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ABSTRACT: Plastics are indispensable materials for packaging
and many products from our daily life, and their recycling is
essential to ensure a circular economy. In this study, —SO;H-

modified, Ti;C,-MXene was used as a recoverable solid acid MXene ayt 03N G cataly, PET HYDROLYSIS
. 2D nanosheets diazonium o Het e
= 2 ~ eterogeneous catalysis
catalyst for upcycling of polyethylene terephthalate (PET) to salf ¢: W s, Heterogensens cuy

terephthalic acid (TPA) and ethylene glycol by hydrolysis. For the
grafting of —SO;H groups to the Ti,C,T, surface (where T,
represents the surface moieties, such as —OH or —0), sulfonation 1 4]: ) !’4
with an aryl diazonium salt obtained from sulfanilic acid was Ly
employed. X-ray photoelectron and Fourier transform infrared Nolo 290% TPAyied
spectroscopy analyses provided a direct indication that sulfonation

of the Ti;C,T, was successfully performed, while X-ray diffraction and transmission electron microscopy analyses evidence the
presence of —SO;H groups between the Ti;C,T, layers due to the increases of the interlayer spacing through the intercalation of
functional groups. The higher the concentration of acid groups, the higher the interlayer spacing. The depolymerization of PET in
water occurred with a very good isolated yield in TPA (99%) for the MXene with the highest amount of sulfonic acid groups. We
conclude that the acidity is mandatory to perform the hydrolysis reaction, in agreement with the acidity measurements, which show
that the MXenes modified with the highest amount of derived sulfonic acids are the most active. Nevertheless, the accessibility to the
acidic sites is a key factor that promotes the 2D acid-modified MXene materials as important catalysts for PET upcycling to TPA.
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B INTRODUCTION increased over the years, resulting in significant waste
generation, which therefore requires improved recycling
rates. Mechanical recycling routes of PETs are limited by the
fact that only clean PET can be recycled and also because the
latter is characterized by lower thermal, optical, and
mechanical properties than the pristine material.* Chemical
recycling into monomers remains an advantageous alternative
compared to other methods because lower molecular weight
products can more easily re-enter in the PET polymerization
process and can also be converted into other compounds with
added chemical value, which can be used in various fields.’
Until recently, most of chemical recycling processes have
mainly focused on pyrolysis and solvolysis, and there are
several reviews on this topic.°™® As a result of legislative
pressure, catalytic recycling processes have developed greatly
and have experienced rapid growth in recent years.” Thus,

One of the biggest challenges today is related to the paradigm
of a highly endangered ecological system in contrast to the
economic and social expansion that humanity has experienced
in the last century. The prosperity of developing countries
brings a much greater global consumption of energy, which
mankind does not yet know how to manage, and which has an
extraordinary impact on global warming.' Keeping the
situation under control is usually addressed by government
regulations and happens locally. Reaching the targets set by
legislation is what forces us to limit, or find solutions, to curb
energy consumption.” One of the main solutions is related to a
circular economy in all areas. For the oil industry, which
remains the main source of polymers at the present time, this
circular economy means collecting and recirculating carbon
products. One of the most widespread resources of used
carbon is plastic, and its recycling is becoming more and more
imperative. Incineration accounts for 25% of plastic reuse,
followed by mechanical recycling (12%); only ~1% is returned
to monomer form.

One of the most widely used plastics on the global market
remains poly(ethylene terephthalate) (PET), due to its
versatility and ease of use. Its utilization has continuously
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hydrogenolysis, aminolysis,"*"® hydrosilylation, and
photocatalysis'®'® have gained much ground to recycle
plastics. However, in the chemical recycling of PET, some
issues still need to be solved such as the generation of
undesired byproducts, the use of large amounts of solvents,
high costs in the separation and purification of reaction
product mixtures, and energy consumption in the form of the
need for high temperatures. In the case of homogeneous
catalytic processes, the separation of the catalyst from the
reaction mixture is a problem.”® Among the chemical methods
involving the use of a solvent (i.e., glycolysis, methanolysis,
aminolysis, or hydrolysis), glycolysis is one of the most studied,
while hydrolysis is the most cost-efficient because it produces
the initial monomers ethylene glycol (EG) and terephthalic
acid (TPA). However, the hydrolysis process is challenging
due to the fact that it requires high working temperatures
(200—250 °C) and pressures (1.4—2 MPa) as well as long
reaction times to achieve complete depolymerization. Con-
sequently, finding a heterogeneous, stable, and inexpensive
catalyst that leads to high TPA yields by hydrolysis and works
at relatively low temperatures and pressures fits better with the
idea of circular economy.

The strategy of this study is to develop an acidic
heterogeneous material that produces TPA from PET by
using a hydrolysis reaction. The majority of PET acid
hydrolysis processes occur in the presence of homogeneous
catalysts such as HZSO4,21 HNO3,22 or HCL>>** Recently, a
few recyclable systems capable of reacting PET by hydrolysis
have been reported, but their experimental results in terms of
conversion and selectivity remain quite low. For example,
poly(4-styrenesulfonic acid) (PSSA)* is a catalyst that
dissolves in water and can be recovered after the reaction by
evaporating the filtrate solution. PSSA shows activity similar to
that of H,SO,, but at much shorter reaction times. For
instance, more than 90% PET conversion and TPA yield were
achieved in the presence of PPSA in shorter times than when
using the same concentration of H,SO, was used However,
such a system still requires the use of concentrated acid
solutions that are corrosive and demand a subsequent
neutralization step after the reaction.”> There are also acid
heterogeneous catalysts reported in the literature for the
hydrolysis process, but these require particular conditions, such
as SO,27/Ti0,*® or WO,/TiO,” in supercritical CO, or H*-
ZSM-5 under microwaved irradiation.”® A low stability was
observed for solids including SO,”7/TiO,, in which the
leaching of sulfonated groups during hydrolysis was
observed.*® Therefore, finding a catalyst with strong and stable
acid sites that could properly accommodate the diffusion of
large molecules such as PET monomers would be a good first
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step in developing a robust catalyst for PET depolymerization
by a hydrolysis route.

Recently discovered in 2011, MZXenes are a novel
family of two-dimensional (2D) metal carbide—nitride
materials that have rapidly become a rising star in the scientific
community because of their multiple and versatile applica-
tions.*” Typically, MXenes are synthesized from their parent
MAX phase (M: an early transition metal; A, group IIIA or
IVA elements; X: C and/or N; and n = 1, 2, 3). The A layer
(group IITA or IVA elements like Si, Al, Sn, etc.) is selectively
etched without breaking the M—X bonds, which are stronger
compared with the M—A bonds from the MAX phase. The
resulting MXene 2D sheets have the general formula of
M, X,T,, where T, stands for surface terminations such as
fluorine (—F), oxygen (—O), and hydroxyl (—OH). Due to
their large surface areas™ and the significant impact of
functional groups on their surfaces, MXenes are well-suited
for use in catalytic processes.34

Thus, a potentially useful approach to control MXenes’
catalytic activity is to tune their surface chemistries. Therefore,
to successfully address this challenge, herein we developed
solid acid catalysts by modifying the MXene surfaces with acid
moieties to obtain —SO;H-modified MXenes (Scheme 1)
capable of depolymerizing PET by hydrolysis. The important
insight is that the 2D structure of MXene will provide more
accessible —SO;H groups for the bulky reactants and products
(see Scheme 1).

Specifically, we studied the influence of reaction temper-
atures, catalyst loading, catalyst acidities, and reaction times on
PET conversion and the TPA yield over acid-modified MXene
catalysts.

29-31

B EXPERIMENTAL SECTION

Material Preparation. Synthesis of MAX Phase, Ti;AIC, Powder.
TiC, (Alfa Aesar, 99.5% 2 um), Ti (Alfa Aesar, 99.5%, 325 mesh), and
Al (Alfa Aesar, 99.5%, 325 mesh) were the commercial materials used
in this step. The synthesis of Ti;AIC, powders involved combining of
TiC, Al, and Ti powders at a molar ratio of 2:1.05:1, respectively. The
powders of mixed composition underwent a ball milling process for 24
h at a rotational speed of 70 rpm utilizing zirconia balls. Subsequently,
the powders were introduced into an alumina (ALO;) tube furnace
and heated to 1500 °C for a duration of 3 h while maintaining a
continuous flow of argon (Ar) gas. The rates of heating and cooling
were established at S °C per minute. The obtained porous blocks were
ground into a fine powder with a drill press. The milled powders
underwent a sieving process, using a ~400 mesh sieve, to obtain the
Ti;AlC, powder with a particle size <38 pm.

Synthesis of Ti;C,T, Powders. Aluminum removal from Ti;AIC,
(MAX phase) to obtain Ti;C,T, (MXene) was achieved by an etching
process using a solution of LiF and HCl to generate HF in situ.** This
step was carried out in Berzelius beakers made of poly-
(tetrafluoroethylene), a thermoplastic and inert fluorinated polymer.

https://doi.org/10.1021/acssuschemeng.4c01920
ACS Sustainable Chem. Eng. 2024, 12, 9766—9776
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The procedure is the following: 0.66 g of LiF was added to 17 mL of 3
M HCI solution under continuous stirring until the salt was
completely dissolved, and then 1 g of Ti;AIC, was added progressively
in small amounts. The mixture was then stirred for 48 h at 50 °C
before washing the resulting material S times with deionized water
and separated by centrifugation (3500 rpm X 10 min for each washing
cycle) until the pH of the supernatant was around 6—7. The final
product (Ti;C,T,), in the form of a colloidal suspension, was vacuum
filtered using a nylon membrane and dried under vacuum at 60 °C for
24 h.

SO;H Modification of MXene. For the grafting of sulfonic groups
to the Ti;C,T, surfaces, an aryl diazonium salt, obtained from
sulfanilic acid was employed. The aryl diazonium salt of sulfanilic acid
was prepared in situ® by reacting sulfanilic acid (0.1 g), sodium
nitrite (0.375 g), anhydrous sodium carbonate (0.03 g), and a
solution of HCI (2 mL of 37% HCl in 2 mL of H,O) (see Scheme 2).

Scheme 2. Reaction Leading to Aryl Diazonium Salt
Formation

N
N
NH, NH, N®cI-
N82C03 NaNOz
H,0 HCl
SO;~ SO;™ Na* SO;~Na'

sulfanilic acid aryl diazonium salt

(aqueous zwitterionic form)

The procedure was as follows: Na,CO; was dissolved in water, and
then sulfanilic acid was added, and the mixture was stirred until it
completely dissolved at room temperature (RT). Then NaNO, was
added while being stirred to obtain a homogeneous solution. In a
separate vial, we mixed 2 mL of cold water with 2 mL of HCI (37%).
This solution was then added dropwise to the mixed solution with
continuous stirring. Note the mixture must be kept at 0—5 °C to
avoid decomposition of the aryl diazonium salt. Ti;C,T, was added to
the reaction mixture after being previously dispersed in distilled water
(0.0 g of TiyC,T, in S mL of H,0). The resulting mixture was
stirred in an ice bath (0—5 °C) for ~S h. The final solution was cold
filtered using a vacuum filtration system, washed with bidistilled
water, and dried at 40 °C under vacuum. The material obtained is
henceforth labeled Ti;C,T,—SO3H-1 to indicate the 0.1 g of sulfanilic
acid used.

Using the same protocol, two other batches of (a) Ti;C,T,—SO;H-
3 (using 0.3 g of sulfanilic acid) and (b) Ti;C,T,—SO3H-S (using 0.5
g of sulfanilic acid) were synthesized in which the MXene amount was
kept constant (0.05 g), but the amounts of reagents needed to obtain
the aryldiazonium salt were changed as follows: (a) sulfanilic acid (0.3
g), sodium nitrite (0.112S g), anhydrous sodium carbonate (0.09 g),
HCl solution (6 mL 37% HCl in 2 mL H,0); (b) sulfanilic acid (0.5
g), NaNO, (0.1875 g), anhydrous Na,CO; (0.15 g), HCI solution
(10 mL 37% HCl in 10 mL H,0) were mixed. The reaction mixtures
were kept under continuous stirring on a magnetic stirrer in an ice
bath (0—S5 °C) for ~$ h. The final solutions were cold filtered using a
vacuum filtration system, washed with bidistilled water, and oven-
dried at 40 °C under vacuum.

Material Characterization. Scanning Electron Microscopy. The
studied samples were imaged in scanning electron microscope (SEM)
(Zeiss EVO S0 XVP) operated at an accelerating voltage of 20 kV and
a LaBy filament as the electron source.

Transmission Electron Microscopy. The samples were also imaged
in a transmission electron microscope (TEM) (JEOL 2100) with
high-resolution and elemental X-ray mapping capabilities. The
samples were prepared by the standard method for powders: (i)
obtaining a suspension in ethanol of the desired sample, and (i)
dropping it onto a Cu grid with a carbon membrane. Conventional
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TEM imaging, high-resolution TEM imaging, electron diffraction, and
X-ray elemental mappings were performed.

X-ray Diffraction. Crystal structure analyses of the obtained
materials was determined by powder X-ray diffraction (XRD) using a
diffractometer (Bruker D8 ADVANCE) with Cu Ka radiation (4 =
1.5418 A). Samples were analyzed in a symmetric geometry (Bragg—
Brentano) in the angular range 26 = 5—90°, using a step size of 0.02°
and a time per step of 0.5 s. The interplanar d-spacings were
calculated using Bragg’s law. Additionally, small-angle X-ray analysis
was performed on another diffractometer (Rigaku SmartLab 3 kW),
also with Cu Ka radiation, using the following parameters: 26 = 1.2—
18° angular range, using a step size of 0.02 and a scan rate of 0.15°/
min.

Raman Spectroscopy. All Raman spectra were recorded at room
temperature, RT, in the 100—2000 cm™! range on a Raman
spectrometer (LabRAM HR Evolution, HORIBA Jobin Yvon)
equipped with a He—Ne laser (633 nm) and a charge-coupled device
Peltier-cooled detector. To achieve high spectral resolution a grating
of 1800 lines per millimeter was used. All spectra were recorded by
averaging S accumulations, each of 30 s of laser exposure (ND filter of
25%).

X-ray Photoelectron Spectroscopy. The chemical state of the
elements subjected to etching and sulfonation and subsequently used
in catalytic PET depolymerization reactions was revealed by a X-ray
photoelectron spectroscopy (XPS) spectrometer (Kratos Analytical
Axis Ultra DLD) equipped with a monochromatic Al Ka (1486.6 V)
radiation source. The measurements were conducted under the
following conditions: a pressure of 1X10—8 Pa and a power of 144 W
(12 kVx12 mA). To mitigate charging effects, a charge neutralizer
was utilized. Calibration was carried out at the C 1s line (BE = 284.6
eV, C—C bond) of the adsorbed hydrocarbon on the surface of each
sample. The experimental results were analyzed using the XPST plug-
in in Igor Pro8 from Wavemetrics.

ATR—FTIR. The FTIR spectroscopy measurements were performed
in a spectrometer (PerkinElmer Spectrum BX II apparatus
PerkinElmer Corporation, Waltham, MA, USA) in attenuated total
reflectance (ATR) mode, with a diamond—zinc selenide crystal, 1.8
mm diameter. The spectra were obtained in the 500—4000 cm™'
wavenumber range, with a resolution of 4 cm™ and 32 scans per
acquisition.

Thermogravimetric Analysis. Thermogravimetric analysis (TGA)
was performed by using a Themys One 1150 TGA thermal analyzer.
Samples were heated up to 700 °C at a heating rate of 10 °C min™" in
nitrogen (N,) flow of 20 mL min™".

Temperature-Programmed Desorption of NH; (NH;-TDP). TPD
profiles were measured by using a chemisorption apparatus
(TRIFLEX, Micromeritics) equipped with a thermoconductivity
detector. First, the samples were heated to 150 °C in helium (He)
for 2 h and then cooled down to 100 °C. Then, § vol % NHj; in He
(15 mL min~") was passed over the sample for 30 min. The
physiosorbed NH; was removed using He (25 mL min™', 100 °C for
1 h). The desorption of NH; was recorded by heating the sample up
to 500 °C at a rate of 10 °C min™", in a constant He flow rate of 25
mL min~",

Catalytic Reaction. PET flakes (3 X 2 mm?*) were obtained by
cutting small pieces of different PET sources and colors, bottles
(white and green) and T-shirts shown in Figure SI in Supporting
Information. They were washed in hot water at 80 °C and dried for 2
h at 105 °C in an oven. If not mentioned otherwise, the following
amounts of reactants were used for the catalytic reactions: 0.1 g PET
flakes and 0.02 g catalyst (SO;H-modified MXenes) in 10 mL water
for different reaction times that ranged between 2 and 24 h. The
reactants were placed in a stainless-steel batch reactor equipped with a
magnetic stirrer and a manometer. The reactor was purged with N, to
replace the air and to increase the internal pressure to 10 bar to
maintain the water in a liquid state at the reaction temperatures
(160—180 °C). The reactions were conducted in triplicate to ensure
accuracy and reliability. The acquired results exhibited a maximum
variability of 5% and were therefore considered consistent. The data
reported in this study represent the average values obtained.

https://doi.org/10.1021/acssuschemeng.4c01920
ACS Sustainable Chem. Eng. 2024, 12, 9766—9776
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Figure 1. (a) Powder XRD diagrams and (b) low-angle XRD patterns of Ti;C,T,, Ti;C,T,—SO;H-1, Ti;C,T,—SO;H-3, and Ti;C,T,—SO;H-S
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Figure 2. Characterization of Ti;C,T, flakes and sulfonated materials. (a) TEM image of nanolayers in Ti;C,T, sample and associated SAED, (b)
TEM image of Ti;C,T,—SO;H-1 nanolayers and associated SAED, (c) Raman spectra, and (d) ATR spectra of pristine and sulfonated Ti,C,T,

materials. Labels and curves are color coded for clarity.

Leaching Tests. In order to confirm the leaching of the sulfonic
acid group during the depolymerization reaction, we conducted the
following test: after reaction (0.1 g PET, 0.6 g Ti;C,T,-SO;H-S, 10
mL H,O, 180 °C, 10 bar N,), we filtered the reaction mixture and
added the filtrate back into the reactor with an equal amount of PET
(0.1 g) without catalyst. We then repeated the reaction and assessed
its activity. No TPA was found throughout the response tests.

Processing of the Reaction Products after PET Hydrolysis.
After the reaction time was completed, the reactor was cooled at RT
and depressurized, and then the solid product (containing the catalyst,
unprocessed PET and TPA obtained in the reactor after the catalytic
reaction) was filtered to separate it from the EG, obtained as a
byproduct in the liquid phase. The as-produced TPA was separated
from the catalyst by the following method: the solid residue was
washed with 1 M NaOH solution to form a soluble TPA—sodium salt
and recover it in the liquid phase, and then the catalyst was dried in
vacuum conditions. The TPA—Na dissolved in the NaOH solution
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was recovered from the filtrate and recrystallized by adding twice the
equivalent amount of a 2 M HCI solution. The white precipitate
obtained by recrystallization was filtered, dried, and weighed (Figure
$2d). The formation of TPA was confirmed by 'H NMR and "*C (see
Figure S2).

PET conversion and product yields were calculated using the

following equations

conversion PET = {(Wpgr o — Wopr )/ Wogr,o} X 100
yield TPA = { Wy, /theoretical Wi} X 100

where Wypr o = initial mass of PET; Wppr s = PET mass after reaction;
Wipa = TPA mass obtained by hydrolysis, and theoretical Wrp, =

theoretical mass of TPA from initial PET, all in grams.

https://doi.org/10.1021/acssuschemeng.4c01920
ACS Sustainable Chem. Eng. 2024, 12, 9766—9776
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Figure 3. Comparison between Ti;C,T, and Ti;C,T,—SO;H-1 after surface modification by the reaction with sulfanilic acid. Core level spectra of

(a) Ti 2p, (b) C 1s, (c) O 1s, and (d) S 2p.

B RESULTS AND DISCUSSION

Physicochemical Characterization. From the powder
XRD patterns (Figure la), it can be observed, for Ti;C,T,
sample, the disappearance of the diffraction peak correspond-
ing to the diffraction plane (104) at 20 ~ 39°, which is
characteristic for Ti;AlC,. At the same time, the MAX phase
peak corresponding to the (002) basal plane peak at 26 ~ 9.5°
shifts to lower 20 values after the etching process, i.e., to ~7.3°,
and its intensity increases significantly, confirming that the
layered 2D structure is obtained, and the interlayer distance is
modified. The interlayer distance, d, calculated for Ti;AlC, and
TiyC,T, was 9.3 and 12.0 A, respectively. These results are
typical and are a key feature of the MAX to MXene
transformation.>® Comparing the sulfonated Ti;C,T,—SO;H-
x materials’ XRD patterns to unmodified MXene (Figure 1b), a
further clear shift of the low angle peaks to lower 26 angles
occurs. This shift indicates an increased d-spacing between the
MXene layers, suggesting the successful intercalation of aryl
sulfonated groups between the MXene layers. For instance, the
diffraction peak at 26 of 7° is much wider and can be fitted
with two peaks that correspond one to 12 A distance of the
002 plane and a second one to an increased interplane distance
of 15 A, demonstrating the intercalation of aryl-sulfonic groups
between the MXene layers. The shift of the line characteristic
to (002) plan is obvious for Ti;C,T,—SO;H-x (x = 1, 3, S),
and moreover, a peak appears at 26 around 3°, indicating a
clear increase of d to 28 A (Figure 1b). SEM micrographs of
the various powders are shown in Figure S3, and disclose no
obvious signs of destruction/deformation of the layered
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structure of the material. Additionally, SEM—EDX data (see
Table S1) reveal that after the etching process the Al layer is
selectively removed from the MAX phase precursor. The
layered structure arranged in very thin sheets appears to be
maintained for the sulfonated Ti;C,T,—SO;H-1 material
(Figures S3b,c), with no obvious signs of distortion. Compared
to Ti;C,T,, the presence of —SO;H groups in Ti;C,T,—SO;H-
x increases the interlayer spacing through the intercalation of
functional groups; this is also confirmed by TEM and XRD
analysis.

TEM data presented in Figures 2a and S4, in agreement with
SEM analysis, revealed that the etching of Ti;AlC, was
successful. In both samples (Ti;AlIC, and Ti;C,T,), crystalline
zones can be observed, with 2D overlapping sheets, with the
particularity that for the Tiy;C,T, sample small areas (about
100 nm) with an elongated appearance were also spotted. The
diffraction signal of 2D zones is obtained for an orientation of
the system along the c-axis and shows hexagonal symmetry
(Figure 2a). The structural difference between Ti;AlC, and
Ti;C,T, is minor, but in conjunction with the lack of Al as well
as the morphology of the 2D sheets, the association with the
MXene system is much more likely. After Ti;C,T, sulfonation,
the high-resolution image illustrates a more evident appearance
of the 2D sheets specific to the MXene system (Figure 2b).
Again, diffraction is associated with the Ti;C, phase as is
depicted in Figures 2b and S4. Selected area diffraction (SAD)
patterns in the TEM confirm that the 2D structure remains
intact.

https://doi.org/10.1021/acssuschemeng.4c01920
ACS Sustainable Chem. Eng. 2024, 12, 9766—9776
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The elemental maps in the SEM (Figure SS) as well as the
EDX quantification results confirm the presence of Ti and C
and the absence of Al (Figure SS and Table S1). Furthermore,
the detection of S in the sulfonated materials suggests that the
aryl diazonium salt of the sulfanilic acid is present. Addition-
ally, as presented in Table S1, it is evident that the quantity of
sulfonated groups increased as the initial amounts of sulfanilic
acid increased.

More evidence for the grafting of the sulfonic acid groups
can be found in the Raman and ATR—FTIR spectra, as shown
in Figure 2c,d, respectively. From the Raman spectra, it is
reasonable to conclude that the Ti;C,T, structure was not
affected by the sulfonation process (Figure 2c), which confirms
both the XRD and TEM results. Thus, all samples show
specific Ti;C,T, Raman active modes of two out-of-plane A,
and one degenerate in-plane E,, vibrations located at 253, 423,
and 605 cm™, respectively.”” " The E; mode attributed to
TiO, anatase and located in the case of fresh Ti;C,T, sample
at 143 cm™" shifts to 155 cm™ for the sulfonated samples
which could be due to the presence of S.*' Also, a new typical
TiO, band located at 197 cm™ appears,*” which makes it
reasonable to conclude that upon sulfonation process, the
MXene surfaces start to slightly oxidize.

Moreover, during the sulfonation process the amount of
amorphous carbon, presumably at the surface, increases as
evidenced by the appearance of both D and G bands located at
1337 and 1550 cm™’, respectively (see Figure S6), most
probably traceable to the aryl moieties from the sulfanilic acid
structure. This is also sustained by the appearance of new
bands located at 2855 and 2962 cm™" in ATR spectra (Figure
2d) that can be assigned to the aromatic C—H symmetric and
asymmetric stretching vibrations, respectively, while the band
located at 2925 cm™' can be allocated to the stretching
vibration of hydroxyl groups on the sulfanilic acid groups (—
S—OH).* This is a direct evidence that sulfonation was
successfully performed.

Figure S7a plots the Al 2p high-resolution XPS spectra of
Ti,AIC, (black) and Ti,C,T, (blue). The absence of an Al
signal in the spectrum (Figure S7b) proves that Al was
removed during the etching process, in agreement with the
SEM—EDX data. The high-resolution Ti 2p and O 1s core
spectra of Ti;AlC, (black) and TiyC,T, (blue) are shown in
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Figure S7c,d. Like in all previous Ti;C,T, work,™ the Ti 2p
and O 1s envelopes are shifted to higher binding energies, BEs,
indicating that the MAX to MXene conversion results in the
oxidation of the former. The spectra of the O 1s after
sulfonation are shown in Figure 3c and again indicate that
sulfonation results in more surface oxidation. In the C 1s case
(Figure S7d), the peak at 282 eV is more intense in the
Ti;AIC, than Ti;C,T,. Since the 282 eV peak is fundamental
to identifying Ti;C,T,,** it is gratifying to see it is still present,
albeit with a reduced intensity, after sulfonation (Figure 3b).

Changes in the surface composition of the acid-modified
MXene materials were also observed in XPS measurements
(Figure 3).Comparing the Ti 2p, C 1s, and O 1s XPS energy
level spectra of the Ti;C,T, and Ti;C,T,—SO;H-x samples (x
=1,3,5) aclear S signal is detected at 168.0 eV (specific to the
SO, group).* The O 1s core level spectrum has been fitted in
four components at 529.9, 530.7, 532.5, and 533.6 eV, which
are attributed to —C—Ti—0O, Ti—O, and —OH bonds,
respectively.The component at higher binding energy can be
attributed to adsorbed water. The increase of the component
at 532.5 eV after sulfanilic acid modification can be correlated
with the oxygen present in —SO;H. Also, after sulfonation, the
Ti 2p high-resolution spectra show no important changes
among components of Ti 2p, which can be found at 45S.5,
457.1, and 459.5 eV, and correspond to Ti—C (2p;,), Ti—C—
O (2p3,), and TiO,, respectively. The C 1s core level shows,
after sulfonation, a surface with fewer components than the
complex MXene surface (282.0, 285.8, 287.6, and 289.8 eV
attributed to Ti—C, C—C, C—-0, and C=0, respectively),46
thus evidencing the presence of an organic compound on the
surface, with predominate peaks at energies corresponding to
C-C, C-0, and C=O0.

Comparing the MXene surface chemistries before and after
the sulfonation process, it is clear that the ratios of the various
elements change (Table S2). Thus, a general trend of
increasing relative C content and decreasing Ti content can
be observed, leading to the obvious conclusion that the
surface-attached aryl sulfonic compound increases the carbon
content at the surface of the sulfonated samples.

The thermal behavior of our samples was studied by TGA.
Thermogravimetric measurements achieved in a N, atmos-
phere of Ti;C,T, andTi;C,T,—SO;H-1 samples are presented

https://doi.org/10.1021/acssuschemeng.4c01920
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in Figure 4a and b, respectively. For Ti;C,T, (Figure 4a), 3
weight loss regimes can be identified. The first (38—232 °C,
i.e., ~3.6%) indicates the removal of absorbed water molecules
and possibly some of the functional groups (T,) from the
surface.”’” The second regime is ~2.23%, observed between
~436 and ~669 °C, and is ascribed to the annealing of
Ti;C,T, with the formation of small islands of TiO,
nanocrystals and amorphous carbon on the (2D) Ti;C,T,
surface.”’ In the Ti;C,T,—SO;H-1 case, decomposition can be
divided into three regions (Figure 4b). The first is a weight loss
of ~3.5% from 38 to 229 °C of the water adsorbed on the
surface and possibly some of the functional groups. The
second, a slight weight reduction (~1.14%) occurring around
292—419 °C belongs, most probably, to the thermal
decomposition of the sulfonic acid groups.®® Another small
weight loss (~1.06%) was found between 509 and 607 °C,
which might be due to the loss of the benzene ring.*® The
TGA profile from Figure 4b indicates the successful
sulfonation of the Ti;C,T, surface and also reveals that the
MXene—SO;H—1 sample is stable up to 300 °C.

The acid properties of the modified MXene-based materials,
in terms of the number of acid sites together with their
strengths, were investigated by the TPD-NHj;. The results are
listed in Table 1. As expected, the total amount of acid sites is

Table 1. Amount and Types of Acid Sites (#mol/g) Present
in Ti;C,T,—SO3;H According to TPD-NH,

TiyC,T,—S05-1 Ti,C,T,—SO5-3 TiyC,T,—SO4-5

acidity (umol/g) (umol/g) (umol/g)
weak 964 734 2841
medium 644 1452 704
strong 77
total 1608 2186 3622

directly proportional to the number of sulfonated groups
present on the MXene surfaces. The NH;-TPD profiles as a
function of S loadings are compared in Figure 5. For the
Ti;C,T,—SO3H-1 and Ti;C,T,—SO3;H-3 samples, the profiles
show that as the temperature increases from 30 to 500 °C, two
broad NH; desorption peaks appear corresponding to weak
acidity at a temperature of approximatively 90 °C and a
medium acidity at around 340 °C. When we analyze the
different types of acidic sites, we are essentially referring to
variations in the strength of these —SO;H groups.

The material with the largest concentration of sulfonic acid
groups on its surface, Ti;C,T,-SO;H-S, was characterized by
two relatively large peaks at 90 and 372 °C (Figure S), which
are weaker in the other materials. It is thus reasonable to
conclude that the strength of acidity increases as the SO;—H
content increases, most probably due to hydrogen bond
formation between these functional groups.*® In other words,
as Table 1 proves, the sample with the highest concentration of
sulfonic groups possesses the strongest types of acid sites and
the highest amount of acid groups. It is worth noting that the
strength of sulfonic acid varies depending on factors such as
the quantity of sulfonic acids loaded onto the surface and
changes in the surrounding environment.

Catalytic Reactions. The catalytic activity of Ti;C,T,—
SO;H materials was evaluated in PET hydrolysis by studying
the main influencing factors. The catalytic results are
summarized in Tables 2 and S3. Blank experiments, i.e., in
the absence of the catalyst, were performed for 24 h at different
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Figure 5. NH;-TPD curves of Ti;C,—SO;H-1, Ti;C,—SO;H-3, and
Ti;C,—SO;H-5 samples indicated on plot.

Table 2. Catalytic Results of PET Hydrolysis Using
Materials Synthesized Herein”

entry catalyst temperature (°C) TPA yield (%)
1 Ti,C,T, 180 0
2 Ti,C,T,—SO;H-1 180 56
3 TiyC,T,—SO;H-3 180 66
4 Ti,C,T,~SO;H-5 180 72
5 TiyC,T,~SO;H-5 170 44
6 Ti,C,T,—SO,H-5 160 0
7 Ti,C,T,—SO;H-50 180 55
8 Ti,C,T,—SO;H-5 180 99

“Reaction conditions: stainless-steel batch reactor equipped with a
magnetic stirrer and a manometer, 0.1 g PET flakes from a white
bottle, 0.04 g catalyst in 10 mL water, 24 h; TPA product confirmed
by 'H NMR and *C NMR; (i) 0.02 g catalysts; (ii) 0.06 g catalyst.

temperatures (160, 170, and 180 °C) to ensure that no
reaction occurs under the specific reaction conditions used. No
conversion was observed for these tests. Another way to
provide better control over the accuracy of the catalytic results
was to use the as-synthesized MXene as a catalyst. Thus, it was
confirmed that there were no depolymerization products in
this case, in our specific reaction conditions (Table 2, entry 1).

As expected, the sulfonation of MXene increased the PET
depolymerization conversion at 180 °C considerably (Table 2,
entries 2—4). Comparing the three sulfonated MXenes, there is
a direct correlation between the yields and the concentration of
sulfonic groups present in the materials (Table 2, entries 2—4).
According to TPD-NH;, a higher amount of a sulfonated
group corresponds to a higher amount of acidic surface sites.
From Table 1, one can see that the Ti;C,T,—SO3;H-S samples
have 1.25 times more acidic sites than Ti;C,T,—SO;H-1. This
again highlights the need for sulfonate groups on the surface.

Decreasing the temperature of depolymerization is an
important step in the industrialization transfer process,
considering that PET hydrolysis is an endothermic reaction;

https://doi.org/10.1021/acssuschemeng.4c01920
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therefore, we have verified the temperature effect onto the PET
depolymerization using catalyst Ti;C,T,—SO;H-5. Lowering
the temperature by 20 °C resulted in an inactive catalyst
(Table 2, entry 6). At 170 °C, the TPA vyield is 44% (Table 2,
entry 5). The lack of activity of Ti;C,T,-SO;H-S at 160 °C is
most probably related to the PET depolymerization temper-
ature dependency (Table 2, entry 6). While the PET
depolymerization reaction occurs at 180 °C, in the presence
of the catalyst, with a high yield, the lower temperature of 160
°C might not provide suflicient energy for the catalytic process
to proceed effectively. The presence of Ti;C,T,-SO;H-5
changes the activation energy for PET depolymerization,
requiring a minimum temperature threshold for catalytic
activity to occur. Therefore, the inactivity at 160 °C suggests
that the temperature might fall below this threshold, resulting
in no catalytic effect.

Along the same lines, we investigated the reaction time’s
influence, at 180 °C, on TPA yield, starting with 0.04 g of
Tiy;C,T,—SO;H-1 catalyst. The results (Table S3) show that
after 4 h, no conversion was observed; after 12 h, the
conversion, at 3%, was also quite low. Increasing the reaction
time to 24 h resulted in the highest TPA yield of 56%. These
results suggest that the reaction has an induction time due to
the high thermal stability of the PET, as already observed in
other studies.”” Again, not surprisingly, using a higher amount
of catalyst increases the yield at 180 °C, as entries 4, 7, and 8 in
Table 2 show.

Notably, by increasing the amount of catalyst, we obtained
complete conversion with a yield of 99% to TPA starting with
0.06 g of Ti;C,T,—SO3H-5 for 24 h at 180 °C. XRD patterns
before and after the reaction (Figure S8) demonstrate that our
catalysts are stable under the reaction conditions, confirming
the results observed by TG-DTA, which predicted stability
until 300 °C. Moreover, as data presented in Table S3,
Ti;C,T,—SO3H-5 was obtained after 3 cycles; in each case the
TPA yield around 54%. This is important since it suggests that
the same catalyst can be used multiple times.

Next, we examined the yields of PET samples obtained from
different sources; clear and green bottles and T-shirts (see
Figure S1). The data presented in Figure 6 show that the yields
drop from 66% for clear bottles to 37% for the T-shirts and
31% for green bottles. The observed decrease in activity can be
attributed to the presence of some possible PET additives that
may dissolve in the reaction medium and possibly block the
catalytic sites. These results indeed demonstrate that stabilizing
polymeric additives present in these plastics can have
significant negative impacts on the catalytic process and that
the PETsource is thus important.

Figure 7 compares the results obtained herein with previous
work on heterogeneous catalysts used for the hydrolysis of
PET. As alluded to in the introduction, there are only a few
studies on the truly heterogeneous catalytic hydrolysis of PET
in the literature. Since in almost all reports, the heterogeneous
catalysts are optimized to achieve high yields (98—99%), from
the data we have, one can assume that the most important
parameter to compare the catalysts is the reaction temperature
of PET hydrolysis. Our best catalyst, Ti;C,T,—SO;H-S,
presents a working temperature of 180 °C, 40 °C lower than
the pool of heterogeneous catalysts reported for this reaction
(see Figure 7). Only one example, (SO,)*/Ti0,,*" is reported
to be active at 160 °C, but in supercritical conditions (pressure
of 150 bar), that are significantly harsher than ours. Moreover,
low stability was observed for solids such as SO,*”/TiO,, in
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confirmed by 'H NMR and *C NMR. Error bars represent +5%
standard deviation of TPA yield (all reactions were performed, at least
in triplicate).
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which the leaching of sulfonated groups during hydrolysis was
observed.

Our results suggest that the immobilization of acidic sites on
MXene surfaces represent a good starting point for developing
new solid acid catalysts. Thus, it was observed that an increase
of acidic groups on the surface changes even the strength of the
acidity existing in the material, most probably due to the
interaction with the surface, which changes the geometry and
the electronic structure of the active sites. Another important
feature of our system is the flexibility of 2D MXene which can
adapt quickly to the space between layers when bulky
molecules are attached to the surface, thus increasing the
accessibility of the PET and its bulky products to the active
sites, which explains the high activities at lower temperatures.

https://doi.org/10.1021/acssuschemeng.4c01920
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Bl CONCLUSIONS

In this study, a series of MXene 2D flakes modified with
different concentrations of sulfonic acid groups, —SO;H, were
successfully prepared and characterized both structurally and
morphologically. From the morphological point of view, a
successful intercalation of the sulfonic acid groups was
observed between the 2D Ti;C,T, multilayers. The preserva-
tion of 2D structure together with the increase of distance
between the multilayers are important features that allow the
reactant and products to diffuse to and from the active sites
more easily, thus increasing the activity. All the other
characterization techniques employed demonstrate the true
immobilization of the sulfonic acids between the MXene layers.

Using Ti;C,T, with the highest loading of sulfonic acid
groups as catalyst, it is possible to depolymerize 99% of PET in
water at 180 °C in 24 h. In agreement with the acidity
measurements (TPD-NHj), indeed, the 2D Ti;C,T, modified
with the highest amount of derived sulfonic acids contains the
higher amount of acidity, and it is thus reasonable to conclude
that the acidity is needed to perform the hydrolysis reaction.
Through this study, we succeeded in obtaining acid-modified
MXene catalysts that can break down PET at a temperature of
180 °C, that is 40 °C lower than other catalysts already used
under comparable reaction conditions. Moreover, our catalysts
are stable at least for 3 cycles. These findings suggest that both
the acidity of the catalysts and the 2D features are important
for the depolymerization of PET and, thus, acid-modified
MXenes can be promoted as valuable catalysts for upcycling
PET.

Scaling-up PET hydrolysis using a heterogeneous catalyst is
feasible, but it also comes with challenges. It is crucial to
maintain efficient reaction kinetics, handle mass transfer
limitations, ensure good contact between the catalyst and the
PET flakes, and evaluate the environmental impact during
scaling-up. Although there are difficulties, tackling these
aspects through research and optimization can facilitate the
development of PET recycling operations on a wide scale.
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