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Glicolisis de PET empleando catalizadores de Zn-Ni/Al obtenidos
a partir de hidrotalcitas

Johana Rodriguez Ruiz ©®!, Shirley Osorio Herrera ©2, and Edgardo Meza Fuentes ©3

ABSTRACT

This study investigates the catalytic glycolysis of post-consumer poly (ethylene terephthalate) (PET) using Zn-Al and Zn-Ni-Al mixed
oxides derived from hydrotalcite-like precursors. The catalysts were synthesized by constant-pH coprecipitation and calcined at
500°C to generate mixed oxide phases. Structural characterization by XRD revealed the collapse of the layered structure and
the formation of ZnO domains together with spinel-type MAI2Os phases (M = Zn, Ni, or mixed Ni-Zn). Nitrogen physisorption
showed a strong composition-dependent evolution of the mesostructure, with the Nio.4sZno22Aloss catalyst exhibiting the highest
surface area (177 m2.g"). Control experiments demonstrated that PET depolymerization does not occur in the absence of catalyst,
that ZnO promotes polymer degradation but with low selectivity toward BHET, and that bulk NiO is essentially inactive. The
best catalytic performance was obtained for Nio.4sZno22Aloss, reaching 96.4% PET depolymerization and 82.0% selectivity toward
bis (2-hydroxyethyl) terephthalate (BHET). The recovered monomer was identified by FTIR spectroscopy, differential scanning
calorimetry (DSC), and morphological analysis confirming the formation of crystalline BHET as the main reaction product. The
results indicate that catalytic performance is governed by the structural integration of Zn and Ni within the mixed oxide matrix rather
than by the simple coexistence of individual oxides. A mechanistic interpretation suggests that Zn-related Lewis acid sites activate
the ester carbonyl groups of PET, while the incorporation of Ni into aluminate structures modifies the surface environment and
improves site accessibility within the mesoporous framework, leading to enhanced depolymerization and selectivity.
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RESUMEN

En este trabajo se estudio la depolimerizacion catalitica de PET post-consumo mediante glicdlisis con etilenglicol empleando 6xidos
mixtos Zn-Al y Zn-Ni-Al derivados de precursores tipo hidrotalcita. Los catalizadores se sintetizaron por coprecipitacion a pH
constante y posteriormente se calcinaron a 500°C para generar las fases Oxidas activas. La caracterizacion estructural por difraccion
de rayos X evidencio el colapso de la estructura laminar y la formacion de dominios de ZnO junto con fases tipo espinela MALO4
(M = Zn, Ni o Ni-Zn). Los andlisis texturales mostraron una fuerte dependencia de la mesoestructura con la composicion,
alcanzando el sdlido Nio.4sZno22Aloss el mayor desarrollo superficial (177 m?g?). Los experimentos de control demostraron que
la depolimerizacion de PET no ocurre en ausencia de catalizador, que ZnO promueve la degradacion del polimero, pero con baja
selectividad hacia BHET, y que NiO es practicamente inactivo bajo las condiciones de reaccion. El mejor desempeiio catalitico se
obtuvo con el sélido Nio.4sZno22Alos3, que alcanzd 96.4% de depolimerizacion de PET y 82.0% de selectividad hacia bis (2-hidroxietil)
tereftalato (BHET). El mondmero recuperado fue identificado mediante FTIR, calorimetria diferencial de barrido (DSC) y andlisis
morfoldgico, confirmando la formacion predominante de BHET cristalino. Los resultados indican que el desempefio catalitico esta
gobernado por la integracion estructural de Zn y Ni en la matriz de dxido mixto y por el desarrollo mesoporoso del material. Un
andlisis mecanistico sugiere que los sitios acidos de Lewis asociados al Zn activan los grupos carbonilo del PET, mientras que la
incorporacion de Ni en fases aluminato modifica el entorno superficial y favorece la accesibilidad de los sitios activos, mejorando la
eficiencia y selectividad del proceso de glicdlisis.

Palabras clave: glicdlisis, PET, hidrotalcitas, dxidos mixtos, BHET.
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Introduction

The most used synthetic polymers in domestic and industrial
settings possess characteristics that make them useful in
the production of items such as containers, bags, parts of
transportation devices, cell phones, decorative articles, and
films [1-2]. In 2021, 391 million tons (Mt) of polymers were
produced globally, maintaining a production growth rate of
3.0-4.0% annually. According to the OECD (Organization
of Economic Cooperation and Development), 600 Mt is
expected by 2060. Of the polymers currently synthesized,
9.0% are recycled for a second use, and 1.0% are incinerated
for energy production purposes, leading to the subsequent
emission of greenhouse gases such as CO2 [3-4]. Half of all
polymer production is used only once, resulting in a large
amount of waste that, due to its physicochemical properties,
has high stability and persists in the environment for a long
time. A significant portion of this waste is dumped or carried
away by humans, wind, and water currents to areas where
it accumulates in high proportions, especially in oceans,
terrestrial spaces, and urban regions, affecting riverbeds,
streams, and creeks. This contributes to flooding during
rainy seasons and the spread of diseases due to garbage
accumulation. Additionally, the accumulation of polymers in
rural areas affects flora, fauna, and human health [5-6].

One of the most widely used polymers is poly(ethylene
terephthalate) (PET), representing approximately 7.0% of
the total polymers produced worldwide [7]. PET is mainly
used in the production of beverage bottles due to its
transparency, thermal resistance, and tensile strength, with
an estimated consumption of 1 million bottles per minute
[8]. Post-consumer PET is not considered a toxic material;
however, its high accumulation in the environment and
resistance to biological and atmospheric agents make it
harmful to many species [9], making its recycling vital for
environmental conservation. The collection and processing
of post-consumer PET are at most 50.0%, and most recycling
is done through mechanical processes, leading to materials
with inferior physicochemical properties compared to the
original PET. This provides little added value to the new
products generated. Additionally, mechanical recycling
cannot be applied to used PET materials with impurities
such as fats, dyes, and additives [10-13].

There are several methods for recycling PET, the most
common being: mechanical recycling, energy recovery
recycling, and chemical recycling. The latter can be carried
out through various chemical reactions such as glycolysis,
aminolysis, ammonolysis, methanolysis, and hydrolysis [6,
10, 12, 14-15]. The depolymerization of PET via glycolysis is
of particular interest because it yields monomers that can be
used to synthesize new PET particles. In glycolysis reactions
with ethylene glycol, the diol is inserted into the PET chain
to produce bis(2-hydroxyethyl) terephthalate (BHET), which
serves as the basis for synthesizing new polymers [16].
Various catalysts can be used to accelerate the glycolysis
reaction, with homogeneous zinc-based catalysts being
frequently studied [10, 17-18].
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The use of heterogeneous catalysts is less common, with
materials based on ZnO supported on molecular sieves such
as MCM-41 or SBA-15, as well as on SiO:, being employed
[19-20]. The use of solids derived from hydrotalcite-type
precursors, which achieve PET to BHET conversions of close
to 80%, has also been reported [21-22].

Hydrotalcites, also known as layered double hydroxides,
consist of divalent and trivalent metal cations in a structure
with the formula [M**1 - \M3*x(OH)2](A™)xn'yH20], where
interlayer anions (An-) are present to balance the positive
charge of the layers.

These layers are composed of di- and trivalent cations
bonded to six OH- groups in octahedral structures that
share the sides of the octahedron’s equatorial plane, forming
sheets that extend on two dimensions and stack on top of
each other. The interlayer space contains not only anions
but also water molecules that contribute to the stabilization
of these compounds [23-25]. These solids can be composed
of divalent cations such as Mg?*, Zn**, Ni**, Cu?*, and Co**,
and trivalent cations such as AP+, Fe**, Cr®*, among others,
offering a wide range of metal combinations for various
catalytic uses [23, 26-29].

In this study, the depolymerization of post-consumer PET
was carried out through the glycolysis reaction with ethylene
glycol, using Zn-Al and Zn-Ni/Al-based catalysts obtained
by calcination processes of solids with hydrotalcite-like
structure.

Materials and Methods

Preparation of the Catalysts

Hydrotalcite-type precursors were prepared by the
low-saturation, constant-pH salt-base method (Cavani et al.
1991). During this procedure, two aqueous solutions were
mixed automatically: the first consisting of Zn(NOs)2'6H.0
or Ni(NO3)2:6H20 and AI(NO3)3-9H20, and the second
containing KOH and K:CO:s (all reagents were of analytical
grade), maintaining the pH at 8.3 throughout the mixing
process under constant stirring. Using this method, the
ZnossAloss and  NioesAloss materials were synthesized.
For the synthesis of Zn-Ni/Al-based precursors, a similar
procedure was followed, adding Zn(NOs):'6H:0,
Ni(NQO3)2:6H20, and AI(NOs3)3'9H2O to the first solution
in appropriate concentrations to obtain the Zno.Nio22Alo:s3
and Nio.44Zno.22Alo33 solids. During the mixing process, solids
were precipitated, which were then filtered, washed with
deionized water, dried at 60°C for 24 h, and finally calcined
at 500°C in an air atmosphere for 4 h.

Additionally, ZnO and NiO were synthesized as reference
oxides to enable a rigorous assessment of the catalytic
contribution of individual metal phases. These materials were
prepared via precipitation of Zn(OH). and Ni(OH): from
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their respective nitrate salts under controlled pH conditions
(pH 8), followed by filtration, drying, and calcination in air
at 500°C. The successful formation of the corresponding
oxides was confirmed by the appearance of characteristic
metal-oxygen vibrational bands in the infrared region.
These reference oxides were subsequently evaluated under
identical glycolysis conditions as those employed for the
mixed oxides derived from hydrotalcite precursors, allowing
for direct comparison of catalytic activity and selectivity.

Degradation of PET via Glycolysis

Post-consumer PET was obtained from discarded water
bottles. The bottles were thoroughly washed to remove labels
and surface contaminants, and the recovered polymer was
dried at 30°C for 24 h. The dried material was cut into small
fragments, mechanically ground using a Shini plastic grinder
(model SG-1621), and sieved to obtain particles passing
through a 35-mesh screen. PET glycolysis with ethylene
glycol (EG) was carried out in a 600 mL mechanically stirred
reactor equipped with temperature control. The reaction was
performed at 180°C under continuous stirring at 300 rpm.
An EG/PET ratio of 5:1 (volume/mass) was employed, and
the catalyst loading corresponded to 0.4 wt.% relative to the
total mass of EG and PET. All experiments were conducted
in triplicate to ensure reproducibility.

After completion of the reaction, the mixture was treated with
distilled water at 70°C to dissolve the glycolysis products,
while unreacted PET was separated by hot filtration at the
same temperature. The filtrate was subsequently cooled
by adding water at 5°C to promote precipitation of the
BHET monomer. The precipitated solid was recovered by
filtration, dried at room temperature, and weighed. PET
depolymerization was determined gravimetrically from the
difference between the initial and residual polymer mass.
BHET selectivity was calculated according to Eq. (1):

Selectivit BHET = mass of BHET x 100 1
electivity for " initial mass of PET (M

Characterization of the Materials

The precursor materials, prior to calcination, were
characterized by X-ray fluorescence (XRF), X-ray diffraction
(XRD), and Fourier-transform infrared spectroscopy (FTIR)
in the mid-infrared region. The calcined solids were
analyzed by XRD, FTIR, and nitrogen physisorption to
determine specific surface area and pore size distribution
using the BET and BJH methods, respectively. The reaction
products were characterized by thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), and FTIR
spectroscopy.

XRF analyses were carried out using a Thermo Fisher
OptiQuant instrument. Quantification was performed
employing the Ka emission lines at 1.48 keV for Al, 7.97 keV
for Ni, and 9.57 keV for Zn.

XRD patterns of both precursors and calcined materials
were recorded on a PANalytical X'Pert Empyrean Series Il
diffractometer (Model 2012) using Cu Ko radiation
(L = 1.5406 A) generated at 40 kV and 30 mA. The
diffraction data were collected over the 10-80° (26) range
for the precursors and 30-80° (26) for the calcined samples,
with a step size of 0.03° and a constant scan rate. The lattice
parameters a and c were calculated from the interplanar
spacings corresponding to the (770) and (003) reflections,
respectively.

FTIR spectra were recorded on a Shimadzu IRAffinity
spectro-photometer in the 4000-400 cm™ region, using
32 scans and a resolution of 4 cm™. Nitrogen adsorption—
desorption isotherms were measured at -196°C using a
Micromeritics ASAP 2020 instrument. The specific surface
area was calculated by the Brunauer-Emmett-Teller (BET)
method, while pore size distribution was determined by the
Barrett-Joyner-Halenda (BJH) method from the desorption
branch.

TGAand DSC analyses were performed usinga TA Instruments
SDT Q600 system. The reaction products were heated from
30°C at a rate of 10°C min™ under a nitrogen flow of 50
mL-min™" until no further mass change was observed.

Results and Discussion

The molar ratios of the metallic cations determined for the
precursors are presented in Table 1, together with the lattice
parameters calculated from the X-ray diffraction patterns.
The experimental molar ratios are in close agreement
with the theoretical values expected from the synthesis
composition, confirming that the coprecipitation method
allowed an effective incorporation of Zn?*, Ni** and AI** into
the lamellar structure [30-31].

The X-ray diffractograms (Fig. 1) of all the synthesized
materials exhibit the characteristic reflections of hydrotalcite-
like layered double hydroxides (LDH), namely the basal
reflections (003), (006) and (009), together with the non-
basal reflections (075), (078), (170) and (7113) [23, 32-33].
The presence of these reflections confirms the successful
formation of the lamellar structure prior to calcination.

The ZnossAloss and Zno.asNio22Aloss samples display sharper
and more symmetrical basal reflections, suggesting a higher
degree of structural ordering and crystallinity. In contrast, the
NiossAlo.ss material presents broader and less intense peaks,
indicative of lower crystallinity or smaller coherent crystallite
domains. The ternary systems exhibit intermediate behavior,
which suggests that simultaneous incorporation of Zn?* and
Ni** modulates the structural ordering of the LDH phase.

The lattice parameter a, associated with the cation-cation
distance within the brucite-like layers, was calculated
from the (770) reflection, while parameter c, related to the
interlayer distance (three times doos), was obtained from the
basal (003) reflection.
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Figure 1. XRD patterns of the synthesized solids before the calcination
process.
Source: Author

Table 1. Molar ratios of metals in the precursors. Lattice parameter
values were calculated from the X-ray diffractograms.

Molar Molar Molar c a
Sample ratio ratio ratio, paraKieter paraKleter
Zn/Al  Ni/Al  Zn/Ni A) (A)
ZnossAloss [220650] % T s 7.437 3.058
Nio.esAlo.33 [222(;50] """ 7.519 3.012
. 1.38 0.70 1.97
Zno.44Nio.22Al0 33 [1.33]*  [0.67]* [2.00]* 7.437 3.041
NiosiZnosAlys, 008 130 - 052 459 3.024

[0.67]* [1.33]*

*The values in brackets correspond to the expected value according to
the amount of reactants used during the synthesis process.

A clear trend is observed in the a parameter as a function of
Zn?* content. The value of a increases with increasing Zn**
fraction in the brucite-like layers. This behavior is consistent
with the larger ionic radius of Zn?* (0.74 A) compared to
Ni2* (0.69 A). The progressive substitution of Ni2* by Zn*
expands the metal-metal distance within the octahedral
sheets, producing a systematic increase in the in-plane
lattice parameter [34-35]. This structural evolution confirms
the isomorphic substitution of Zn** and Ni** within the LDH
layers rather than the formation of segregated phases.

The compositional control therefore directly modulates the
crystallographic environment of the active cations.

Regarding parameter c, all materials exhibit values within
the typical range for carbonate-intercalated LDHs (22-23 A),
confirming the presence of carbonate and water molecules
in the interlayer region. Slight variations in ¢ may be
associated with differences in layer charge density and
hydration degree.
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The higher c value observed for Nio.4sZno22Aloss suggests
subtle differences in interlayer interactions, possibly related
to cation distribution and local structural distortion.

In the Zno.aNio22Aloss and  Nio.4sZno22Alo33 samples, a
low-intensity reflection attributable to boehmite (AIOOH)
was detected. The low intensity and absence of additional
boehmite reflections indicate that this phase, if present,
exists in minor amounts, likely as small aggregates formed
during coprecipitation. Its limited contribution suggests that
the LDH phase remains predominant.

The FTIR spectra of the synthesized precursors (Fig. 2)
provide complementary evidence for the formation of
hydrotalcite-like layered double hydroxides (LDH) and
allow identification of the dominant interlayer species and
the hydration state of the solids. All samples exhibit a broad
absorption envelope in the 3600-3000 cm™ region, centered
around 3450 cm, which is attributed to O-H stretching
vibrations from hydroxyl groups within the brucite-like
layers together with hydrogen-bonded interlayer water
[36-39]. The presence of interlayer/adsorbed water is further
supported by the H-O-H bending band observed in the
1635-1655 cm™ range [40]. Differences in the width and
relative intensity of these O-H/H.O features suggest that
the extent of hydrogen bonding and hydration can vary
with the Zn?*/Ni** distribution in the layers, consistent with
a compositional modulation of the local environment of
hydroxyls and interlayer water.

Ni Al 33

Zng 4,Niy Al 55

Nig 44Zn,5,Al) 35

Transmittance (a.u.)

®) H-O-H\

i H,0--COF ; P
v (OH) cor  copmOP

* T T ) ! T * T ¥ T z T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™)

Figure 2. FTIR spectra of the synthesized solids before the calcination
process.
Source: Author

A key diagnostic feature for LDH materials is the presence
of carbonate-related vibrations. The spectra show a strong
band in the 1380-1420 cm™ region, attributable to the
vs antisymmetric stretching mode of interlayer COs*,
confirming carbonate as the predominant compensating
anion [36,41]. In addition, weaker carbonate modes are
detected around 840 cm” and 620-630 cm, consistent
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with 12/va carbonate vibrations commonly reported for
carbonate-intercalated LDHs. A band near 1507 cm™ is also
observed in all precursors; this feature can be interpreted
as carbonate-related splitting/interaction arising from
different carbonate environments and hydrogen-bonding
configurations within the interlayer space, rather than as
a separate dominant anion. Importantly, no intense nitrate
band pattern is evident, supporting that carbonate is the main
interlayer species under the applied synthesis conditions.

In the low-wavenumber region (below 800 cm™), all spectra
display bands associated with metal-oxygen and metal-
hydroxyl lattice vibrations (M-O and M-OH). Although FTIR
does not allow direct phase quantification, the presence
and shape of these bands are consistent with octahedrally
coordinated cations within LDH layers and reflect changes
in the lattice vibrational fingerprint upon substituting Zn**
and Ni?*. Overall, the FTIR results corroborate the XRD
findings by confirming (i) the formation of hydroxylated
LDH layers, (i) carbonate as the predominant interlayer
anion, and (iii) a composition-dependent local environment
that may influence the nature of oxide phases formed upon
calcination and, consequently, the catalytic behavior in PET
glycolysis. Calcination at 500°C induces complete structural
transformation of the LDH precursors into mixed oxide
systems. The characteristic basal reflections of the layered
double hydroxides [(003), (006), and (009)] disappear in all
samples, confirming full dehydroxylation, decarbonation,
and collapse of the lamellar framework (Fig. 3). No residual
long-range layered ordering is detected, indicating that
the thermal treatment is sufficient to generate structurally
reorganized oxide phases.
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Figure 3. XRD patterns of the solids calcined at 500°C and the identified
phases.
Source: Author

The Zn-Al derived oxide exhibits a diffraction pattern
dominated by wurtzite ZnO (hexagonal, P6smc). The
most intense reflections appear in the 31-37° region,
corresponding to the (700), (002), and (707) planes,
accompanied by additional peaks at approximately 47.5°,
56.6°, 62.9°, and 68-69° [42].

These reflections confirm ZnO as the predominant
crystalline phase. Using the Scherrer equation [43], applied
to the ZnO (707) reflection at 36.4°, the average crystallite
size is estimated to be approximately 30 nm, indicating the
formation of relatively well-developed ZnO domains. The
absence of significant peak broadening suggests moderate
crystallinity and limited microstrain within these domains.
Weak reflections observed around 44-45° and within the
59-65° region are consistent with incipient ZnAl:O4 spinel
formation (cubic, Fd3m, a = 8.09 A) [42]. This indicates that
even at 500°C partial solid-state interaction between ZnO
and alumina species occurs, promoting localized aluminate
formation while ZnO remains structurally dominant.
Lattice positions of ZnO reflections closely match standard
reference values (@ = 3.25 A, c = 5.21 A), suggesting that
ZnO domains are largely stoichiometric and exhibit minimal
lattice distortion in the binary system [44].

The Ni-Al derived oxide shows clear diffraction features
attributable to cubic NiO (Fm3m, a = 4.17 A). Strong
reflections at 37° and 43° correspond to the (777) and (200)
planes, respectively, with additional peaks near 63° and
75-80° confirming the formation of crystalline NiO [33].
The crystallite size calculated from the NiO (200) reflection
is approximately 9 nm, significantly smaller than the ZnO
crystallites in the Zn-Al sample. This suggests the formation
of finely dispersed NiO nanodomains. The marked peak
broadening reflects nanoscale dimensions and possibly a
higher density of surface and interfacial atoms. Additionally,
diffuse scattering between 40-50° is consistent with poorly
crystalline or nanostructured y-Al2Os; domains. This indicates
that the Ni-Al oxide consists of small NiO crystallites
embedded within a partially disordered alumina-rich matrix
[33]. No systematic peak shifts relative to standard NiO are
observed, implying minimal lattice distortion and limited
solid-solution formation within NiO domains in the binary
system.

The structural behavior becomes more complex in the
ternary Zn-Ni-Al derived oxides. In both compositions, ZnO
reflections remain clearly identifiable, confirming that ZnO
is still the predominant crystalline phase. However, the
ZnO crystallite size decreases to approximately 20-26 nm
depending on composition, indicating enhanced dispersion
relative to the binary Zn-Al oxide. More importantly, well-
defined bulk NiO reflections are either absent or strongly
attenuated, particularly in the Zno.4sNio22Alo33 sample.

This suppression of intense NiO peaks suggests that Ni does
not segregate extensively as independent NiO crystallites.
Instead, additional reflections in the 44.5° and 59-65°
regions are consistent with spinel-type MALO. phases
(M = Ni, Zn, or mixed (Ni, Zn)), indicating substantial cation
redistribution during calcination. Careful inspection of peak
positions reveals subtle variations in diffraction angles for
ZnO reflections in the ternary systems compared to the
binary Zn-Al oxide. Although small (within a few hundredths
of a degree), such shifts may indicate lattice strain or partial
cation substitution.
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From an ionic radius perspective, Zn?* (0.74 A in tetrahedral
coordination) and Ni2* (0.69 A in octahedral coordination;
smaller in tetrahedral environments) differ sufficiently to
inducemeasurablelatticedistortionsifsubstitutionoccurs[45].
In wurtzite ZnO, Zn** occupies tetrahedral sites. Partial
substitution by Ni** would be expected to induce slight
lattice contraction due to the smaller ionic radius of Ni?* [34].
The observed subtle peak displacements are consistent with
minor lattice strain and possible partial Ni incorporation into
ZnO domains [46].

More robust evidence of cation redistribution is provided by
the emergence and strengthening of spinel-type reflections.

Spinel structures (Fd3m) accommodate both Zn?+ and Niz*
in tetrahedral and octahedral sites, with varying inversion
degrees [33]. ZnAlOs typically forms as a normal spinel (Zn**
in tetrahedral sites), whereas NiAl:O. often exhibits partial
inversion with Ni** occupying octahedral positions. In mixed
(Ni,Zn)ALOs systems, the lattice parameter is sensitive to
the Ni/Zn ratio, and increasing Ni incorporation generally
results in slight cell contraction due to the smaller effective
ionic radius of Ni**. The Nio.44Zno.22Alo.ss composition shows
stronger spinel-type reflections compared to Zno.4sNio22Alo.s3,
suggesting a higher degree of Ni incorporation into aluminate
domains. This indicates that Ni exhibits stronger affinity
toward alumina species than Zn under these calcination
conditions. The diffraction evidence therefore supports
the formation of solid-solution spinel domains rather than
simple phase segregation into ZnO and NiO.

The combined observations; reduced ZnO crystallite size,
suppression of bulk NiO reflections, and emergence of
spinel-type peaks, demonstrate that calcination at 500°C
promotes significant cation migration and structural
integration in the ternary systems. Rather than forming a
mechanical mixture of ZnO and NiO, the trimetallic oxides
exhibit partial solid-solution formation and enhanced
metal-oxygen-aluminum interactions. Furthermore, the
coexistence of crystalline ZnO, spinel domains, and
diffuse alumina-rich regions indicates nanoscale structural
heterogeneity. This heterogeneity likely reflects incomplete
phase segregation and partial cation partitioning during
thermal treatment. Zn tends to stabilize wurtzite ZnO
domains, while Ni shows greater tendency to integrate
into aluminate-type structures, resulting in composition-
dependent redistribution of cations.

Table 2 contains the values of the specific surface area
and pore radius of the calcined materials. Nitrogen
adsorption-desorption isotherms at 77 K reveal significant
differences in textural properties among the calcined oxides,
reflecting the influence of cation composition on pore
development (Fig. 4).

The ZnossAloss sample exhibits very low nitrogen uptake
throughout the relative pressure range and a modest increase
only at high p/p° values, consistent with a predominantly
external or interparticle porosity.
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Table 2. Specific surface area and pore radius values of the calcined
solids. Percentages of PET depolymerization and selectivity for BHET.

Sample 58 fa depol rl:&:-ll-‘ization SeFe|:tEi-\I/-it
(m*g"  (am) POV )
ZnoesAloss 10 28.2 23.9 82.3
Nio.s6Alo.33 71 10.4 0.3 0.0
Zno.44Nio22Alos3 72 31.2 40.1 78.2
Nio.44sZno.22Al0.33 177 6.4 96.4 82.0

Source: Author

Its isotherm resembles a weak type IV behavior with a small
hysteresis loop concentrated near p/p°~1, characteristic of
H3-type hysteresis associated with slit-like voids formed
by particle aggregation rather than a well-developed
mesoporous network [47-49]. This interpretation is
fully consistent with its very low specific surface area
(10 m?-g") and large BJH average pore diameter (28.2 nm),
indicating the predominance of wide interparticle spaces
rather than intrinsic mesopores. In contrast, the Nio.csAlo:ss
oxide displays a clear type IV isotherm with noticeable
hysteresis, confirming the presence of mesoporosity. The
moderate surface area (71 m?-g") and BJH pore diameter
of 10.4 nm are consistent with a network of mesopores
generated during LDH collapse and oxide restructuring.
The hysteresis loop suggests pore connectivity effects and
possible pore-blocking phenomena, indicative of structural
heterogeneity within the alumina-rich matrix. The ternary
Zno4sNio22Aloss material also shows type IV behavior;
however, its adsorption profile is characterized by a stronger
uptake at high relative pressures and a BJH diameter of 31.2
nm, pointing to larger mesopores or significant interparticle
porosity. The hysteresis loop, more evident at elevated
p/p° values, is compatible with H3-type behavior, suggesting
slit-shaped voids and aggregated particle assemblies rather
than uniform cylindrical mesopores (Thommes et al., 2015).

The most pronounced mesostructural development is
observed in Nio4sZno22Aloss, which exhibits the highest
nitrogen uptake over the entire pressure range, a well-defined
type IV isotherm, and a wide hysteresis loop indicative of
strong capillary condensation. The combination of a high
specific surface area (177 m*g") and a relatively small BJH
pore diameter (6.4 nm) suggests the formation of a more
developed mesoporous network with narrower pores and
enhanced internal surface area. The pronounced hysteresis,
consistent with H2-type characteristics, reflects pore blocking
and complex pore connectivity typical of nanostructured
mixed oxides derived from LDH precursors [23,34]. Overall,
the physisorption results demonstrate that calcination at
500°C leads to composition-dependent mesostructural
evolution, with the highest degree of internal porosity and
surface development occurring in the Ni-rich ternary oxide,
while the Zn-rich binary system remains dominated by
interparticle voids and limited intrinsic mesoporosity.
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Figure 4. N, adsorption-desorption isotherms at -196°C of the solids
calcined at 500°C.
Source: Author

The catalytic performance results clearly demonstrate that
PET glycolysis at 180°C under the studied conditions is not
a purely thermal process [50]. In the absence of catalyst,
no depolymerization was observed, confirming that the
reaction requires the presence of active surface sites capable
of promoting transesterification and chain scission [51]. This
establishes that any observed depolymerization originates
from catalytic effects rather than thermal degradation.
Control experiments further clarify the intrinsic role of the
individual oxide components. Pure ZnO achieves complete
PET depolymerization; however, only approximately 10% of
the products correspond to BHET, indicating that although
ZnO is highly active toward polymer breakdown, it lacks
selectivity toward the desired monomer. This suggests that
ZnO provides sites capable of activating the ester bonds
in PET [51], but its surface environment also promotes
parallel or consecutive reactions leading to oligomers or
secondary products. In contrast, NiO does not promote PET
depolymerization under identical conditions, demonstrating
that bulk NiO is not intrinsically active for initiating the
glycolysis reaction. This observation is critical because
it indicates that nickel, when present as segregated NiO
domains, does not contribute to catalytic activation of PET.

The behavior of the LDH-derived mixed oxides differs
significantly from that of the individual oxides, revealing
a clear structure-performance relationship (Table 2). The
ZnossAlos catalyst exhibits limited depolymerization (23.9%)
but high selectivity toward BHET (82.3%). Its very low
surface area (10 m*-g") and large BJH pore diameter (28.2
nm) indicate that the number of accessible active sites is
restricted, likely limiting overall conversion. Nevertheless,
when depolymerization occurs, the product distribution
favors BHET, suggesting that the ZnO-AlO: interface
environment moderates secondary reactions relative
to pure ZnO. The NioesAloss material shows negligible
depolymerization (0.3%) despite a moderate surface area
(71 m*g"), confirming that surface area alone does not

determine catalytic activity. Although this oxide presents
mesoporosity and higher textural development than
ZnoesAloss, the absence of Zn-containing phases results
in insufficient activation of PET chains. This reinforces the
conclusion from control experiments that nickel oxide
domains, when not structurally integrated with Zn, are not
effective active centers for glycolysis initiation.

The ternary systems reveal the most informative trends.
Zno4sNio2Aloss  exhibits  intermediate  depolymerization
(40.1%) with high BHET selectivity (78.2%) and a surface
area comparable to Ni-Al (72 m*-g"), but with larger average
pore diameter (31.2 nm). The improved conversion relative
to ZnoesAlo.ss indicates that the introduction of Ni modifies
the oxide matrix in a way that enhances the availability
or effectiveness of Zn-related active sites. However, the
limited surface area and predominance of larger mesopores
or interparticle voids may restrict optimal reactant-site
interactions [52,53]. The most remarkable performance
is observed for Nio4sZno22Aloss, which achieves 96.4%
depolymerization with 82.0% selectivity toward BHET.
This catalyst combines the highest specific surface area
(177 m*-g") with the smallest BJH pore diameter (6.4 nm),
corresponding to a well-developed mesoporous network.
The enhanced textural properties increase the density of
accessible surface sites and facilitate diffusion of ethylene
glycol and PET fragments. However, its superior performance
cannot be attributed solely to surface area, since Nio.ssAlo.s
also presents moderate surface area but negligible activity.
Instead, the key factor appears to be the structural integration
of Zn and Ni within the mixed oxide matrix.

XRD analysis demonstrated that in the ternary oxides, bulk
NiO reflections are suppressed, and spinel-type phases
(MALOs) are formed, indicating cation redistribution
during calcination. This suggests that nickel is not present
as segregated NiO particles but rather incorporated into
mixed oxide domains, possibly as NiAl2:Os or (Ni,Zn)AlO4
spinel structures [54]. Such structural integration can modify
the electronic and coordinative environment of Zn-related
sites, potentially altering Lewis acidity and adsorption
characteristics [51]. The coexistence of ZnO domains with
mixed aluminate structures may generate interfacial sites
with different acid-base properties compared to pure ZnO,
thereby enhancing depolymerization while maintaining high
BHET selectivity.

Taken together, the catalytic results demonstrate that:
(i) ZnO provides intrinsic activity for PET bond cleavage
but lacks selectivity [1]; (i) NiO alone is inactive; and
(iii) optimal performance is achieved when Zn and Ni are
structurally integrated within LDH-derived mixed oxides
possessing high surface area and developed mesoporosity.
The synergy does not arise from simple coexistence of
ZnO and NiO phases, but from their redistribution within
a mixed oxide matrix that modifies site accessibility and
surface chemistry. These findings confirm that both
structural composition and textural development are
critical parameters governing PET glycolysis efficiency. The
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experimental results obtained in this work allow proposing
a plausible catalytic pathway for PET glycolysis over
LDH-derived Zn-Ni-Al mixed oxides. Although the present
study does not include in-situ spectroscopic evidence of
surface intermediates, the combined catalytic results and
structural characterization provide insights into the nature
of the active sites involved in the reaction. PET glycolysis
proceeds through a transesterification mechanism, in which
ethylene glycol attacks the ester bonds of the polymer chain,
producing bis(2-hydroxyethyl) terephthalate (BHET) as the
main depolymerization product. The reaction therefore
requires catalytic sites capable of activating the carbonyl
group of the ester linkage while simultaneously facilitating
nucleophilic attack by the glycol molecule. The control
experiments provide valuable information regarding the
role of the oxide components. ZnO alone promotes PET
depolymerization but exhibits poor selectivity toward BHET,
indicating that Zn-containing sites are intrinsically capable of
activating ester bonds. Zinc cations in oxide environments
are well known to behave as Lewis acid centers, which
can coordinate to the carbonyl oxygen of ester groups and
increase the electrophilicity of the carbonyl carbon. Such
coordination weakens the C-O bond in the ester linkage,
facilitating nucleophilic attack by ethylene glycol. However,
the results also show that ZnO alone leads to extensive
formation of oligomeric products, suggesting that the surface
environment of pure ZnO does not effectively control
secondary transesterification or condensation reactions.

In contrast, NiO does not promote PET depolymerization
under identical conditions, demonstrating that nickel oxide
domains do not provide the appropriate surface chemistry
required for initiating the glycolysis reaction.

The catalytic behavior changes significantly in the LDH-
derived mixed oxides. XRD analysis indicates that calcination
of the hydrotalcite precursors leads to the formation of ZnO
domains together with spinel-type MALO4 phases, where
M corresponds to Zn, Ni, or mixed (Ni,Zn). In the ternary
systems, bulk NiO reflections are strongly attenuated,
suggesting that nickel is largely incorporated into aluminate
structures rather than forming independent NiO particles.
This structural integration likely modifies the electronic and
coordinative environment of Zn-related active sites. The
presence of spinel domains and alumina-rich regions can
influence the distribution and strength of Lewis acid sites,
as well as generate additional metal-oxygen interfacial sites.
Such interfacial environments may facilitate adsorption
and activation of PET fragments while limiting uncontrolled
secondary reactions.

Another crucial factor is the textural development of the
catalysts. The Nio4sZno22Aloss catalyst exhibits the highest
surface area and a well-developed mesoporous structure.
These properties increase the density of accessible active
sites and enhance the diffusion of ethylene glycol molecules
and PET oligomer fragments toward the catalytic surface.
The combination of high surface area and mesoporosity
therefore contributes to improved catalytic efficiency. Based
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on these observations, a simplified catalytic pathway can be
proposed: (i) Adsorption of PET ester groups on Lewis acidic
Zn-related surface sites; (ii) Coordination of the carbonyl
oxygen to the metal center, increasing electrophilicity of
the carbonyl carbon; (iii) Nucleophilic attack by ethylene
glycol, forming a tetrahedral intermediate; (iv) Cleavage of
the PET ester bond, producing BHET or shorter oligomers;
(v) Desorption of BHET molecules, which subsequently
crystallize during product recovery. The superior catalytic
performance of Nio4sZno22Aloss therefore appears to arise
from a combination of factors: (i) the intrinsic activity of
Zn-based sites for ester bond activation, (ii) structural
modification of these sites by interaction with Ni-containing
aluminate domains, and (iii) enhanced accessibility of active
sites due to the developed mesoporous structure. Although
additional spectroscopic studies would be required to
directly identify the active sites and reaction intermediates,
the present results strongly suggest that the catalytic behavior
originates from the synergistic interaction between ZnO
domains and mixed aluminate structures generated during
LDH calcination, rather than from the simple coexistence of
independent ZnO and NiO phases.

The chemical identity of the solid products obtained from
PET glycolysis using Zn-Al and Zn-Ni-Al derived catalysts
was evaluated by FTIR spectroscopy (Fig. 5). The three
spectra corresponding to monomers produced over
ZnoeeAloss,  ZnoasNio22Alozs  and  NiossZno22Aloss  exhibit
essentially identical vibrational fingerprints, indicating that
catalyst composition does not alter the chemical nature of
the main product. All spectra display a strong and sharp
absorption band centered at approximately 1715-1725 cm.,
which is assigned to the v(C=0) stretching vibration of
ester carbonyl groups [9,16]. The intensity and sharpness
of this band are characteristic of aromatic diesters and are
fully consistent with the formation of bis(2-hydroxyethyl)
terephthalate (BHET).

Monomer-Ni, 4,Zn, 5,Al) 55

: :Monomer-Zn, 4,NigAly 33!

Monomer-Zn, oAl 55 |
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Figure 5. FTIR spectrum of monomers obtained using the catalysts
Zno.esAlo33, Zno.4sNio22Alo33, and Nio.4aZno22Alos3.
Source: Author
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In addition, bands observed in the 1500-1600 cm™ region
correspond to aromatic v(C=C) stretching vibrations of the
terephthalate ring, while strong absorptions in the 1250-
1100 cm™ region are attributed to v(C-O) and v(C-O-C)
stretching modes of the ester linkage. The presence of bands
near 727 cm™, associated with out-of-plane C-H bending
of para-disubstituted aromatic rings, further confirms the
terephthalate structure. Broad absorption in the 3300-3500
cm™ region is assigned to v(O-H) stretching of terminal
hydroxyl groups, consistent with the diol functionality of
BHET [13,55]. The similarity in band positions and relative
profiles among all samples indicates that no significant
structural differences or secondary esterification products
are formed as dominant species, even when catalytic
performance varies considerably. The thermal behavior of
the recovered solids was analyzed by differential scanning
calorimetry (DSC) (Fig. 6). All samples exhibit a well-defined
endothermic peak in the range typically reported for BHET
melting (108-112°C). The presence of a single sharp
melting transition without additional endothermic events
associated with oligomer melting or multiple crystalline
phases supports the predominance of a single crystalline
compound. The absence of additional high-temperature
transitions suggests minimal contamination by higher
oligomers or residual PET fragments. Slight differences
in peak intensity or onset temperature may reflect minor
variations in purity or crystallinity, but the overall thermal
profiles confirm that BHET is the main crystalline product in
all cases [9,13,16,56].
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Figure 6. DSC curves of monomers obtained using the catalysts
Zno.ssAlo3s, Zno.asNio22Alo33, and Nio.4sZno22Alos3.
Source: Author

The combined FTIR and DSC results therefore provide
complementary  confirmation of product identity.
While FTIR establishes the molecular structure through
characteristic vibrational modes of ester, aromatic and
hydroxyl functionalities, DSC confirms the formation of a
crystalline compound with a melting temperature consistent
with literature values for BHET. Importantly, despite the
differences in catalytic activity and selectivity among the
oxides studied, the chemical nature of the isolated monomer

remains unchanged, indicating that the catalytic role
primarily influences conversion and product distribution
rather than altering the fundamental reaction pathway
toward terephthalate-derived esters. In both cases, the
recovered solids exhibit well-defined elongated prismatic
crystals with a needle-like morphology, characteristic of
bis(2-hydroxyethyl) terephthalate (BHET) crystallized from
solution. In image (a), corresponding to ZnoecAloss, the
crystals appear relatively thick and elongated, with smooth
surfaces and well-developed facets. Several crystals display
lengths significantly larger than their widths, indicating
anisotropic growth along a preferential crystallographic
direction. The presence of well-formed edges and planar
faces suggests a relatively controlled crystallization process
with limited structural defects. However, some degree
of agglomeration is observed, likely due to secondary
nucleation or solvent evaporation effects during isolation.

Fig. 7 shows x40 magnified images of BHET obtained
using ZnoeesAloss and Nio.4ssZno22Aloss catalysts. In contrast,
the crystals obtained using the trimetallic Nio.saZno22Al033
catalyst (image 7b) show a more abundant population of
slender and sharper needles, with higher aspect ratios and
a more homogeneous size distribution [9]. The crystals
appear thinner and more uniformly dispersed, with reduced
agglomeration compared to sample ZnoesAloss (7a). This
morphology is consistent with rapid nucleation followed by
directional growth, resulting in finer crystalline domains [57].
The needle-like morphology observed in both samples is
fully consistent with the crystallization behavior reported for
BHET, which typically forms elongated prismatic or acicular
crystals, as commonly reported for crystallized BHET
obtained from PET glycolysis. The absence of amorphous
regions or irregular particulate material in the micrographs
further supports the predominance of a well-defined
crystalline monomer, in agreement with the single melting
transition observed in DSC analysis and the characteristic
FTIR fingerprint of aromatic diester functionality. Although
both catalysts produce crystals with similar structural identity,
subtle morphological differences, particularly the higher
aspect ratio and more uniform dispersion in Nio.44Zno.22Alo.s3,
may reflect differences in supersaturation profiles and
crystallization kinetics during product recovery. Importantly,
no morphological features indicative of residual polymer
fragments or oligomeric matrices are observed, reinforcing
the conclusion that BHET is the main solid product under the
evaluated reaction conditions.

Figure 7. Images of BHET crystals obtained by glycolysis in the presence
of catalysts Zno.esAloss (@) and Nio.44Zno22Aloss (b).
Source: Author
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Conclusions

The present study demonstrates that mixed oxides derived
from Zn-Ni-Al hydrotalcite-like precursors constitute
effective heterogeneous catalysts for PET glycolysis.
Calcination at 500°C leads to the collapse of the layered
structure and the formation of oxide systems composed of
ZnO domains together with spinel-type aluminate phases.
Structural characterization confirms that the distribution
of Zn and Ni within the oxide matrix strongly influences
both the textural development and catalytic performance.
Control experiments reveal that PET depolymerization
under the studied conditions is strictly catalytic. No
reaction occurs in the absence of catalysts, ZnO promotes
polymer degradation but with poor selectivity toward
BHET, and NiO alone is essentially inactive. These results
indicate that neither ZnO nor NiO independently provides
the optimal catalytic environment for selective glycolysis.
Among the evaluated materials, the Nio.4sZno22Aloss catalyst
shows the highest catalytic activity, achieving 96.4% PET
depolymerization and 82.0% selectivity toward BHET. This
superior performance is associated with the combined
effects of high surface area, developed mesoporosity,
and structural integration of Zn and Ni within the mixed
oxide matrix. XRD results indicate that Ni is preferentially
incorporated into aluminate-type structures rather than
forming segregated NiO domains, generating interfacial
environments that modify the electronic and coordinative
properties of Zn-related sites. The recovered reaction
products were identified as crystalline bis(2-hydroxyethyl)
terephthalate through FTIR spectroscopy, DSC analysis, and
morphological observations, confirming that PET glycolysis
proceeds predominantly toward monomer formation under
the evaluated conditions. The catalytic behavior can be
rationalized by a transesterification mechanism in which
Zn-related Lewis acid sites activate the ester carbonyl
groups of PET, facilitating nucleophilic attack by ethylene
glycol. The presence of Ni within mixed aluminate structures
appears to modify the surface environment and enhance the
accessibility of these active sites within the mesoporous
framework.

Overall, the results demonstrate that both structural
composition and textural development play a key role
in determining catalytic efficiency in PET glycolysis over
LDH-derived oxides. These findings highlight the potential
of hydrotalcite-derived mixed oxides as tunable catalytic
materials for the chemical recycling of PET.
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