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A B S T R A C T

The accessibility of newly affordable materials has drawn significant attention to the anion exchange membrane
(AEM) technology. However, developing a high-performance AEM with excellent hydroxide conductivity and
long-term durability is still challenging. The present work aims to improve the overall properties of AEMs
synthesized by chemical modification of Polyethylene terephthalate (PET) bottles as the starting material. The
modified PET structure was confirmed using IR, NMR, and HPLC-ESIMS analyses. AEMs were developed by
incorporating quaternary ammonium (QA) functional groups into the modified PET structure, necessary for
transporting anionic species (OH-). In addition, TiO2 nanoparticles grafted with silane coupling agents containing
amine functional groups were synthesized via the sol-gel method and embedded in the polymer matrix. Then, the
prepared nanocomposite membranes were thoroughly characterized, and the results displayed an overall
improvement in the membrane’s physicochemical properties. The composite membrane with 3wt% content of
nanoparticle (NC3 %/M-PETm) showed remarkable conductivity, reaching 126 mS/cm at 80 ◦C, doubling the
value of pristine membranes (64 mS/cm) while also displaying alkaline stability, retaining up to 92.2 % of
conductivity after 20 days in harsh 2 M KOH at 80 ◦C. These results proved the suitability of these membranes for
electrochemical energy applications. This innovative approach offers potential cost savings in preparing the new
membranes while aligning with sustainable and circular economy principles.

1. Introduction

Anion exchange membranes (AEMs) have received much attention in
the last few years, particularly in the field of energy storage and con-
version. Some of the main electrochemical applications include water
electrolyzers, fuel cells, water desalination, and redox flow batteries
[1–6]. Despite the advantageous production costs compared to proton
exchange membranes (PEMs), AEMs notably suffer from poor chemical
stability when operated at high pH levels and exhibit lower ionic con-
ductivity [7–10]. The design of robust, stable, and highly conductive
membranes is the key point for developing efficient AEMs, able to
compete with PEMs in the electrochemistry application [11].

Diverse polymer structures have been proposed for the preparation

of AEMs, encompassing polyphenylene oxide PPO (Fumatech FAA se-
ries) [12], poly (4-vinylbenzyl chloride-co-styrene) (Sustainion®
X37–50) [13], methylated polybenzimidazoles PBI (Aemion® series)
[14] and many others. Recently, a lot of efforts has been devoted to
developing innovative materials that might emerge because of the
outstanding properties, the competitive price, or the sustainable pro-
duction process. For this purpose, the chemical modification of plastic
wastes might be a valid solution. Chemical recycling of PET stands out as
an innovative and efficient method for the requalification of plastic
waste [15], allowing the production of new materials with tunable
features. The aminolysis process deals mainly with a nucleophilic attack
by primary amines on ester bonds of PET, leading to a scission of the
polymer backbone [16]. Introducing amine and amide groups to the
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original PET structure imparts some desirable properties, such as
improved wettability and thermal stability [17]. Moreover, the presence
of additional functional groups on the previously inert material provides
active sites for further reactions and possible ionic interactions, paving
the way for the synthesis of AEMs constituent polymers. Aminolysis
reactions have been extensively discussed in the literature, and different
valuable materials have been synthesized for a variety of uses, including
fabric fibers [17], biomedical [18], and many other industrial applica-
tions [19,20]. Nevertheless, very little research has been conducted on
the use of recycled PET for electrochemical applications [21]. In our
previous work, we proved the potential of chemically modified PET for
producing AEMs [22]. However, the obtained AEM shows moderate
conductivity and potential for improved stability.

Several approaches have been proposed to improve membrane
properties and long-term durability. Some of these strategies include
crosslinking, polymer blending, and the addition of nanoparticles [23,
24]. Incorporating nanoparticles (NPs) into the membrane matrix is a
well-established technique to improve essential properties, enjoying
both the advantages of inorganic and organic moieties [25,26]. The use
of various inorganic NPs, such as titanium dioxide (TiO2), zirconium
dioxide (ZrO2), and silicon dioxide (SiO2), has been extensively dis-
cussed in the literature [27–30]. While these NPs contribute to a
discernible enhancement in thermal and mechanical stability, an overall
decline in ionic conductivity is generally observed at higher loadings.
This decline is attributed to the nanoparticle’s tendency to agglomerate
within the host matrix, blocking the pathway for ion mobility [31].
Grafting inorganic nanoparticle surfaces with organic functional groups
is a promising approach to overcome these limitations and tailor the
resulting material’s properties. The essential features of the original
inorganic particle, including dimensional, thermal, and mechanical
stability, are retained after surface modification [32–34]. At the same
time, introducing functional groups compatible with the polymer chains
enhances the dispersion of the filler, allowing for greater uniformity of
the membrane. Moreover, additional charged groups could increase the
membrane’s ion exchange capacity (IEC) and water retention during
operating conditions, leading to higher conductivity [35,36].

Only some reports on composite AEMs containing functionalized
nanoparticles can be found in the literature. Lee et al. [37] synthesized
composite membranes using quaternized poly (arylene ether ketone)
containing functionalized TiO2 NPs. The addition of modified NPs
resulted in a well-defined phase separation of the membrane, which
enhanced the ionic conductivity when the content of NPs was no >5 wt
%. In addition, thermal and mechanical properties displayed a signifi-
cant improvement. Ataollahi et al. [33,38] demonstrated a notable
improvement in the performance of polyamine-based AEMs after the
addition of SiO2 nanoparticles grafted with (3-aminopropyl)triethox-
ysilane (APTES). The nanoparticles induced a reinforcement effect and
increased thermal stability and ionic conductivity. Simari et al. [39]
prepared nanocomposite membranes consisting of quaternized poly-
sulfone (qPSU) and silica-based Nanoscale Ionic Materials (NIMs). The
silica surface grafted with the functional groups enables the tuning of
physicochemical properties of nanoparticles, which eventually induced
significant improvement of the AEMs. The most relevant result was the
improvement of >50 % ionic conductivity after NIMs addition.
Furthermore, a substantial enhancement of mechanical and alkaline
stability was discerned.

In the current work, we aim to enhance the physicochemical prop-
erties of PET-based anion exchange membranes by incorporating vari-
able percentages of functionalized titanium oxide nanoparticles (F-
TiO2). The pristine membranes have been prepared by chemically
modifying the PET bottles through a one-pot reaction. The composite
PET-AEMs were prepared by incorporating functionalized nanoparticles
(F-TiO2). To allow a homogeneous distribution of fillers and to provide
more NH2-sites for anions transport, TiO2 nanoparticles have been
functionalized via a sol-gel approach, grafting (N1-(3-trimethox-
ysilylpropyl) diethylenetriamine) (3-silane) [40,41]. The long alkyl

chains introduced by this reagent are expected to induce greater
microphase segregation, ion conductivity, and alkaline stability [39,42].
TiO2 has been selected as an inorganic material because of its avail-
ability, low cost, chemical stability, hygroscopic ability, and
non-toxicity [43,44]. Moreover, it can be easily modified with organic
functional groups, and, among other metal oxide nanoparticles, it pre-
sents a large specific surface area responsible for water adsorption and
grafting sites [45].

This study conducted a detailed characterization of functionalized
nanoparticles and assessed their compatibility with the PET-based
membrane. Subsequently, the physicochemical and microstructural
properties of these membranes were investigated. The results displayed
an overall improvement in the anion exchange membrane’s properties.
In particular, the composite AEM displayed significantly enhanced OH-

conductivity compared to the pristine one.

2. Experimental section

2.1. Chemicals and materials

PET was sourced from discarded water bottles. Chemicals including
1,2-diaminopropane (99 %), 1,1,3,3,3-hexafluoroisopropanol (99 %), N,
N-dimethylacetamide (99 %), iodomethane (99 %), ammonium hy-
droxide solution (30 %), potassium hydroxide (90 %), sodium nitrate
(99 %), 1-methyl-2-pyrrolidinone (99 %), dimethyl sulfoxide (99.9 %),
N,N-dimethyl formamide (99 %), silver nitrate (99 %), potassium
chromate (99 %), N1-(3-trimethoxysilylpropyl) diethylenetriamine (97
%), Anatase Titanium(IV) oxide (99.7 %), and potassium chloride (99
%), were bought from Sigma-Aldrich. Sodium hydroxide (98.8 %), hy-
drochloric acid (37 %), acetone (99.5 %), and ethanol (99.8 %) were
acquired from Honeywell. Propanol (99.9 %) was purchased from Carlo
Erba reagents. Methanol was obtained from the Chem Lab NV, and
throughout the experiment ultra-pure (u.p.) water was utilized.

2.2. Conversion of PET to aminolysis products (M-PET)

The chemical modification of PET polymer was conducted via a one-
pot aminolysis reaction. PET bottles were cut into small fragments,
washed with distilled water and ethanol, and dried at 40 ◦C for 2 h.
Then, 5 g of PET flakes were treated with 15 mL of 1,2-diaminopropane
(DAP) to reach a PET/DAP molar ratio of 1: 6.76 in a flask connected to a
reflux condenser. The reaction was maintained at 140 ◦C for 4 h, and no
catalysts or solvents were employed. To further extend the reaction, 5
mL of methanol was introduced into the solution at 40 ◦C and stirred at
refluxing conditions for 3 more hours. After reaching room temperature,
the mixture yielded a viscous, yellowish-green liquid. Subsequently, it
was filtrated, and the excess DAP was removed through high vacuum
drying over 24 h. Finally, the viscous solution underwent further drying
at 65 ◦C and it was grinded to obtain a yellowish powder. The obtained
product from depolymerization of PET polymer will be referred to as
modified PET (M-PET). The schematic monomeric and oligomeric
products are reported in Scheme 1.

2.3. Synthesis of functionalized TiO2

The grafting of silane functional groups onto the nanoparticle’s
surface was conducted via the sol-gel method. This method consists of a
low-temperature procedure that allows for coating nanoparticles’ sur-
faces cost-effectively, easily, and in a controlled manner [46]. TiO2 NPs
were dried at 80 ◦C to remove possible adsorbed moisture. Following
this, 1 g of TiO2 was suspended in 30 mL of propanol, and then 50 mL of
NH4OH aqueous solution was dropped into the reaction mixture to
attain a pH value of 10 and stirred for 2 h at room temperature. After-
ward, 15 mL of N1-(3-trimethoxysilylpropyl) diethylenetriamine
(3-silane) was added, and stirring continued overnight. The obtained
solution was left to rest for one day to allow gelation. The gel was then
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centrifuged using the MPW-380 centrifuge at 8000 rpm for 20 min. The
solid part was separated and subsequently washed with ethanol to
remove the excess 3-silane by centrifuging at 6000 rpm for 10 min. The
final material (F-TiO2) was obtained as a powder after drying at 80 ◦C for
5 h. A schematic view of the synthesis procedure and the reaction
mechanism is displayed in Fig. 1.

2.4. Preparation of nanocomposite membranes

Nanocomposite membranes (NC/M-PETm) were prepared by
embedding F-TiO2 nanoparticles into the M-PET matrix using a solution
casting technique. Variable contents (0.5, 1, 2, 3, and 4 %) of F-TiO2 and
0.3 g of M-PET were mixed and finely ground altogether. No >4wt% of
nanoparticles were used since at this content we observed a reduction in
IEC (1.58 mmolg-1) and conductivity (53 mS/cm at 20 ◦C). Additionally,
an excess of filler may hinder the transport of anionic species by
blocking the water channels and making the functional groups inac-
cessible [25]. Next, 2 mL of HFIP solvent was added, and the solution
was kept first in a sonication bath (Bandelin Sonorex) for 30 min and
then stirred for 3 h at 40 ◦C. The final solution was poured into a square
glass mold, letting the solvent evaporate for 24 h to form the membrane.
Subsequently, the dry membranes were methylated by soaking them in
iodomethane for 24 h (NC/M-PETm(I

-
) ) and excess CH3I was washed

away with water. The methylated membranes underwent immersion in
a 1 M KOH solution for 24 h in an N2 environment, converting the
membranes into OH- form (NC/M-PETm(OH

-
) ). Different solvents were

used for the solubility test during membrane preparation, as shown in
Supplementary Information (S1) Table S1. Among them, HFIP was
selected, as it enabled the formation of membranes with enhanced
flexibility and better morphology [47,48]. The physical morphologies of
the membranes with and without nanoparticles are shown in Figure S1.

The comprehensive details regarding the instrumentation and pro-
cedures are elaborated in the Supplementary Information (S2).

3. Results and discussion

3.1. Electrospray ionization mass spectrometry (ESI-MS) and HPLC-
ESIMS analyses

The depolymerization of PET by aminolysis is based on the nucleo-
philic substitution of the amino group on the ester group of the polymer.
The DAP reagent has two primary amino groups and products with a or
b-type structures (Scheme 1) are expected for the monomer, with ratios
that depend on the partial selectivity due to the lower steric hindrance of
the amino group on the C-1 carbon of the DAP. Furthermore, the for-
mation of oligomers is possible, with a, b, or mixed-type structures.

ESIMS spectrum of the modified PET samples (M-PET) recorded in
negative ion mode showed the signals at m/z 277 ascribable to the [M-
H]- ion for the monomer and a less intense signal at m/z 481 corre-
sponding to [M-H]- ion with M= molecular mass of the dimer
(Figure S2). More detailed results were obtained by HPLC-ESIMS
analysis. The UV chromatogram displayed an intense peak at retention
time tR =3.0 min and minor peaks in the range of 7–10 min (Fig. 2a). The
extracted ion chromatograms indicated the signal at tR =3.0 min asso-
ciated with m/z 276.8 corresponding to the monomer (Fig. 2b), three
signals around tR =7 min all associated to m/z 481.4 corresponding to
three dimers with different structures (Fig. 2c), and two signals around
tR =10 min associated to the same m/z 685.8 corresponding to two
different trimers (Fig. 2d), In summary this analysis allowed to detect
the complexity of aminolysis products as components of M-PET.
Although the relative abundance cannot be evaluated rigorously due to
the different ionization properties of monomer, dimers, and trimers, the

Scheme 1. Schematic representation of PET reaction with 1,2-diaminopropane (DAP) producing M-PET as monomers and oligomeric products.

Fig. 1. (a) Scheme illustrating the synthesis process of F-TiO2 via the sol-gel method. (b) The reaction mechanism of synthesis F-TiO2.
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data show the presence of one main monomer (C14H22N4O2, MM =

278.3), followed by three minor dimers (C25H34N6O4, MM = 482.5) and
two much smaller trimers (C36H46N8O6, MM =686.8).

3.2. NMR analysis

The 1H NMR spectrum of aminolysis products confirmed the pres-
ence of different similar structures as shown in Fig. 3a, already detected
specifically in HPLC-ESIMS analysis. The signals in the regions
7.95–7.80 ppm are ascribed to aromatic protons. Due to the symmetric
structure of monomers of type a and b and of the expected main oligo-
mers, each of the most intense signals at 7.91, 7.87 and 7.83 ppm must
be a singlet for each compound. The product mixture is also confirmed
by the signals in the region 1.20–0.95 ppm corresponding to the data for
the methyl groups, all detected as doublets with J = 6.2 Hz. The most
intense is the doublet at 0.98 ppm, present about in 55:45 ratio with the
doublet at 1.15 ppm, attributable to the methyl groups in the monomer
of type a and b (Scheme 1), respectively as supported also by the
simulated spectra by ChemDraw Ultra 12.0 software. If MS analysis
cannot distinguish among these kinds of isomers with the same molec-
ular mass, NMR spectroscopy can provide more details for assigning
their structures. Additionally, there are two minor doublets at 1.18 and
1.11 ppm, attributable to the internal methyl group of the dimers and
trimers. The approximately 1:1.5 ratio between aromatic and methyl
signals available from their integrals is in line with the corresponding
four aromatic and six methyl protons for the most abundant monomers.
The multiplets in the region 4.5–3.0 ppm are due to the protons of the
amino chains.

The 13C NMR spectrum (Fig. 3b) showed signals at 165.80 and 161.6
ppm corresponding to the carbonyl of two different amides, attributable
to the main monomers (Scheme 1), signals for the aromatic carbon
atoms in the region 138–123 ppm, the signals at 48.0 and 46.3 to the CH
and CH2 amino chains and the signals at 21.9, 21.3 and 17.9 to different
kind of methyl groups. Further support for the assignments came from
bidimensional hetero-correlations experiments. In particular, the HSQC
(Heteronuclear Single Quantum Coherence) spectrum indicated the
directly linked 1H/13C nuclei for the methyl groups 0.98/ 21.3, 1.11/

17.9, and 1.18/ 21.9 ppm. Significant 1H,13C long-range correlations
detected by HMBC (Heteronuclear Multiple Bond Correlation) experi-
ment are methyl protons at 0.98 ppm with 46.3 ppm, aromatic protons
at 7.91 and 7.87 ppm with the C=O at 165.80 and 161.6 ppm, respec-
tively (Figure S3).

3.3. FTIR analysis

FTIR analyses carried out on PET flakes and M-PET powder further
support the effectiveness of the aminolysis reaction. The spectra and
detailed descriptions for PET, M-PET, M-PETm and M-PETm(I-) are re-
ported in the SI (S3, Figure S4 & S5), and the band assignments using
the correlative method are reported in Table S2.

Fig. 4 and Table S3 show the effective functionalization of TiO2
nanoparticles, supported by i) the new peaks in the F-TiO2, typically
observed in the spectrum of the 3-silane coupling agent, that suggest a
successful surface functionalization of TiO2; ii) the peaks around 3280
cm-1 characteristic of the N–H stretching in primary and secondary
amines; iii) the peaks at 2940–2840 cm-1 attributable to C–H stretching
in the alkyl chain. Additionally, various signals of medium and weak
intensities in the region between 1180 and 1575 cm-1 correspond to
C–H bending, NH2 scissoring, N–H stretching/bending, and C–N
stretching [49]. The sharp peak at 1077 cm-1 in 3-silane and 1121 cm-1

in F-TiO2 is typical of the C–N stretching in primary amine. The broad
signal below 800 cm-1 is due to Ti-O-Ti bonds and is present in pristine
and modified nanoparticles [31,50]. Moreover, the appearance of the
new signal at 1020 cm-1 in modified NPs is assigned to Ti-O-Si bond
stretching [50], which confirms the coupling reaction of 3-silane
occurring at the surface of the oxide. Additionally, the surface func-
tionalization of TiO2 was also demonestarted by the UV–Vis analysis as
illustrated in detail in the SI, in Section S4, Figure S6. The spectrum of
nanocomposite (NC3 %/M-PETm) is displayed in green in Fig. 4. The
membrane shows a broad peak around 3500–3200 cm-1, overlapping
with the N–H peaks, which is ascribed to the presence of some water
molecules absorbed in the sample. The strong peaks detected in NC3

%/M-PETm spectrum at 1200–1100 cm-1, overlapping with those of
3-silane, are due to C–N vibrations of the silane coupling agents. and

Fig. 2. Online HPLC-ESI (-) MS analysis of M-PET: (a) chromatographic profile at 242 nm and extracted ion chromatograms (EIC) at (b) m/z 276.8, (c) m/z 481.4 and
(d) m/z 685.8.
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the signal below 800 cm-1, may indicate the interaction of modified TiO2
with the polymer host.

3.4. XRD analysis

The laboratory XRD diffraction pattern was employed to estimate the
quantity of amorphous components, including functional groups on the

TiO2 surface. Fig. 5 shows the XRD pattern of F-TiO2 (70 wt%), mixed
with the spike phase of ZnO (30 wt%). The goodness of fit (GoF) reached
1.18, in good agreement with the structural models of anatase TiO2
(I41/amd, PDF #01–086–1157) and zincite ZnO (P63mc, PDF#
04–003–2106). Secondary peaks of Brookite TiO2 (Pbca, PDF#
04–007–0758) are observed in the pattern, corresponding to <3wt%,
within the limit of XRD detection. A subtle feature in the background

Fig. 3. (a) 1HNMR (400 MHz) and (b) 13C NMR (100 MHz), spectra for the modified PET in DMSO‑d6.
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indicates the presence of an amorphous phase (Fig. 5 inset), attributed to
the surface functionalization of TiO2 with the silane groups, among
other organic contributions [51]. The amorphous content reached 18
(±2)% in weight according to the internal standard method employed in
TOPAS [52].

The XRD patterns obtained from the high-resolution synchrotron
measurements provide a better visualization of the amorphous compo-
nent in the pattern due to its higher beam brilliance. The amorphous
contribution, separated from the diffuse component [53] and back-
ground, is available in Figure S7. By comparing the pristine TiO2 and
F-TiO2 patterns, a broad signal is spotted near the base of the main TiO2
peak, which is attributed to the functional groups (Figure S8). Whole
powder pattern modelling (WPPM) [54] of the high-resolution syn-
chrotron data attains the effect on structural and microstructural prop-
erties before and after modification. The functionalization does not
affect the c/a ratio of the TiO2 lattice parameters, presenting values of
2.51044±2 and 2.50951±2 before and after grafting, respectively.

Lattice parameters are tabulated in Table S4. Regarding the crystalline
domain, an average crystallite size (standard deviation) of 19.2 ± 1
(6.44±8) nm and 18.5 ± 1(6.46±8) nm was observed for pure and
modified TiO2, respectively, modeled using the WPPM approach (vide
Figure S9). This means that no significant microstructure deviation after
the grafting occurred. Additional evidence on the apparent lack of
modifications of the TiO2 nanoparticles caused by functionalization can
be obtained by the PDF analysis of the F-TiO2 data, using the data
collected at 0.3 m SDD. The PDF fitting is plotted in Figure S10 of the SI,
showing no extra features other than the TiO2 crystalline contribution.
With the 0.3 m SDD data, it is also possible to extract information on the
local dynamical structure of TiO2, represented in the form of
Debye-Waller (DW) parameters in the Bragg component and thermal
diffuse scattering model for the diffuse part [53]. Ti presented a DW
parameter of 0.34(±2) Å2 and O of 0.48(±6) Å2, being similar before
and after functionalization (parameters of fitting in Table S5).

Smaller particles are expected to enhance water retention and con-
ductivity due to the larger specific surface area responsible for water
adsorption and surface functionalization [55]. In addition, the size of the
inorganic fillers significantly influences the membrane’s properties,
providing an improved polymer-nanoparticle interaction, which en-
dorses a better dispersibility of fillers and enhances the morphology.
Therefore, the XRD and PDF results confirm that no alteration in the
microstructural properties of TiO2 is identifiable after the functionali-
zation and maintenance of its properties.

3.5. TEM and SEM analyses

TEM and SEM micrographs were taken to investigate the
morphology of nanoparticles and membranes, respectively. Figs. 6 (a,b)
demonstrate the tendency of TiO2 and F-TiO2 to agglomerate. The for-
mers aggregate more and tend to form larger clusters than functional-
ized nanoparticles due to the stronger electrostatic interaction. These
interactions are reduced after the grafting of 3-silane on the surface, and
the appearance of single nanoparticles is shown in Fig S11. Figs 6(c,d)
display individual clusters of nanoparticles. In both cases, the average
particle size is around 20 nm. The halo surrounding the F-TiO2 is a clue
for organic compounds coating the surface [56].

Fig. 7 shows pristine and composite membranes’ surface and cross-
section SEM micrographs. Pristine membranes (a,c) demonstrate a
smooth and compact structure without the evidence of defects and ir-
regularities. Composite membranes (b,d) exhibit a homogeneous
dispersion of nanoparticles. Even though some NPs clusters are present,
due to their natural tendency to aggregate [35], small and isolated
particles are still visible. Overall, the compact morphology of the poly-
mer matrix and the lack of phase separation prove the compatibility of
the two materials. The EDX mapping of the membrane (Figure S12a)
and the elemental analysis of F-TiO2 (Figure S12b) attest to the pres-
ence of N and Si of silane groups.

3.6. IEC, WU, SR, and hydration number

The assessment of IEC, WU, and SR is essential to evaluate the
membrane properties. Fig. 8 and Table S6 illustrate the measured values
for M-PETm(OH

-
) and NC/M-PETm(OH

-
) with different contents of nano-

particles. Fig. 8a shows the obtained IEC values that are in the range of
1.36–1.62 mmol g-1, exhibiting an upward trend with increasing F-TiO2
content up to 3 wt% due to the increased number of cationic sites
introduced with nanoparticles [57]. WU and SR are essential features
affecting the morphology, conductivity, and mechanical stability of the
AEMs [31]. The formation of developed and interconnected water
channels is desired since water molecules serve as vehicles for ion
transport and provide sites for ion hopping through hydrogen-bond
networks. However, excess water absorption can compromise mechan-
ical strength and stability, and unrestrained membrane swelling should
be avoided. Table S5 and Figure 8(b-d) report temperature-dependent

Fig. 4. FTIR spectra of pristine TiO2,3-silane, F-TiO2, and NC3 %/M-PETm.

Fig. 5. XRD pattern for the F-TiO2 (70 %) + ZnO (30 %) obtained using CuKα
radiation. Dots represent the experimental data, red lines the Rietveld profiled
fitting, and black lines the residuals. The markers represent the Bragg peaks of
ZnO (black) and TiO2 (red). Inset: zoomed area of the grey rectangle. In blue is
the background profile, adjusted using the pure TiO2, and green is the amor-
phous contribution from the functional group. The Brookite Bragg peak is
indicated in the figure.
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Fig. 6. TEM images of (a,c) TiO2 and (b,d) F-TiO2.

Fig. 7. SEM micrographs of the surface and cross-section of pristine M-PETm (a,c) and composite NC3 %/M-PETm (b,d) membranes, at magnification of 1000 times.
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WU and SR values. As temperature increases from 20 to 80 ◦C, a higher
WU for all membranes is observed. This increment is ascribed to the
enhanced swelling and the greater polymer chain mobility, which allow
for the accommodation of a larger number of water molecules. More-
over, the addition of nanoparticles facilitated water adsorption owing to
the water solvation of the additional QA groups [35,58]. The NC3

%/M-PETm(OH
-
) experienced the most pronounced increase (from 30.12

% to 56.23 % at 20◦ and 80 ◦C), indicating the enhanced WU over
M-PETm(OH

-
) , which shows values of 14.85 % and 31.14 % under the

same conditions. Despite the increased water content, all NC3

%/M-PETm(OH
-
) displayed lower swelling ratios than the M-PETm(OH

-
) ,

showcasing improved dimensional stability with increasing F-TiO2
content. This behavior could be ascribed to the NH2 group’s interaction
on the NP surface and the polymer matrix through electrostatic forces
and hydrogen bonds, limiting chain mobility and membrane swelling
[18,23]. At 80 ◦C, the hydration number λ increased from 12.72 to 19.27
for M-PETm(OH

-
) and NC3 %/M-PETm(OH

-
), respectively, showcasing a

progressive enhancement in water association with increasing nano-
particle content.

3.7. Hydroxide conductivity of membrane

The hydroxide conductivity (σ) of the produced M-PETm(OH
-
) and NC/

M-PETm(OH
-
) (0.5 %, 1 %, 2 %, and 3 %) were measured from 20 to 80 ◦C.

A positive correlation was observed between conductivity and temper-
ature [22,59]. As depicted in Fig. 9a, the composite membrane displayed
significantly enhanced ion conductivity compared to the pristine one.
Specifically, the NC3 %/M-PETm(OH

-
) exhibited the highest ion conduc-

tivity, reaching 126 mS/cm, doubling the conductivity of M-PETm(OH
-
) 64

mS/cm at 80 ◦C. This enhancement is attributable to the higher number
of QA groups on the NP’s surface and to the higher water content, fa-
voring ionic diffusion. However, beyond 3 wt% NPs, there was a decline
in σ, which can be attributed to forming a barrier within the ion
pathway, impeding effective ion migration [60]. The Ea values (Fig. 9b)

Fig. 8. (a) IEC (b)WU, (c, d) SR (length(l) & thickness(t)) at 20–80 ◦C in water for M-PETm(OH
-
) and NC/M-PETm(OH

-
) (0.5,1,2,3 %).
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exhibited a consistent linear trend across all membranes, suggesting that
the ion hopping conduction mechanism is dominant. The Ea values
(Table S6) range between 26.02 and 9.95 kJ mol− 1 for pristine and NC3

%/M-PETm(OH
-
) , respectively. Table 1 reports a comparison of recent

composite AEMs containing functionalized nanoparticles. The table
shows the highest hydroxide conductivities obtained at the maximum
testing temperature. Our findings indicate a superiority in IEC and
conductivity compared to previous studies.

3.8. Alkaline stability & oxidative stability

Ensuring AEM’s long-term stability in alkaline conditions is para-
mount, given the susceptibility of both functional groups and polymer
backbone to OH- attack, mainly caused by nucleophilic substitution and
Hoffman elimination reactions [61,62]. M-PETm(OH

-
) and NC3

%/M-PETm(OH
-
) stability has been tested by soaking for 20 days the

samples in 2 M KOH solution at 80 ◦C. NC/M-PETm(OH
-
) with 3 wt% of

F-TiO2 has been chosen as it exhibited the highest conductivity, thus
providing a meaningful comparison with the pristine membrane. The
results (Fig. 10a) reveal that M-PETm(OH

-
) retained 85.8 % of its original

conductivity, whereas NC3 %/M-PETm(OH
-
) preserved 92.2 % of conduc-

tivity. The introduction of F-TiO2 enhanced chemical stability. Such an
improvement can be ascribed to the higher water retention of the
nanocomposite membrane, which effectively lowers the concentration
of cations and mitigates the attack of OH- ions thanks to the shielding
effect of water [63,64]. It is also hypothesized that nanoparticles may
act as barriers, hindering the access of OH- ions to the amine functional
groups in the membrane, while providing the grafted 3-silane groups as

sacrificial cations to be attacked by the anionic species. These outcomes
prove how the incorporation of functionalized fillers assists in an overall
improvement of the membrane’s physio-chemical properties.

The structure of the polymer backbone directly impacts the mem-
brane’s ability to withstand oxidative assaults from hydroxyl and per-
oxyl radicals [22]. Fig. 10b illustrates the oxidative stability of
M-PETm(OH

-
) and NC3 %/M-PETm(OH

-
) when exposed to Fenton’s reagent

at 80 ◦C. Nanocomposite membranes exhibited superior performance
compared to pristine ones. Over the testing period, a gradual weight loss
was observed. M-PETm(OH

-
) experienced slight weight loss after just one

day, indicating its susceptibility to radical attacks. In contrast, NC3

%/M-PETm(OH
-
) maintained the original weight for three days before

exhibiting a marginal loss. After 10 days of testing, it retained 95.5 %
weight, while pristine membranes showed only 88.21 % weight
retention.

3.9. Thermal stability

The thermal stability of F-TiO2, M-PETm, and NC3 %/M-PETm was
determined via TGA. In Fig. 11, the weight loss of F-TiO2 is displayed in
blue. A first weight loss of about 4 % (up to 100 ◦C) is attributable to the
evaporation of the absorbed water on the surface of the NP, whereas the
additional loss of about 8.4 % spotted between 100 ◦C and 500 ◦C is
attributed to the combustion of the silane coupling agent [65]. This
consistent weight loss constitutes an additional clue for the effective
functionalization of the nanoparticles, as pure TiO2 notably exhibits
negligible losses in the same range of temperatures [66,67].

For each membrane, distinct three-step decomposition profiles are
visible. The initial weight losses of 8.88 % (M-PETm) and 5.44 % (NC3

%/M-PETm), recorded between 50 ◦C and 90 ◦C, are caused by the
removal of absorbed water and residual solvent. A second weight loss of
25.49 % and 10.42 % for M-PETm and NC3 %/M-PETm, respectively, is
observed between 120 ◦C and 340 ◦C, and it is associated with the QA
group’s degradation. The third stage, beyond 400 ◦C, points out the
polymer’s backbone degradation. Upon the introduction of F-TiO2, a
notable enhancement in thermal stability (up to 330 ◦C) is observed
compared to M-PETm, testifying to the improved resilience of the
composite membrane. These findings confirm that composite mem-
branes exhibit thermal properties that are well-suited for electro-
chemical applications, indicating a promising avenue for their

Fig. 9. (a) Ionic conductivity at different temperatures for M-PETm(OH
-
) and (0.5,1,2,3 %) NC/M-PETm(OH

-
) (b) Arrhenius plot vs temperature.

Table 1
Literature overview of IEC and hydroxide conductivity for different nano-
composite AEMs.

Nanocomposite AEMs IEC (mmol g-1) σ (mS/cm) Reference

NC3 %/M-PETm(OH
-
) 1.62 126 (80 ◦C) This work

QPAE/GO-(APTS-c-PTMA) 0.7 wt
%

1.45 114.2 (90 ◦C) [25]

qPSU/NIM-N+ 1.30 110 (80 ◦C) [71]
QPAEK/f-TiO2 5 wt% 1.36 74.6 (90 ◦C) [42]
QPAEK-CN-2.0 1.29 21.3 (80 ◦C) [68]
MPPO-1.0 wt%sZrO2 1.20 88.7 (80 ◦C) [35]
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utilization in such contexts.

4. Conclusion

This study elucidates the pivotal role of functionalized titanium
oxide (F-TiO2) nanoparticles in enhancing the performance of AEMs
derived from chemical modification of PET bottles. The structure of the
modified PET obtained by aminolysis depolymerization was confirmed
by FTIR, extensive NMR experiments, ESI-MS, and HPLC-ESIMS ana-
lyses. The successful synthesis of F-TiO2 was confirmed via a thorough
characterization, including FTIR, UV, XRD, and TEM analyses. Com-
posite membranes were crafted by incorporating varying concentrations
of F-TiO2 (0.5, 1, 2, and 3 wt %) into an M-PETm matrix. Such mem-
branes exhibited an evident enhancement in water retention capability,
swelling resistance, and thermal stability compared to pristine ones.
Moreover, an overall increase in ionic conductivity was detected upon
adding the F-TiO2, due to the enhanced WU and IEC. The composite
membrane with 3wt% of nanoparticles emerged as the frontrunner,
showcasing the maximum σ of 126 mS/cm at 80 ◦C. Furthermore, the
nanocomposite membranes exhibited good oxidation stability up to 96
% of remaining mass and heightened chemical stability, retaining up to

92 % of conductivity in harsh alkaline conditions after 20 days. The
results demonstrate that F-TiO2, which features a tail equipped with
amine functional groups, serves a twofold objective: enhancing mem-
brane stability through TiO2 while facilitating the transport of hydroxide
ions (OH-) via the additional functional groups. These encouraging re-
sults emphasize the suitability of NC/M-PETm membranes in electro-
chemical applications, particularly with the merit of utilizing waste PET
bottles as raw materials.
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