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ABSTRACT: PVA (poly(vinyl alcohol))/GO (graphene oxide) composites were prepared by mixing the PVA aqueous solution
and GO aqueous dispersion through the freezing—thawing method. The morphology and chemical structure of GO and composites
were investigated by scanning electron microscopy and X-ray photoelectron spectroscopy, respectively. Viscoelastic and swelling
properties and absorption capacities of cationic dye methylene blue (MB) were studied as a function of initial concentration of PVA
and GO and the number of freezing—thawing cycles. The highest improvement in linear viscoelastic properties of PVA/GO
composites was observed with the increase of GO concentration. Experimental data of the kinetic study of MB absorption were well
fitted by the pseudo-first-order kinetic model and it was clearly shown that the greatest enhancement of MB absorption was also
achieved by increasing the GO concentration. A correlation between swelling, absorption, and viscoelastic and structural properties

of PVA/GO composites was proposed.
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B INTRODUCTION

Graphene, a new kind of single-layer and two-dimensional
carbon material, was first reported in 2001." It has been widely
investigated due to its excellent electrical conductivity, thermal
stability, mechanical properties, and absorption ability,”
which make it ideal for a range of applications including
sensors, batteries, supercapacitors, and composites.(’_9 How-
ever, the dispersion of graphene is extremely low.'” GO
(graphene oxide), a precursor for graphene, possesses
abundant negatively charged oxygen functional groups such
as hydroxyl, epoxy, and carboxyl on the basal planes and edges,
leading to a good dispersion and stable colloidal suspension in
water or organic solvents.'' Meanwhile, these oxygen-
containing groups make it possible to have strong interactions
between the polymer and GO to prepare GO-based
composites.

PVA (poly(vinyl alcohol)), a biocompatible and biodegrad-
able polymer, can form an intriguing hydrogel through the
freezing—thawing method without using traditional chemical
cross-linking techniques,'” which has been applied in tissue
engineering, biosensors, and controlled drug delivery sys-
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tems.'~"° However, its poor mechanical properties and lack of

different kinds of functional groups (only existing hydroxyl
groups) hinder the application, especially as an absorbent for
dye removal. However, GO could effectively adsorb heavy
metals and cationic dyes due to its high specific surface and
abundant functional groups.'®'” Therefore, introducing GO
into PVA matrix becomes a meaningful way to improve the
mechanical strength and absorption ability. Zhang et al.
prepared PVA/GO hydrogels by the freezing—thawing
method; compared to the pure PVA hydrogels, a 132%
increase in tensile strength and a 36% improvement of
compressive strength was achieved with the addition of 0.8 wt
% GO into PVA hydrogels.'"® Li et al. proved that the
interaction between GO and PVA matrix in both amorphous
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and crystal domains contributed to the improved mobility of
PVA macromolecules and the increased dye absorption.'” Das
et al. also reported the synthesis of hybrid hydrogel
nanopolymer composites, referring to GO-impregnated
chitosan—PVA hydrogel and its application to remove Congo
red dye in solution.”

To better understand the relationship between mechanical
properties and absorption behavior of PVA/GO composites,
Xue et al. reported a series of PVA/GO composites
synthesized by in situ assembly for 2 weeks. It was shown
that gelation of PVA was promoted effectively with the
increase of molecular weight of PVA or the addition of GO and
the resulting PVA/GO xerogels could entrap the methylene
blue (MB) molecule.”'

To the best of our knowledge, no work has been reported so
far in which elaboration, structural, viscoelastic, swelling, and
absorption properties of PVA/GO composites were studied
simultaneously. Therefore, to address this question in this
work, PVA/GO composites were elaborated by the freezing—
thawing method to investigate the effects of PVA concen-
tration, GO concentration, and the number of freezing—
thawing cycles on the viscoelastic, swelling, structural, and
absorption properties.

Synthesized GO aqueous dispersion and PVA/GO compo-
sites were characterized by X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and scanning electron
microscopy (SEM). Viscoelastic, swelling, and absorption
properties of PVA/GO composites were investigated as a
function of PVA concentration, GO concentration, and
number of freezing—thawing cycles. Based on the results, a
possible relationship between viscoelastic properties and
absorption behavior of PVA/GO composites was proposed.
Consequently, based on rheological techniques, GO-based
composites with excellent mechanical strength and high
absorption capacity are potential to be designed as absorbents
in practical applications.

B EXPERIMENTAL SECTION

Materials. Graphite powder (maximum particle size: 75 pum) was
purchased from GoodFellow (France). Concentrated sulfuric acid
(95%, H,SO,) and hydrochloric acid (37%, HCl) were purchased
from VWR International (France). Poly(vinyl alcohol) (PVA, M,
146 000—186 000, alcoholysis degree: 99+%), potassium permanga-
nate (KMnO,), hydrogen peroxide (30%, H,0,), sodium nitrate
(NaNO;), and methylene blue (MB) were purchased from Sigma-
Aldrich (Germany). All of the purchased chemicals were of analytical
grade. Pure water was used during the experiments.

Synthesis of Aqueous GO Dispersions. GO was synthesized
from natural graphite powder by modified Hummer’s method.*”
Briefly, concentrated H,SO, (69 mL) was added to a mixture of
graphite flakes (3 g) and NaNOj; (1.5 g) in an ice-water bath. After
mechanical stirring for 1 h, KMnO, (9 g) was added slowly during 2 h
to avoid a rapid temperature rise and to maintain the reaction
temperature below 20 °C. Then, the temperature was increased to 35
°C and maintained for 7 h with continuous mechanical stirring.
Additional KMnO, (9.0 g) was added once and the mixture was
stirred mechanically for 12 h at 35 °C. Subsequently, pure water (400
mL) and 30% H,0, (30 mL) were added when the reaction was
cooled down to room temperature. After air cooling, the mixture was
purified by dialysis for 2 weeks to remove the remaining metal species
and acids. After ultrasonic treatment, GO aqueous dispersions with
concentrations between 0.2 and 12 mg/mL were prepared by dilution
from a mother concentrated dispersion (10 mg/mL) and ultra-
centrifugation (for 12 mg/mL).

Preparation of PVA/GO Composites. PVA aqueous solution
was prepared by dissolving the PVA powder in pure water at 95 °C.
PVA/GO composites were prepared with a mixture of PVA aqueous
solutions and GO aqueous dispersions by the freezing—thawing
method, which included a freezing step (12 h at —20 °C) followed by
a thawing step (2 h at 25 °C). PVA/GO composites were named as
xGyP (x: GO concentration, y: PVA concentration). For example,
4G1S50P was composed of 4 mg/mL GO and 150 mg/mL PVA and
the volume ratio of GO and PVA was 1:1; if the number of freezing—
thawing cycles is not specified, one cycle is conducted.

Characterization studies. X-ray Diffraction (XRD) Measure-
ments. The XRD profiles of graphite, GO, and PVA/GO composites
were obtained with an X-ray diffractometer (PANalytical, EMPYR-
EAI) in the range of 5S—65° with Co Ka radiation (1.542 A), a voltage
of 45 kV, and an intensity of electrical current of 40 mA.

X-ray Photoelectron Spectroscopy (XPS) Measurements. XPS
measurements were performed on a K Alpha spectrometer from
ThermoFisher, equipped with a monochromated X-ray Source (Al
Ka, 1486.6 eV) with a spot size of 400 pm. The hemispherical
analyzer was operated in Constant Analyser Energy (CAE) mode,
with a pass energy of 200 eV and a step of 1 eV for the acquisition of
survey spectra, and a pass energy of 50 and 10 eV and a step of 0.1 eV
for the acquisition of narrow spectra. A “dual beam” flood gun was
used to neutralize the charge buildup. The obtained spectra were
treated by means of Avantage software, provided by ThermoFisher
and CasaXPS software. A Shirley-type background subtraction was
used and the peak areas were normalized using the Scofield sensitivity
factors. The binding energy scale was calibrated against the C 1s main
peak (C—O) binding energy set at 287.0 eV in the case of GO and
284.8 eV (C—C) for PVA. The synthetic lineshapes were analyzed
using mixed Gaussian—Lorentzian curves (70% of Gaussian
character). Lineshapes extracted from GO and PVA reference
spectram’24 were used in the evaluation of PVA/GO ratio.

Scanning Electron Microscopy (SEM) Observations. Graphite and
GO were dried at 40 °C for 24 h, PVA/GO composites were freeze-
dried for 24 h under vacuum. Then, all of the samples were coated by
gold (5 nm) using a sputter coater. The morphology was observed
using a scanning electron microscope (RAITH-PIONEER Two,
Germany) at 10 kV.

¢ Potential Measurements. { Potentials of graphite and GO were
determined by the dynamic light scattering technique (Brookhaven)
from the measured electrophoretic mobility. The temperature was
kept constant at 25 °C.

Rheological Measurements. A torque-controlled rheometer (Fish-
er Scientific) with a parallel plate geometry (1.5 mm gap and 20 mm
diameter) was used. Before each measurement, the samples were
maintained at 25 °C. After loading the sample on the rheometer, a
rest time of 20 min at 25 °C was applied to eliminate the flow history
and to reach temperature equilibrium. The exposed surfaces of PVA/
GO composites were surrounded by a solvent trap filled with pure
water to prevent the evaporation during the experiment.

The linear viscoelastic region (LVR) was first determined by
performing dynamic strain sweep from 0.1 to 1000% at a frequency of
0.1 Hz. Then, the frequency dependences of storage modulus (G’)
and loss modulus (G”) were investigated by a dynamic frequency
sweep from 0.01 to 10 Hz at a strain of 1%.

Swelling Measurements. PVA/GO composites (around 1 g) were
immersed in pure water at 25 °C. The swollen samples were weighted
at a predetermined time. The measurements were performed as
triplicates. The swelling ratio was determined by the following
equation

. . W
swelling ratio = —
wy (1)

where w, and w; are weights of original and swollen PVA/GO
composites at time t, respectively.

Dye Absorption Measurements. Kinetic absorption was per-
formed by introducing PVA/GO composites (around 1 g) into
methylene blue (MB) solution (20 mL, 100 mg/L). A UV—vis
spectrophotometer (Jasco V-630, German) was used to analyze the
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Figure 1. SEM images of (a) graphite and (b) GO.
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Figure 2. (a) XPS survey spectrum of GO and (b) C 1s XPS spectra of GO.

concentration of MB at a wavelength of 664 nm. The absorption
capacity of PVA/GO composites (g, mg/g) was calculated with the
following equation

_ VX(CO - Ce)

w ()

where V (L) is the volume of MB solution, C, (mg/L) and C, (mg/L)
are the initial and equilibrium concentrations of MB solution,
respectively, and W (g) is the weight of the sample.

Bl RESULTS AND DISCUSSION

Characterization of Aqueous GO Dispersion. From {
potential measurements, we can conclude that the high
increase of { potential of GO (—60.9 mV) which is maintained
constant at —60.3 mV after 2 months, compared to that of
graphite (—1.91 mV) is the signature of the functionalization
of GO and the stability of the dispersion during time.

The SEM images of graphite and GO are shown in Figure 1.
Compared to the size of graphite in Figure la (about 100 pm
length and SO ym width), the size of GO in Figure 1b (about
20 pm length and 10 pm width) decreases significantly,
showing a sheet-like shape with single or several layers and
some of them fold to induce wrinkles.

From the XRD patterns in Figure S1 in the Supporting
Information, the peak of graphite shifted from 26.6 to 11.3°,
corresponding to an increase of the interlayer distance d from
3.3 to 9.0 A after oxidation, which is in a very good agreement
with other reports.”

Figure 2a presents the XPS survey spectrum obtained for
GO which clearly shows the presence of both carbon and
oxygen in a ratio 2:1. The narrow scan obtained for C 1s core-
level spectrum is shown in Figure 2b together with its
components indicating the presence of neutral carbon (285.0
eV), C—O—C and C—OH (287.0 eV), C=0 (288.1 eV), and
0—C=0 (288.9 eV).”* Based on these spectra, it can be

concluded that GO is successfully synthesized and function-
alized from graphite.

Characterization of PVA/GO Composites. In Figure S2
in the Supporting Information, the XRD diffraction peak for
PVA hydrogel (0G1S0P) found at 20 = 19.5° (interlayer
distance d = 4.6 A) referring to the strong inter- and
intramolecular hydrogen bonding in PVA networks is also
observed for PVA/GO composites without the appearance of
other peaks, in particular, the one of GO at 26 = 11.3° (Figure
S1 in the Supporting Information). These results suggest that
GO are well-dispersed in PVA hydrogels without regular and
periodic structures due to the potential interaction between
hydroxyl groups of PVA and oxygen-containing groups of GO
as reported by Usman et al.”’

The C 1s core-level spectrum corresponding to pure PVA is
shown as a reference in Figure S3 in the Supporting
Information. The two components are C—C (284.8 eV) and
0-C-0 (2879 V). The C 1s spectrum of PVA/GO
composite (Figure 3) was fitted using the lineshapes extracted
from GO and pure PVA used as references. The concen-
trations obtained in this way for PVA and GO are 96.4 and
3.6%, respectively. These values are close to the experimental
ones (94.9% PVA and 5.1% GO) of the composite elaboration.

Rheological Properties of PVA/GO Composites. The
strain dynamic amplitudes of elastic (G’) and loss (G”) moduli
are shown in Figure 4 for different PVA concentrations (Figure
4a), GO concentrations (Figure 4b), and number of freezing—
thawing cycles (Figure 4c). Two distinct regions are clearly
seen for all of the curves.

In the first one named linear viscoelastic regime (LVR), both
G’ and G” are independent of the applied strain y with G’ > G”
corresponding to a viscoelastic solid-like behavior. As the
concentrations of PVA and GO or number of freezing—
thawing cycles are increased, viscoelastic moduli in LVR are
increased. This enhancement of mechanical properties could

https://doi.org/10.1021/acsapm.1c00872
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Figure 3. XPS spectra of C 1s peaks of 8G150P.

be explained by more entanglements of PVA chains, stronger
interactions between surface functional groups of GO sheets
and PVA polymer chains as confirmed by XRD and XPS
results, and the formation of PVA phase crystallite resulting in
physical cross-linking of hydrogels, respectively. However, we
can notice a saturation when the number of freezing—thawing
cycles vary between S and 7 cycles.

In the second region above the linear viscoelastic regime, G’
decreases from a critical strain, while G” increases and reaches
a peak value before decreasing.

The measurements have been performed twice for the
samples for composites 0.2G150P, 0.8G150P, and 0.8G100P.
We obtain a very good reproducibility within a maximum error
bar of 5% in the linear viscoelastic domain.

The critical strain at nonlinearity begins to increase as PVA
concentration is increased continuously. However, as GO

concentration and number of freezing—thawing cycles are
increased, the increase of the critical strain at nonlinearity is
followed by a decrease from the sample 0.8G150P and three
cycles. This behavior known as “Payne effect” was already
observed, in particular, in carbon black-filled elastomers, silica
nanocomposites, and organoclay nanocomposites.””*° It could
be explained either by entanglement—disentanglement of
polymer chains in case of colloidal fillers or by breakdown of
the filler aggregates in case of organoclay fillers. Amplitude
sweep measurements have been performed by increasing and
decreasing strain values for the three studied parameters (PVA
and GO concentrations, number of cycles). Globally,
reversibility has been observed except for the most rigid
PVA/GO composites for which breakdown of cross-linked
clusters could be expected. For the other cases, nonlinearity
could be explained by the capacity of these cross-linked
clusters to deform and to move in large flows.

Figure 5 shows the frequency dependence of G’ and G” with
the value of G’ greater than the value of G” over the range of
measured frequency. This rubbery behavior has also been
observed for PVA samples without GO and the mass between
two entanglements M, has been calculated from the plateau
modulus Gy’ based on the analogy with rubber elasticity
according to the equation

10°CRT

Me = 0

Gy 3)

where R is the gas constant, C (mg/L) is the concentration of
PVA, and T (K) is the absolute temperature.

Gy has been determined by the value of G’ at a frequency

where the ratio G”/G’ attains a minimum value as proposed by

Horinaka et al.”’
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Figure 6. Fitted parameters (a) m’ and (b) n’ of power law frequency dependence of G’ based on eq 4.

The values of M, for the PVA samples without GO are
between 293 X 10* and 110 X 10* g/mol for the studied range
of PVA concentrations (7SP—150P). The introduction of GO
in PVA samples induces an increase of Gy’ from 330 Pa
(0G150P) to 6363 Pa (12G150P) and then a decrease of M,
from 110 X 10* to 6 X 10* g/mol if we consider that eq 3 is
valid for composites. In the same manner, increasing the
number of freezing—thawing cycles from 1 to 7 decreases M,
from 84 X 10* to 4 x 10* g/mol.

Data of G’ are then used to describe the solid-like behavior
of composites, which is well fitted by a power law model that is
generally used to describe the gel formation

G'(w) = m*" (4)
where m’ is the consistency index and n’ is the power law
exponent.

The fitted parameters m’ and n’ are shown in Figure 6a,b,
respectively. The most noticeable results are an increase of m’

and a decrease of n’ for the composites between 0.8G150P and
4G150P when GO concentration increases and the number of
freezing—thawing cycles is varied between 1 and 3 cycles.
These limits correspond to the ones for which the extent of
LVR decreases as shown previously. In chemically cross-linked
gels, the decrease of power low exponent was linked to an
increase of cross-linking density at moderate polymer
concentrations as described by Kjeniksen et al.** For PVA/
GO composites, GO nanofillers could play the role of physical
cross-linkers due to H-bonding between PVA chains.*’
Microstructure of PVA/GO Composites. As shown in
Figure 7, SEM images reveal that PVA/GO composites are
composed of three-dimensional (3D) porous networks. The
pores of network become more regular with increasing PVA
concentration as shown in Figure 7a (0.8G100P) and Figure
7¢ (0.8G150P). When GO concentration increases, the size
scale of pores decreases from 10 ym for 0.8G150P (Figures 7c)
to S yum for 12G150P (Figure 7d), while it becomes larger but

https://doi.org/10.1021/acsapm.1c00872
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Figure 7. SEM images of PVA/GO composites: (a) 0.8G100P, (b) 0.8G100P (7 cycles), (c) 0.8G1SOP, and (d) 12G150P.
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respectively.

thicker by increasing the number of freezing—thawing cycles
from 1 cycle (Figure 7a) to 7 cycles (Figure 7b) for 0.8G100P.

Based on these observations, on the one hand, PVA provides
the structural basis for the network and GO with oxygen-
containing groups acting as cross-linkers in the PVA matrix.
These cross-linkers form strong interactions between PVA and
GO, such as hydrogen bonding, electrostatic, and Van der
Waals interactions. The increase of GO concentration is
beneficial to form a stronger network due to more cross-linkers
associated to higher values of linear viscoelastic moduli.** On
the other hand, the increase of PVA concentration and number

of freezing—thawing cycles seems to reinforce the existing PVA
crystals, resulting in a higher crystallinity and change of
structures.'”

Swelling Process. As shown in Figure 8, the swelling rate
is faster at the beginning and then slows down gradually for all
studied samples except for 0.8G7SP which is destroyed during
the swelling process. Globally, the swelling ratio decreases
when the PVA concentration (Figure 8a) or the number of
cycles (Figure 8c) increases. However, it increases when the
GO concentration (Figure 8b) increases until 4G1SOP, and
then a decrease is observed. Keeping in mind that GO is

https://doi.org/10.1021/acsapm.1c00872
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hydrophilic with oxygen-containing functional groups at the
origin of the formation of hydrogen bonds between PVA and
GO, the enhancement of swelling process could be associated
to smaller pore size.

Dye Absorption. The digital images of MB solutions
before and after absorption of PVA/GO composites are shown
in Figure S4 in the Supporting Information as a macroscopic
information. It is found that the increase of PVA concentration
and number of freezing—thawing cycles has no discernible
effect on the absorption of MB, while the increase of GO
concentration can remarkably enhance the absorption capacity.

More qualitative kinetic experiments are performed for all
PVA/GO composites. An example of the results is shown in
Figure 9. All results obtained by varying the three parameters
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Figure 9. Methylene blue absorption kinetics for sample 4G150P.
Comparison of experimental data (points) by the pseudo-first-order
model (solid line) and the pseudo-second-order model (dashed line).

(PVA concentration, GO concentration, number of freezing—
thawing cycles) are presented in Figure SS in the Supporting
Information. The absorption quantity of MB increases rapidly
in the initial stage, and then slows down until the absorption
process reaches equilibrium. Experiments of MB absorption
kinetics are analyzed by pseudo-first-order and pseudo-second-
order kinetic models commonly used in the literature®®

pseudo — first — order model: k3 =1 — 7R

1. ©)

\ kyg t
pseudo — second — order model: — = ————
q, 1+ kzqet (6)

where g, and g, are the adsorbed MB (mg/g) at equilibrium
and at time t, respectively, k; (min~") and k, (mg/(g min)) are
the pseudo-first-order model rate constant and the pseudo-
second-order model rate constant, respectively.

As explained by Jean—Pierre Simonin, fitting experimental
data in which a significant number are close to equilibrium by
the kinetic model with two open parameters may introduce
errors. To overcome this drawback, it was proposed to fix g, to
experimental values.”> This methodology is used in our study
and we can clearly show that the best agreement between
experimental and fitted data is obtained with the pseudo-first-
order model (Figure 9).

From fitted data in Table 1, the highest increase of
absorption at equilibrium (or absorption efficiency) is obtained
by the introduction of GO with a transition between 0.8G150P
and 4G150P, corresponding to an increase of rigidity and a
decrease of the extent of LVR (see Figure 4). It is well known

Table 1. Fitted Parameters of Pseudo-First-Order Kinetic
Model for the Absorption Behavior of MB on PVA/GO
Composites

pseudo-first-order

experiment model
samples (m‘ée/g) abSOIPtI(El;))EﬁCIEHCY (1073 krlnin_ H R
0.8G100P 0.42 20.9 4.6 0.98
0.8G125P 0.44 22.3 S.3 0.99
0.8G150P 0.45 22.6 5.8 0.95
0G150P 0.23 11.3 8.0 0.99
0.2G150P 0.28 13.8 7.0 0.99
0.8G150P 0.45 22.6 5.8 0.95
4G1s0P 0.90 44.6 2.9 0.98
8G150P 1.08 54.2 3.5 0.96
12G150P 1.31 65.3 3.3 0.92
0.8G100P (1 0.42 20.9 4.6 0.98
cycle)
0.8G100P (3 0.45 22.6 4.8 0.98
cycles)
0.8G100P (S 0.46 23.0 6.6 0.98
cycles)
0.8G100P (7 0.44 22.0 7.0 0.99
cycles)

that GO is negatively charged, PVA is a kind of nonionic
polymer,®® and MB is a kind of typical cationic dye. In this
case, the main enhancement of absorption capacity is
attributed to the presence of strong interactions such as
electrostatic and 7—7 stacking interactions between GO and
MB. Concerning the kinetics of absorption, the constant k; is
the inverse of a characteristic time of kinetics (7;). Some
general trends can be found between viscoelastic, swelling, and
absorption results.

When the PVA concentration or the number of cycles
increases, 7; decreases slightly (faster kinetics of absorption)
associated to no noticeable change of swelling ratio at
equilibrium and viscoelasticity (especially for PVA concen-
tration). On the contrary, when the GO concentration
increases, we first observe a high increase of swelling ratio at
equilibrium and 7, (faster kinetics of absorption) until
0.8G150P-4G150P and second, a low increase of swelling
ratio at equilibrium, while 7, is rather constant. These findings
are associated to the change of viscoelastic behavior (see
Figure 6) from softer to harder composites.

B CONCLUSIONS

PVA (poly(vinyl alcohol))/GO (graphene oxide) composites
were elaborated by a mixture of PVA aqueous solution and
aqueous GO dispersion through the freezing—thawing method
by varying PVA concentrations, GO concentrations, and
number of freezing—thawing cycles.

{ Potential measurements confirmed the functionalization of
GO and stability with time. The efhiciency of exfoliation for
GO and good dispersion of GO in PVA hydrogels was
confirmed by X-ray diffraction (XRD) results.

On the basis of scanning electron microscopy (SEM)
experiments, porous structures of composite PVA/GO were
observed with mainly a decrease of the pore size when GO
concentration was increased.

Viscoelastic behavior of PVA/GO composites investigated
by small-amplitude oscillatory measurements showed that the
increase of GO concentration mainly enhanced the mechanical

https://doi.org/10.1021/acsapm.1c00872
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properties as proved by the increase of linear viscoelastic
moduli, strong nonlinearity behavior, and power law frequency
dependence of elastic modulus. In the same way, the time
equilibrium values of swelling ratio increased. Experimental
data of the kinetic study of methylene blue (MB) absorption
was well fitted by the pseudo-first-order kinetic model and it
was clearly shown that the greatest enhancement of absorption
was achieved by increasing the GO concentration, while the
increase of PVA concentration or number of freezing—thawing
cycles had no obvious effect.

Correlated results on swelling, absorption, and viscoelastic
results indicate that GO concentration is the primary factor. It
can be explained that on the one hand, the nonionic nature of
PVA provides a stable structure through the freezing—thawing
method for PVA/GO composites; on the other hand,
negatively charged GO with oxygen functional groups act as
cross-linkers for PVA/GO composites and interact with MB
due to the hydrogen bonds and electrostatic interactions.
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