increased. This may
have been due to three explanations: First, the amount of water in the hydrogels was the
same (Table 1); second, ATT is a porous material, which means it is easily adsorbed inside
the porous gel material [29]; third, ATT contains a large number of hydroxyl groups, which
is a very hydrophilic nanomaterial [30].

3.2. Swelling Ratio and Gel Fraction

Figure 2a shows the swelling ratio for PVA/ATT nanocomposite xerogels that were
swollen fully in DI water at 25 ◦C for 2 d. With the increase in the ATT content, the
swelling ratio for the PVA and PVA/ATT nanocomposite xerogels decreased significantly.
Because the ATT affected the structure of the xerogel and the blend of the ATT with
PVA strengthened the construction between them, this caused an improvement in the
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nanocomposite xerogel network. The minimum swelling ratio was reached with 0.75%
ATT. This effect was similar to that found in the data on hydrogel and xerogel porosity.
However, when the content of the ATT nanomaterial reached 1%, the swelling rate rose.
This may have been because ATT content = 1% would result in the uneven distribution
of nanomaterials, leading to serious agglomeration and an uneven 3D network structure
destruction in the nanocomposite hydrogel.
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Figure 2b shows the gel fraction of xerogels that underwent a single round of swelling
and freeze-drying. The gel fraction could explain the stability between the gel polymer
chains. Figure 2b shows an approximately 96% gel fraction for both the PVA and PVA/ATT
nanocomposite xerogels. With the increase in the ATT content, the gel fraction of the
composite hydrogel showed an upward trend and reached the maximum when the amount
of ATT was 1%, which was just opposite to the trend of the swelling coefficient of the gel,
which demonstrated that ATT could improve the structural stability of the hydrogel.

3.3. Porosity

The Archimedes buoyancy method was used to measure the porosity of the PVA and
PVA/ATT nanocomposite xerogels obtained after freeze-drying the PVA nanocomposite
hydrogels and nanocomposite hydrogels for 2 d. Figure 3a,b show the xerogel porosities
and hydrogen porosities, respectively. Compared with the porosities of PVA and the
PVA/ATT nanocomposite xerogels and hydrogels, the porosities of the PVA and PVA/ATT
nanocomposite xerogels were significantly lower than those of the PVA and PVA/ATT
nanocomposite hydrogels, which was due to the irrecoverable collapse of some unstable
three-dimensional network structures in the gel during freeze-drying, resulting in the lower
porosity of the xerogels [31,32].
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For the xerogels and hydrogels, the porosity situation shown in Figure 3a,b was similar
to that of the ratio of swelling in Figure 2a. In other words, the 3D network structure of the
hydrogel had a great correlation with the porosity, and its structure dominated the swelling
performance of the composite hydrogel.

3.4. X-ray Diffraction

Figure 4a,b show the XRD diffraction patterns of the ATT and PVA and PVA/ATT
nanocomposite hydrogels. Figure 4a shows that ATT had a strong diffraction peak at
2θ = 8.23◦, while Figure 4b shows that the obvious diffraction peaks of pure PVA hydrogel
were located at 2θ = 11.48, 19.63◦ and 40.73◦, corresponding to the typical PVA crystal
phase, and 2θ = 19.63◦ is also its characteristic peak [33,34].
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After the addition of ATT (ATT ≤ 0.5%), the crystallinity of the PVA/ATT nanocom-
posite xerogels decreased, as shown by the Xc values in Figure 4b. When the ATT contents
were 0.25% and 0.5%, the crystallinities were very low and close to each other, which
indicated that the nanofillers in these xerogel samples were consistently dispersed. The
nucleation was excellent and the crystal size was smaller. When the ATT content ≥ 0.5%
(0.75 and 1%), the crystallinity increased, which may have been due to the slightly poor
dispersion. On the other hand, it can be observed that when the ATT content reached
0.75 and 1% in the PVA/ATT nanocomposite xerogels, a new peak at 2θ = 8.23◦ suddenly
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appeared. This peak was the same as the characteristic peak of ATT (see Figure 4a). This
may be attributed to the high content of ATT or partial agglomeration on the surface,
meaning that XRD detect could detect it easier.

3.5. Thermogravimetric Analysis (TGA) and Differential Thermogravimetry (DTG)

Figure 5a,b show the TGA and DTG curves for the neat PVA and PVA/ATT nanocom-
posite xerogels. It can be seen that the thermodegradation of the PVA and PVA/ATT
nanocomposite xerogels all had two weight loss stages. The temperature in the first step
was about 190–310 ◦C, which involved the degradation of PVA side chains [35]. The first
stage was the fastest stage of thermodegradation of the nanocomposites. The second
step occurred at temperatures of approximately 300–450 ◦C, which was connected to C-C
backbone cleavage in PVA polymer [36].
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Table 2 lists the detailed data for TGA and DTG. T1 values for TGA of the PVA/ATT
nanocomposite xerogels were similar to that of pure PVA hydrogel, whereas T2 values
for TGA were higher than that of PVA when the ATT content was 0.25–0.5%, and T2 was
the highest at 0.5% ATT. It can be also observed that DTG peak 1 shows that the 0.5%
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ATT content reached the maximum values. This indicated that a small amount of ATT
(0.25–0.5%) could improve the thermostability of the nanocomposite xerogel.

Table 2. Thermogravimetric analysis/differential thermogravimetry of PVA/ATT nanocomposite
xerogels.

Samples T1 (◦C) T2 (◦C) DTG Peak 1 (◦C) DTG Peak 2 (◦C)

PVA 247.6 358.4 272.9 438.4
PVA/ATT0.25 255.3 382.7 283.1 442.9
PVA/ATT0.5 253.1 393.8 285.0 445.4
PVA/ATT0.75 251.9 336.6 280.7 445.4
PVA/ATT1 243.8 335.6 272.9 449.2

3.6. Morphology Analysis

Figure 6 shows the fraction section morphology of the pure PVA and PVA/ATT
nanocomposite xerogels. From Figure 6a, it can be observed that the section of the pure
PVA xerogel had several irregular pores with many different sizes. The surface of the
nanocomposite xerogels did not change much with the addition of ATT from 0.25 to
0.5%. It can be seen from Figure 6b,c that with the increase in the amount of added ATT
nanomaterials, the holes of the structure of the PVA/ATT nanocomposite xerogels were
similar looking, with only slightly smaller pores, but this was not obvious. This may be
attributed to the fact that ATT dispersed well in the PVA xerogels, as well as forming
ether bonds and hydrogen bonds with the PVA, making the structure denser. When the
added amount of ATT ≥ 0.75% (see Figure 6d,e), it may have been that a small amount
of nanofiller was agglomerated, and thus, the uneven dispersion of ATT led to the partial
collapse of the uniform porous continuous structure and wrinkles. Thus, the porosity and
swelling degree reached the lowest value (see Figures 2a and 3a,b).
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3.7. EDS Analysis

To further confirm the dispersion of ATT in PVA, EDS analysis results are shown in
Figure 7. Figure 7 displays the dispersal of Si in the neat PVA and PVA/ATT nanocom-
posite hydrogels. Figure 7a confirms that the pure PVA hydrogel did not contain Si.
Figure 7b–f illustrate the distribution of Si in PVA/ATT nanocomposite hydrogels (ATT
content: 0.25–1%). From the EDS analysis, when the amount of ATT was less than 0.75%
(0.25 and 0.5%), ATT was evenly distributed in the PVA xerogel. When the ATT content
reached 0.75% and above, there were some agglomeration phenomena. This was consistent
with the SEM characterization results. When the doping amount was higher than 0.5%, the
three-dimensional network in the hydrogel was slightly damaged. The ATT part filled the
porous structure, reducing the holes and making the surface smoother. Consequently, there
was no further enhancement in the mechanical properties at more than 0.5% ATT. With
the addition of more ATT, the section’s pore structure became lower. The reduction in the
number of pores led to difficulty of the entrance of H2O molecules, resulting in the reduced
swelling ratio of the xerogels.

Polymers 2023, 15, x FOR PEER REVIEW 12 of 20 

 

Figure 7. EDS images: (a) neat PVA; (b) PVA/ATT0.25; (c) PVA/ATT0.5; (d) PVA/ATT0.75; (e) 
PVA/ATT1. 

3.8. Surface Profile 
Figure 8 shows the surface profile 3D images of the PVA and PVA/ATT nanocompo-

site xerogels tested using a 3D optical profilometer. It can be seen from the figure that the 
surface of the pure PVA dry gel was uneven, with obvious ups and downs, and there was 
a dense deep pore structure. This was because the hydrogel had a three-dimensional net-
work and porous structure. With the loss of water in the hydrogel during dehydration, 
the intermolecular force of the PVA was enhanced and the three-dimensional network 
structure shrank and collapsed unevenly, and the gel surface appeared more uneven. 
With the increase in ATT content, the concavity and convexity of the dry gel surface de-
creased, and the deep pore structure decreased and gradually became flat, which was 
consistent with the roughness test results. This may have been because the ATT was
evenly dispersed in the PVA dry gel and connected with the PVA by hydrogen bonds and
ether bonds. The structure of the gel was more stable and the structure of the wet gel was 
more complete during dehydration. It can be clearly seen from Figure 8d,e that when the 
amount of ATT added was ≥0.75%, the concavity and convexity of the dry gel surface were 
lower than that before the addition of the ATT, but there were obvious cracks. At this time, 
there was a weak point of stress in the composite, which may have been one of the reasons 
for the reduction in the mechanical strength of the dry gel [37]. The cracks may have been 
caused by the agglomeration of the ATT, which destroyed the continuity of the structure
in the gel, which was mutually confirmed by the SEM test results of the liquid-nitrogen-
quenching section of the hydrogel. 

Figure 7. EDS images: (a) neat PVA; (b) PVA/ATT0.25; (c) PVA/ATT0.5; (d) PVA/ATT0.75;
(e) PVA/ATT1.

3.8. Surface Profile

Figure 8 shows the surface profile 3D images of the PVA and PVA/ATT nanocomposite
xerogels tested using a 3D optical profilometer. It can be seen from the figure that the
surface of the pure PVA dry gel was uneven, with obvious ups and downs, and there
was a dense deep pore structure. This was because the hydrogel had a three-dimensional
network and porous structure. With the loss of water in the hydrogel during dehydration,
the intermolecular force of the PVA was enhanced and the three-dimensional network
structure shrank and collapsed unevenly, and the gel surface appeared more uneven. With
the increase in ATT content, the concavity and convexity of the dry gel surface decreased,
and the deep pore structure decreased and gradually became flat, which was consistent
with the roughness test results. This may have been because the ATT was evenly dispersed
in the PVA dry gel and connected with the PVA by hydrogen bonds and ether bonds. The
structure of the gel was more stable and the structure of the wet gel was more complete
during dehydration. It can be clearly seen from Figure 8d,e that when the amount of ATT
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added was ≥0.75%, the concavity and convexity of the dry gel surface were lower than
that before the addition of the ATT, but there were obvious cracks. At this time, there was
a weak point of stress in the composite, which may have been one of the reasons for the
reduction in the mechanical strength of the dry gel [37]. The cracks may have been caused
by the agglomeration of the ATT, which destroyed the continuity of the structure in the gel,
which was mutually confirmed by the SEM test results of the liquid-nitrogen-quenching
section of the hydrogel.
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3.9. Surface Roughness

Figure 9 shows the roughnesses of the nano PVA and PVA/ATT nanocomposite
xerogels with different contents after 48 h of freeze-drying and dehydration. From the
figure, it can be seen that as the amount of ATT added increased, the surface roughness
of the composite material decreased, and there was basically no change from 0.75% to the
lowest value. The reason for this result may be that the ATT nanomaterials were evenly
distributed in the wet PVA and covered the pores of the dry gel, making the surface of the
dry gel smoother [38], which was consistent with the porosity test and SEM observation
results of the hydrogel. At the same time, ATT contains multi-hydroxyl functional groups,
which can form hydrogen bonds or react with the hydroxyl groups of PVA to form ether
bonds, which makes the three-dimensional network structural connections of the composite
dry gel more compact and more stable, resulting in a decline in surface roughness [39].
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3.10. Water Contact Angle

Figure 10 shows the water contact angle of the PVA and PVA/ATT nanocomposite
xerogels at 0 s after 48 h freeze-drying and dehydration. From the graph, it can be observed
that the contact angle of the pure PVA was about 47.04◦, indicating that the PVA was a
hydrophilic material [40]. However, the contact angle of the PVA/ATT composite materials
showed a trend of first increasing and then decreasing after the addition of the ATT.
When the ATT content was 0.25%, the water contact angle of the PVA and PVA/ATT
nanocomposite xerogels reached its maximum value of 78.80◦. With the further increase
of ATT, its contact angle value became lower and lower. When the content was 1%, the
contact angle reached the minimum value of 46.91◦, which was very close to the value
of the pure PVA contact angle. The reason for the increase in the water contact angle
was that the addition of ATT made the PVA/ATT nanocomposite xerogels connections
dense, and the instantaneous contact angle increased when water contacted the xerogels;
the results of surface roughness analysis showed that the surface roughness of the dry
gel was reduced by adding ATT. According to Wenzel’s research conclusion [41], when
the roughness of hydrophilic materials decreases, their water contact angle will be larger.
Subsequently, as the content of the ATT increased, the water contact angle showed a
decreasing trend. Although the surface roughness can affect the value of the contact angle
due to the large number of hydrophilic hydroxyl groups and the porous structure that
can easily absorb water on the surface of the ATT, the PVA/ATT nanocomposite xerogels
showed an increasingly hydrophilic trend as the amount of ATT added increased.
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3.11. FTIR Spectroscopy

Figure 11 shows the infrared spectra of the ATT, PVA, and PVA/ATT nanocomposite
xerogels. PVA showed several characteristic bands. The FTIR spectrum of the ATT in
Figure 11 showed that there was a clear absorption peak at 3419 cm−1, which was the OH
vibration peak. The peak at 2918 cm−1 was the symmetrical stretching vibration of C-H.
The peak at 1450 cm−1 was the C-OH stretching vibration peak, and the peak at 1109 cm−1

was related to the stretching vibration of the C-O group. When the ATT was added to the
PVA xerogel, its PVA/ATT nanocomposite xerogel showed two more obvious peaks at
1240 cm−1 and 1579 cm−1. This may be attributed to the ether bond formed between the
O-H group of PVA and the O-H group of ATT [42].
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Figure 11. FTIR spectra of the ATT, pure PVA and composite PVA/ATT0.75 nanocomposite xerogel.

The possible reaction mechanism for the network structure formed between the PVA
xerogel and nanomaterial ATT is illustrated in Figure 12, which describes the ether bond
with the PVA matrix or the hydrogen bonds between the PVA matrix and the ATT nanofiller.
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Figure 12. Structure of the nanocomposite PVA/ATT hydrogel.

3.12. Mechanical Properties

Figure 13a displays the tensile properties of the PVA/ATT nanocomposite hydrogels.
As the amount of the added ATT increased from 0 to 0.5%, both the tensile strength
and elongation at break greatly increased. The maximum tensile strength of 2.59 MPa
and elongation at break of 322% were reached when the ATT was 0.5%. This might be
attributed to ATT nanofiller having a good effect on promoting the properties of the
polymer matrix [43]. In addition, the hydroxy (-OH) of ATT also formed hydrogen and
ether bonding with the hydroxyl group from the PVA, and this promoted the improvement
of the mechanical properties of the nanocomposite hydrogels [44].
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Nevertheless, the tensile strength and elongation at break were reduced at amounts of
ATT greater than 0.5%. The decrease in tensile strength of the nanocomposite hydrogels
when the incorporated amounts of ATT were 0.75 and 1% may have been due to the uneven
dispersion of ATT nanofiller in the hydrogel, causing the 3D network structure of the
hydrogels to become damaged. This was consistent with the trend phenomenon shown in
the SEM characterization (see Figure 6), which showed a reduction in its porous structure.

Figure 13b shows the tensile strength and elongation at break of the xerogels. The
pure PVA xerogel in Figure 10b indicated a tensile strength of 39 MPa. In the case of 48 h
freeze-drying at an ATT addition of 0.5%, the tensile strength of the nanocomposite xerogel,
as shown in Figure 10b, is clearly greater by 16 times than that of the hydrogel samples,
as indicated in Figure 10a. This may have been due to the xerogel releasing a lot of water,
and thus, more hydroxyl groups from the samples. As such, the interaction between the
hydroxyl groups formed tougher intramolecular hydrogen bonds [45,46]. Consequently,
the tensile properties of the PVA and PVA/ATT nanocomposite xerogels were obviously
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enhanced compared with the hydrogels sample [47,48]. The trend of the tensile strength and
elongation at break for the xerogels is shown in Figure 13b. The tensile strength increased
with the nanofiller content; at 0.5% ATT, it reached approximately 41 MPa with 48 h freeze
drying. Nevertheless, when the ATT was 0.75%, the tensile strength and elongation at
break decreased, perhaps because of the agglomeration of the ATT [49,50]. When the
addition amount ranged from 0.75% to 1%, the mechanical properties further declined,
which was consistent with the EDS characterization results (Figure 7d,e) showing that the
agglomeration phenomenon became more serious [27].

3.13. Dye Adsorption Studies

Figure 14a,b show the methylene blue solution absorbance and the removal efficiency,
respectively. Figure 14c shows the image of the xerogel after 48 h of adsorption. The
following samples in the amount of 0.05 g were added in 10 mL methylene blue solution
(10 mg/L) at 25 ◦C for 2 d: a blank control, neat PVA sample and PVA/ATT nanocomposite
xerogels obtained after freeze-drying hydrogels in a vacuum for 2 d.
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As can be discerned from Figure 14b, with the increase in the amount of ATT in-
corporated in the xerogel samples, the adsorption capacity of methylene blue solution
on the PVA/ATT nanocomposite xerogels increased. The dye adsorption effect of this
nanocomposite hydrogel was significantly better than that of the other two studies [12,16].
The main reason may have been that ATT is a porous material [27], which can provide
more binding points with methylene blue, and thus, more effectively adsorb dyes.

4. Conclusions

This research provided significant insights into the role of purified attapulgite (ATT) in
enhancing the properties of PVA nanocomposite hydrogels and xerogel. The key findings
confirmed that the inclusion of 0.75% ATT led to a peak in the water content and gel
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fraction of the PVA nanocomposite hydrogel. Simultaneously, this ATT concentration
contributes to minimized swelling and porosity of the nanocomposite xerogel. Further
analysis using SEM, EDS and XRD methods established that an ATT concentration of 0.5%
allowed for even dispersion of the nanosized ATT, thereby optimizing the porous structure.
Beyond this level, the ATT started to aggregate, impairing the porous structure. Notably,
the appearance of a distinct ATT peak at concentrations of 0.75% and above confirmed
the agglomeration effect. The research also found that the optimal tensile strength and
elongation at break were achieved at an ATT concentration of 0.5%, leading to substantial
improvements of 23.0% and 11.8%, respectively, compared with pure PVA hydrogel. The
existence of an ether bond, as observed using FTIR analysis, between ATT and PVA suggests
the enhancement of PVA properties by ATT. Significantly, an ATT concentration of 0.5%
led to a peak thermal degradation temperature, corroborating the superior compactness
of the nanocomposite hydrogel and the excellent dispersion of the nanofiller. An increase
in the ATT content led to a decrease in the surface roughness and porosity, which was
attributed to the even dispersion of ATT and its binding with PVA through hydrogen and
ether bonds. The increase in ATT content initially increased the water contact angle, making
the material less hydrophilic, but this effect was mitigated with further increases in ATT
content. Moreover, the ATT concentration increase was found to drastically enhance the
dye adsorption capacity, with a remarkable 103% increase in the removal efficiency at 1%
ATT concentration compared with the pure PVA xerogel. In conclusion, the incorporation
of ATT at the appropriate concentration significantly improved the properties of PVA
nanocomposite hydrogels and xerogel, including the mechanical and thermal properties,
as well as the dye removal efficiency. These findings underscore the potential of this
enhanced nanocomposite hydrogel for diverse applications in areas such as medical or
environmentally friendly materials. Further research can explore other potential advantages
and implications of ATT in this context, thereby broadening its scope of application.

Author Contributions: Conceptualization, C.-H.T. and S.C.; methodology, C.-H.T. and S.C.; software,
S.C.; validation, S.C.; formal analysis, Y.-J.S., C.-H.T., S.C., J.D., C.-S.W. and W.-H.Y.; investigation, J.D.,
Y.-J.S. and C.-H.T. and C.-S.W.; resources, C.-H.T., W.-H.Y. and C.-S.W.; data curation, Y.-J.S., W.-H.Y.,
M.-C.S. and S.C.; writing—original draft preparation, Y.-J.S., S.C. and C.-H.T.; writing—review and
editing, J.D. and C.-H.T.; visualization, S.C.; supervision, C.-H.T.; project administration, Y.-J.S.;
funding acquisition, C.-H.T. and M.-C.S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Sichuan Province Science and Technology Support
Program (2022JDTD001) and the Research and Innovation Team Program of Sichuan University of
Science and Technology.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable.

Acknowledgments: The authors would like to acknowledge the financial support from the following
organizations: the Sichuan Province Science and Technology Support Program (2022JDTD0016),
Chengdu Science and Technology (2021-RC02-00005-CG), Zigong City Science and Technology
(2019CXRC01), and Opening Project of Material Corrosion and Protection Key Laboratory of Sichuan
Province (2019CL05; 2020CL19).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jiang, S.; Liu, S.; Feng, W. PVA hydrogel properties for biomedical application. J. Mech. Behav. Biomed. Mater. 2011, 4, 1228–1233.

[CrossRef] [PubMed]
2. Arefian, M.; Hojjati, M.; Tajzad, I.; Mokhtarzade, A.; Mazhar, M.; Jamavari, A. A review of Polyvinyl alcohol/Carboxymethyl

cellulose (PVA/CMC) composites for various applications. J. Compos. Constr. 2020, 2, 69–76. [CrossRef]

https://doi.org/10.1016/j.jmbbm.2011.04.005
https://www.ncbi.nlm.nih.gov/pubmed/21783131
https://doi.org/10.29252/jcc.2.2.2


Polymers 2023, 15, 2535 18 of 19

3. Tang, Y.; Pang, L.; Wang, D. Preparation and characterization of borate bioactive glass cross-linked PVA hydrogel. J. Non-Cryst.
Solids 2017, 476, 25–29. [CrossRef]

4. Adelnia, H.; Ensandoost, R.; Moonshi, S.S.; Gavgani, J.N.; Vasafi, E.I.; Ta, H.T. Freeze/thawed polyvinyl alcohol hydrogels:
Present, past and future. Eur. Polym. J. 2021, 164, 110974. [CrossRef]

5. Spoljaric, S.; Salminen, A.; Luong, N.D.; Seppälä, J. Stable, self-healing hydrogels from nanofibrillated cellulose, poly (vinyl
alcohol) and borax via reversible crosslinking. Eur. Polym. J. 2014, 56, 105–117. [CrossRef]

6. Kumar, A.; Han, S.S. PVA-based hydrogels for tissue engineering: A review. Int. J. Polym. Mater. Polym. Biomater. 2017, 66,
159–182. [CrossRef]

7. Liu, C.; Liu, H.; Xiong, T.; Xu, A.; Pan, B.; Tang, K. Graphene oxide reinforced alginate/PVA double network hydrogels for
efficient dye removal. Polymers 2018, 10, 835. [CrossRef]

8. Hou, R.; Zhang, G.; Du, G.; Zhan, D.; Cong, Y.; Cheng, Y.; Fu, J. Magnetic nanohydroxyapatite/PVA composite hydrogels for
promoted osteoblast adhesion and proliferation. Colloids Surf. B 2013, 103, 318–325. [CrossRef]

9. Samaddar, P.; Kumar, S.; Kim, K.H. Polymer hydrogels and their applications toward sorptive removal of potential aqueous
pollutants. Polym. Rev. 2019, 59, 418–464. [CrossRef]

10. Mok, C.F.; Ching, Y.C.; Muhamad, F.; Abu Osman, N.A.; Hai, N.D.; Che Hassan, C.R. Adsorption of dyes using poly (vinyl
alcohol) (PVA) and PVA-based polymer composite adsorbents: A review. J. Polym. Environ. 2020, 28, 775–793. [CrossRef]

11. Zhang, L.; Wang, Z.; Xu, C.; Li, Y.; Gao, J.; Wang, W.; Liu, Y. High strength graphene oxide/polyvinyl alcohol composite hydrogels.
J. Mater. Chem. 2011, 21, 10399–10406. [CrossRef]

12. Chen, S.; De Guzman, M.R.; Tsou, C.H.; Li, M.; Suen, M.C.; Gao, C.; Tsou, C.Y. Hydrophilic and absorption properties of reversible
nanocomposite polyvinyl alcohol hydrogels reinforced with graphene-doped zinc oxide nanoplates for enhanced antibacterial
activity. Polym. J. 2022, 55, 45–61. [CrossRef]

13. Cao, Y.; Zhu, X.; Ni, Z.; Ge, B.; Li, W.; Ren, G.; Liu, C. Construction of PVA hydrogel-based solar-driven interfacial distillation
device and its performance research in selective adsorption of organic solvents and removal of Rh B. Sep. Purif. Technol. 2022, 295,
121274. [CrossRef]

14. Umoren, S.A.; Etim, U.J.; Israel, A.U. Adsorption of methylene blue from industrial effluent using poly (vinyl alcohol). J. Mater.
Environ. Sci. 2013, 4, 75–86.

15. Adewunmi, A.A.; Ismail, S.; Sultan, A.S. Carbon nanotubes (CNTs) nanocomposite hydrogels developed for various applications:
A critical review. J. Inorg. Organomet. Polym. Mater. 2016, 26, 717–737. [CrossRef]

16. Tsou, C.H.; Chen, S.; Li, X.; Chen, J.C.; De Guzman, M.R.; Sun, Y.L.; Zhang, Y. Highly resilient antibacterial composite polyvinyl
alcohol hydrogels reinforced with CNT-NZnO by forming a network of hydrogen and coordination bonding. J. Polym. Res. 2022,
29, 412. [CrossRef]

17. Shi, L.; Yao, J.; Jiang, J.; Zhang, L.; Xu, N. Preparation of mesopore-rich carbons using attapulgite as templates and furfuryl
alcohol as carbon source through a vapor deposition polymerization method. Microporous Mesoporous Mater. 2009, 122, 294–300.
[CrossRef]

18. Wang, L.; Sheng, J. Preparation and properties of polypropylene/org-attapulgite nanocomposites. Polymer 2005, 46, 6243–6249.
[CrossRef]

19. Chen, Y.; Tang, P.; Li, Y.; Chen, L.; Jiang, H.; Liu, Y.; Luo, X. Effect of attapulgite on heavy metals passivation and microbial
community during co-composting of river sediment with agricultural wastes. Chemosphere 2022, 299, 134347. [CrossRef]

20. Zhao, Y.; Jiang, C.; Yang, L.; Liu, N. Adsorption of Lactobacillus acidophilus on attapulgite: Kinetics and thermodynamics and
survival in simulated gastrointestinal conditions. LWT 2017, 78, 189–197. [CrossRef]

21. Tsou, C.H.; Guo, J.; Lei, J.A.; De Guzman, M.R.; Suen, M.C. Characterizing attapulgite-reinforced nanocomposites of poly (lactic
acid). Polym. Sci. Ser. A 2020, 62, 732–743. [CrossRef]

22. Wang, Y.; Feng, Y.; Jiang, J.; Yao, J. Designing of recyclable attapulgite for wastewater treatments: A review. ACS Sustain. Chem.
Eng. 2018, 7, 1855–1869. [CrossRef]

23. Anang, E.; Hong, L.; Fan, X.; Asamoah, E.N. Attapulgite supported nanoscale zero-valent iron in wastewater treatment and
groundwater remediation: Synthesis, application, performance and limitation. Environ. Technol. Rev. 2022, 11, 1–17. [CrossRef]

24. Song, S.; Liu, Z.; Zhang, J.; Jiao, C.; Ding, L.; Yang, S. Synthesis and adsorption properties of novel bacterial cellulose/graphene
oxide/attapulgite materials for Cu and Pb Ions in aqueous solutions. Materials 2020, 13, 3703. [CrossRef] [PubMed]

25. Elbassyoni, S.; Kamoun, E.A.; Taha, T.H. Effect of Egyptian attapulgite clay on the properties of PVA-HES–clay nanocomposite
hydrogel membranes for wound dressing applications. Arab. J. Sci. Eng. 2020, 45, 4737–4749. [CrossRef]

26. Farid, E.; Kamoun, E.A.; Taha, T.H.; El-Dissouky, A.; Khalil, T.E. PVA/CMC/attapulgite clay composite hydrogel membranes for
biomedical applications: Factors affecting hydrogel membranes crosslinking and bio-evaluation tests. J. Polym. Environ. 2022, 30,
4675–4689. [CrossRef]

27. Ma, Z.L.; Tsou, C.H.; Cui, X.; Wu, J.; Lin, L.; Wen, H.; Liao, B. Barrier properties of nanocomposites from high-density polyethylene
reinforced with natural attapulgite. Curr. Res. Green Sustain. Chem. 2022, 5, 100314. [CrossRef]

28. Dingwell, D.B. The density of titanium (IV) oxide liquid. J. Am. Ceram. Soc. 1991, 74, 2718–2719.
29. Dong, K.; Qiu, F.; Guo, X.; Xu, J.; Yang, D.; He, K. Polyurethane–attapulgite porous material: Preparation, characterization, and

application for dye adsorption. J. Appl. Polym. Sci. 2013, 129, 1697–1706. [CrossRef]

https://doi.org/10.1016/j.jnoncrysol.2017.07.017
https://doi.org/10.1016/j.eurpolymj.2021.110974
https://doi.org/10.1016/j.eurpolymj.2014.03.009
https://doi.org/10.1080/00914037.2016.1190930
https://doi.org/10.3390/polym10080835
https://doi.org/10.1016/j.colsurfb.2012.10.067
https://doi.org/10.1080/15583724.2018.1548477
https://doi.org/10.1007/s10924-020-01656-4
https://doi.org/10.1039/c0jm04043f
https://doi.org/10.1038/s41428-022-00711-2
https://doi.org/10.1016/j.seppur.2022.121274
https://doi.org/10.1007/s10904-016-0379-6
https://doi.org/10.1007/s10965-022-03248-3
https://doi.org/10.1016/j.micromeso.2009.03.016
https://doi.org/10.1016/j.polymer.2005.05.067
https://doi.org/10.1016/j.chemosphere.2022.134347
https://doi.org/10.1016/j.lwt.2016.12.022
https://doi.org/10.1134/S0965545X20330068
https://doi.org/10.1021/acssuschemeng.8b05823
https://doi.org/10.1080/21622515.2021.2010131
https://doi.org/10.3390/ma13173703
https://www.ncbi.nlm.nih.gov/pubmed/32825694
https://doi.org/10.1007/s13369-020-04501-x
https://doi.org/10.1007/s10924-022-02538-7
https://doi.org/10.1016/j.crgsc.2022.100314
https://doi.org/10.1002/app.38874


Polymers 2023, 15, 2535 19 of 19

30. Li, A.; Wang, A.; Chen, J. Studies on poly (acrylic acid)/attapulgite superabsorbent composite. I. Synthesis and characterization.
J. Appl. Polym. Sci. 2004, 92, 1596–1603. [CrossRef]

31. Masci, G.; Husu, I.; Murtas, S.; Piozzi, A.; Crescenzi, V. Physical hydrogels of poly (vinyl alcohol) with different syndiotacticity
prepared in the presence of lactosilated chitosan derivatives. Macromol. Biosci. 2003, 3, 455–461. [CrossRef]

32. Pirzada, T.; Shah, S.S. Potential of PVA templated Silica Xerogels as Adsorbents for Rhodamine 6G. J. Korean Chem. Soc. 2011, 55,
1024–1029. [CrossRef]

33. Ma, X.D.; Qian, X.F.; Yin, J.; Xi, H.A.; Zhu, Z.K. Preparation and characterization of polyvinyl alcohol-capped CdSe nanoparticles
at room temperature. J. Colloid Interface Sci. 2002, 252, 77–81. [CrossRef]

34. García-Cerda, L.A.; Escareno-Castro, M.U.; Salazar-Zertuche, M. Preparation and characterization of polyvinyl alcohol–cobalt
ferrite nanocomposites. J. Non-Cryst. Solids 2007, 353, 808–810. [CrossRef]

35. Yang, C.C.; Lee, Y.J.; Yang, J.M. Direct methanol fuel cell (DMFC) based on PVA/MMT composite polymer membranes. J. Power
Sources 2009, 188, 30–37. [CrossRef]

36. Liu, D.; Sun, X.; Tian, H.; Maiti, S.; Ma, Z. Effects of cellulose nanofibrils on the structure and properties on PVA nanocomposites.
Cellulose 2013, 20, 2981–2989. [CrossRef]

37. Niknia, N.; Kadkhodaee, R. Gum tragacanth-polyvinyl alcohol cryogel and xerogel blends for oral delivery of silymarin: Structural
characterization and mucoadhesive property. Carbohydr. Polym. 2017, 177, 315–323. [CrossRef]

38. Khan, M.U.A.; Yaqoob, Z.; Ansari, M.N.M.; Razak, S.I.A.; Raza, M.A.; Sajjad, A.; Busra, F.M. Chitosan/poly vinyl alco-
hol/graphene oxide based pH-responsive composite hydrogel films: Drug release, anti-microbial and cell viability studies.
Polymers 2021, 13, 3124. [CrossRef]

39. Bajpai, A.K.; Bhatt, R.; Katare, R. Atomic force microscopy enabled roughness analysis of nanostructured poly (diaminonaphtha-
lene) doped poly (vinyl alcohol) conducting polymer thin films. Micron 2016, 90, 12–17. [CrossRef]

40. Liu, Y.; Hu, H.; Yang, X.; Lv, J.; Zhou, L.; Luo, Z. Hydrophilic modification on polyvinyl alcohol membrane by hyaluronic acid.
Biomed. Mater. 2019, 14, 055009. [CrossRef]

41. Wenzel, R.N. Surface roughness and contact angle. J. Phys. Chem. 1949, 53, 1466–1467. [CrossRef]
42. Jiao, L.; Xiao, H.; Wang, Q.; Sun, J. Thermal degradation characteristics of rigid polyurethane foam and the volatile products

analysis with TG-FTIR-MS. Polym. Degrad. Stab. 2013, 98, 2687–2696. [CrossRef]
43. Azahari, N.A.; Othman, N.; Ismail, H. Effect of attapulgite clay on biodegradability and tensile properties of polyvinyl alco-

hol/corn starch blend film. Int. J. Polym. Mater. 2012, 61, 1065–1078. [CrossRef]
44. Tsou, C.H.; Zhao, L.; Gao, C.; Duan, H.; Lin, X.; Wen, Y.; De Guzman, M.R. Characterization of network bonding created by

intercalated functionalized graphene and polyvinyl alcohol in nanocomposite films for reinforced mechanical properties and
barrier performance. Nanotechnology 2020, 31, 385703. [CrossRef]

45. Kanimozhi, K.; Basha, S.K.; Kumari, V.S.; Kaviyarasu, K. Development of biomimetic hybrid porous scaffold of chitosan/polyvinyl
alcohol/carboxymethyl cellulose by freeze-dried and salt leached technique. J. Nanosci. Nanotechnol. 2018, 18, 4916–4922.
[CrossRef]

46. Zhou, T.; Cheng, X.; Pan, Y.; Li, C.; Gong, L. Mechanical performance and thermal stability of polyvinyl alcohol–cellulose aerogels
by freeze drying. Cellulose 2019, 26, 1747–1755. [CrossRef]

47. Tsou, C.H.; Zeng, R.; Wan, N.; De Guzman, M.R.; Hu, X.F.; Yang, T.; Sun, Y.L. Biological oyster shell waste enhances polyphenylene
sulfide composites and endows them with antibacterial properties. Chin. J. Chem. Eng. 2022, 57, 118–131. [CrossRef]

48. Tsou, C.H.; Ge, F.F.; Lin, L.; Yuan, S.; De Guzman, M.R.; Potiyaraj, P. Barrier and Biodegradable Properties of Poly (butylene
adipate-co-terephthalate) Reinforced with ZnO-Decorated Graphene Rendering it Antibacterial. ACS Appl. Polym. Mater. 2023, 5,
1681–1695. [CrossRef]

49. Yuan, X.; Li, C.; Guan, G.; Liu, X.; Xiao, Y.; Zhang, D. Synthesis and characterization of poly (ethylene terephthalate)/attapulgite
nanocomposites. J. Appl. Polym. Sci. 2007, 103, 1279–1286. [CrossRef]

50. Tsou, C.H.; Zeng, R.; Tsou, C.Y.; Chen, J.C.; Sun, Y.L.; Ma, Z.L.; Wu, C.S. Mechanical, Hydrophobic, and Barrier Properties of
Nanocomposites of Modified Polypropylene Reinforced with Low-Content Attapulgite. Polymers 2022, 14, 3696. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/app.20104
https://doi.org/10.1002/mabi.200350017
https://doi.org/10.5012/jkcs.2011.55.6.1024
https://doi.org/10.1006/jcis.2002.8377
https://doi.org/10.1016/j.jnoncrysol.2006.12.046
https://doi.org/10.1016/j.jpowsour.2008.11.098
https://doi.org/10.1007/s10570-013-0073-6
https://doi.org/10.1016/j.carbpol.2017.08.110
https://doi.org/10.3390/polym13183124
https://doi.org/10.1016/j.micron.2016.07.012
https://doi.org/10.1088/1748-605X/ab3010
https://doi.org/10.1021/j150474a015
https://doi.org/10.1016/j.polymdegradstab.2013.09.032
https://doi.org/10.1080/00914037.2011.617330
https://doi.org/10.1088/1361-6528/ab9786
https://doi.org/10.1166/jnn.2018.15306
https://doi.org/10.1007/s10570-018-2179-3
https://doi.org/10.1016/j.cjche.2022.08.022
https://doi.org/10.1021/acsapm.2c01507
https://doi.org/10.1002/app.25207
https://doi.org/10.3390/polym14173696

	Introduction 
	Experimental 
	Materials 
	Fabrication of PVA/ATT Nanocomposite Hydrogels 
	Water Content 
	Swelling Ratio 
	Gel Fraction 
	Porosity 
	X-ray Diffraction Analysis 
	Thermogravimetric Analysis 
	Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy 
	Surface Profile 
	Surface Roughness 
	Water Contact Angle 
	FTIR 
	Tensile Properties 
	Adsorption Studies 

	Results and Discussion 
	Water Content 
	Swelling Ratio and Gel Fraction 
	Porosity 
	X-ray Diffraction 
	Thermogravimetric Analysis (TGA) and Differential Thermogravimetry (DTG) 
	Morphology Analysis 
	EDS Analysis 
	Surface Profile 
	Surface Roughness 
	Water Contact Angle 
	FTIR Spectroscopy 
	Mechanical Properties 
	Dye Adsorption Studies 

	Conclusions 
	References

