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Catalytic depolymerization represents a promising approach for the closed-loop recycling of plastic wastes.
Here, we report a knowledge-driven catalyst development for poly(ethylene terephthalate) (PET) recycling,
which not only achieves more than 23-fold enhancement in specific activity but also reduces the alkali
concentration by an order of magnitude compared with the conventional hydrolysis. Substituted binuclear
zinc catalysts are developed to regulate biomimetic intramolecular PET hydrolysis. Hammett studies and
density functional theory (DFT) calculations indicate that the substituents modify the charge densities of the
active centers, and an optimal substituent should slightly increase the electron richness of the zinc sites to
facilitate the formation of a six-membered ring intermediate. The understanding of the structure—activity
relationship leads to an advanced catalyst with a specific activity of 778 + 40 gper h™! Geaa T in 0.1 M
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Introduction

The global plastic production reached 359 million tons in 2018,
and the production rate is projected to keep growing rapidly.'-
Although plastics are indispensable to modern society, they are
generating more than 200 million tons of waste annually. The
mismanaged plastic debris ends up in soils, freshwater, and
ocean, posing severe threats to ecosystems. PET is the most
abundantly manufactured polyester, with a volume of produc-
tion over 70 million tons in 2020.%*° It is widely used in
synthetic fibers and beverage bottles due to its high chemical
and thermal resistance, low permeability, and high strength-to-
weight ratio.> As PET accounts for 12% of global solid waste,**®
there is a growing impetus to increase its recycling levels. The
majority of post-consumer PET products are processed by
mechanical recycling. But this method negatively affects the
mechanical properties of the material, and the reclaimed PET
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NaOH). This work opens new avenues for environmentally benign PET recycling.

(r-PET) can only be used in low-quality downstream products.**
Alternatively, chemical recycling depolymerizes PET waste into
its original monomers and thus holds great promise for bottle-
to-bottle recycling."*

Catalysis has considerable potential to accelerate the reaction
rate of chemical recycling processes. Several catalysts have been
developed for PET depolymerization, including Zn(OAc),, ZnO
nanoparticles, tetrabutyl ammonium iodide (TBAI), ionic liquids,
and so on. Compared with them, transition metal complexes have
shown advantages due to their structure tunability."*"” For
instance, Zn(u)- and Mg(u)-complexes with various ligand struc-
tures can facilitate the glycolysis of PET.*™* Ru(u)-complexes
catalyze the hydrogenolysis of PET with high tolerance to impu-
rities.’>'® However, due to the chemical inertness of PET, the
current strategies for PET depolymerization are usually driven by
high temperatures (150-200 °C), high pressure (20-40 atm), or
high concentrations of bases or acids. More environmentally
benign PET recycling approaches are needed to reduce the carbon
footprint and bring about energy savings for plastic circularity.
This goal relies on our understanding of the relationship between
the catalyst structure and its catalytic activity.

Alkaline hydrolysis is a promising approach for PET recy-
cling. Compared with other methods, the products from
hydrolysis are easy to separate and the as-obtained terephthalic
acid (TPA) is of high purity.'®* These advantages make the
hydrolysis method more suitable for bottle-to-bottle recycling.
Nevertheless, it is performed in concentrated alkaline solution
(1-5 M NaOH, Table S1t}), and the product separation consumes
a large volume of acid for neutralization to make TPA precipi-
tate out of solution. Thus, reducing the alkali concentration is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a and b) Schematic illustrations of the intermolecular (a) and
intramolecular (b) PET hydrolysis. The intramolecular pathway accel-
erates PET hydrolysis through the proximity effect, achieving more
than 10-fold activity enhancement even when the NaOH concentra-
tion is reduced from 1-5 M to 0.1 M. (c) Binuclear zinc catalyst with
para-substituents of different electron-donating and withdrawing
capacities. The Hammett o, values are adapted from previous work by
Hansch et al.®*

of great significance for environmental benignity and cost
reduction. PET hydrolysis typically follows an intermolecular
pathway (Fig. 1a), and the reaction rate would be largely reduced
with the reduction of alkali concentration. Transforming the
hydrolysis into an intramolecular pathway can achieve rate
enhancement via the proximity effect (Fig. 1b). We recently have
demonstrated this strategy using a binuclear zinc catalyst to
bring the reactants in close vicinity.?® This is equivalent to
increasing the local concentration of alkali and therefore ach-
ieves efficient PET depolymerization in dilute alkaline solution
(0.1 M NaOH, Fig. 1b). Despite this, regulating the reactivity of
the dizinc sites remains an open challenge.

In this regard, herein we investigate the structure-activity
relationship for intramolecular PET hydrolysis and develop
a more efficient catalyst on this basis. A series of para-
substituted binuclear zinc complexes (Zn,L-R: R = -OH, -OCH3,
—-CH3, -H, -F, -Cl, -Br, and -NO,) are prepared. These substit-
uents are similar in steric demand but different in electronic
effects (Fig. 1c). Hammett reactivity studies reveal a volcano-
shaped correlation between the reaction rate and the Ham-
mett constant for different substituents. Mechanistic studies
indicate that the electronic structure of the zinc site is modu-
lated by the substituents and thus affects the potential-
determining step (PDS). The activity “volcano” plot further
guides us to identify a more efficient PET-degrading catalyst
with more than 23-fold enhancement in specific activity under
much less caustic conditions compared with the conventional
hydrolysis.

Results and discussion
Hammett relation for substituted binuclear zinc catalysts

The substituted binuclear zinc catalysts were synthesized via
a Schiff base reaction according to a previously reported method
with minor modifications.”** Single-crystal X-ray diffraction
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(SCXRD), powder X-ray diffraction (XRD), proton nuclear
magnetic resonance ("H NMR), and elemental analysis confirmed
that these binuclear catalysts possess p,-O bridged Zn-Zn sites
(Fig. S1 and Table S2t). The para-positioned substituents in the
phenyl ring of the macrocycle (Zn,L-R: R = -OH, -OCHj3, -CHj3, -
H, -F, -Cl, -Br, and -NO,) present similar steric demand but very
different electronic effects. We hypothesize that the binding
strengths of the reactants on zinc sites (Fig. 1b) are related to the
electron richness/poorness of the active centers. In other words,
the substituents in the para position may modify the PET hydro-
lysis rate via electronic effects.

To test this hypothesis, the PET hydrolysis was performed in
0.1 M NaOH aqueous solution at 60 °C. These reaction condi-
tions are relatively mild compared with previously reported
hydrolysis in terms of alkali concentration (0.1 M versus 1-5 M)
and reaction temperature (60 °C versus 80-150 °C), but they
deliver a comparable space-time-yield (STY) and specific activity
(Table S1t), manifesting the advantage of the binuclear zinc
complex in depolymerizing PET. To exclude the effect of mass
transfer on the reaction rate, we examined the hydrolysis at
different stirring speeds (0-800 rpm). It shows that a stirring
speed of 400 rpm can effectively rule out the diffusion limitation
(Fig. S2at). The absence of the mass transfer effect was further
confirmed by the Madon-Boudart test (Fig. S2b+t),>* wherein the
depolymerization rate of PET increased linearly with the
concentration of the binuclear zinc catalyst.

The subsequent kinetic study suggests that PET hydrolysis
follows a shrinking core model (Fig. 2a and S3at). We first inves-
tigated the change of the particle size of PET during the reaction
using a laser particle size analyzer (Fig. S3bT). The average particle
size decreased from the initial 120-250 um to 100-220 um when
the PET conversion was 28% and further reduced to 70-150 um
when the conversion reached 65%. XRD and differential scanning
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Fig. 2 (a) The hydrolysis kinetics of PET based on the shrinking core
model (inset). (b) The volcano-shaped correlation between the reac-
tion rates and the Hammett constants (¢,,) for different substituents.
The o, values are from previous work by Hansch et al.* It should be
noted that the —OH will convert into —~O™ due to the alkaline condi-
tions. (c) XPS of Zn 2p spectra for binuclear zinc catalysts with different
para-substituents (R = —O~, —CHsz, —Br and —=NO,). (d) The average
CM5 charge of Zn with different substituents determined by DFT
calculations.
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calorimetry (DSC) analysis of the fresh and the residual unreacted
PET particles indicates that the crystallinity of PET doesn't change
(38%, 38%, and 37% for the conversions of 0%, 28%, and 65%,
respectively) during the hydrolysis (Fig. S3c and df). These results
imply that the hydrolysis may proceed on the surface of PET
particles (Fig. S3at). We then changed the particle size of raw PET
in the range 20-120 mesh and investigated the variation of the
reaction rate. It turns out that the hydrolysis rate is inversely
proportional to the particle size of raw PET (Fig. S3et), presenting
a further hint of surface reactions.”*** The shrinking core model is
commonly used to describe reactions that take place on the solid
surface.”** Therefore, we applied it here for kinetic modelling. As
shown in Fig. 2a, the PET hydrolysis kinetics over the methyl-
substituted Zn,L complex presents a good linear relationship (R>
> 0.99) based on the shrinking core model (Methods in the ESIY).
Apart from this, all other binuclear zinc complexes exhibit similar
linear dependence at different hydrolysis temperatures (Fig. S47),
further corroborating the validity of the shrinking core model for
PET hydrolysis.

With the shrinking core model, we determined the PET
hydrolysis rates and constructed a Hammett plot to evaluate the
electronic effects of substituents on the rates (Fig. 2b). Hammett
constants (o) are commonly used to quantify the electron-
withdrawing or electron-donating strength of the substituents
in para positions.”*'** Fig. 2b depicts the correlation between
the Hammett constants (¢;,) and the PET hydrolysis rates (log
kr/ky) over Zn,L-R catalysts, where kg/ky is the rate constant of
the R-substituted Zn,L complex relative to the H-substituted. A
volcano-shaped plot was identified from the correlation
(Fig. 2b), wherein the small deviation observed for -F may arise
from hydrogen bonding.*>*® Previous studies have pointed out
that the volcano shape is indicative of a change in the rate-
determining step (RDS),*** which will be elaborated later by
DFT calculation. The volcano plot consists of two linear rela-
tionships with slopes (p) of 0.742 and —0.737, respectively.
Generally, the value of the slope is related to the charge accu-
mulation in the RDS.******¢ The negative slope (p = —0.737) from
-CH; to -NO, indicates that a partial positive charge state is
developed during the RDS, and thus the more electron-donating
—CHj; facilitates the reaction. In contrast, the positive slope (p =
0.742) from -O~ to -CH; suggests the opposite: the more
electron-withdrawing group (-CH;) would stabilize the devel-
oping negative charge in the transition state of the RDS and
promote the reaction.

Correlation of the Hammett relationship with the electronic
structures of the active sites

We then investigated the charge densities of the active sites with
different substituents and tried to correlate the information with
the Hammett relation. X-ray absorption near-edge spectroscopy
(XANES) reveals that the Zn K-edge shifted to higher energy as the
substituent varied from -O~ to -NO, (Fig. S5af). This trend is
consistent with the X-ray photoelectron spectroscopy (XPS) results,
where the binding energy of Zn 2p;/, shifted from 1021.4 eV of -O™
to 1022.2 eV of -NO, (Fig. 2c). These observations indicate that the
oxidation state of Zn increases with the electron-withdrawing
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strength. We then calculated the average CM5 charge on Zn
using DFT. The results confirm the increased electron poorness
with more electron-withdrawing groups (Fig. 2d). We reasoned
that this variation trend of the charge density at the active sites
could be correlated with the volcano-shaped Hammett relation
through the Sabatier principle. The interaction between the active
sites and the substrates can undergo a transition from too weak to
too strong during the monotonic decrease of the electron richness
of the Zn.

Following this line of reasoning, we characterized the
adsorption strength of ester at the zinc sites using diffuse
reflection infrared Fourier transform spectroscopy (DRIFTS).
We chose ethyl benzoate (EB) as a probe molecule, because it is
a structural analog to PET but with a low boiling point.>* The
free EB exhibits a broad band around 1719 em ™' (Fig. S5b7),
which can be assigned to the stretching vibration of the
carbonyl group. In the presence of Zn,L-CH3, the peak of »(C=
0) in EB presents a redshift from 1719 to 1704 cm™' upon O
atom coordination to Zn. This redshift is more pronounced for -
Br and -NO, (Fig. S5b7), suggesting a stronger interaction
between EB and the Zn sites with higher positive charge.*>°
This stronger adsorption of the carbonyl group could be detri-
mental to the desorption of the product and thus impair the
catalytic activity. In contrast, with the -O™ substituted catalyst,
the »(C=0) peak is almost identical to that of free EB, indi-
cating very weak or even negligible adsorption of EB on the
catalyst relative to other substituted catalysts.*"**> This obser-
vation reflects that the more electron-donating group weakens
the interaction between the carbonyl group of the ester and the
zinc sites, and thus the reaction would hardly take place. These
DRIFTS results support that the binding strength of C=0---Zn
increases with the electron poorness of the zinc sites, and -CHj
exerts a “just right” electronic effect on the active center.

Mechanistic insights into the substituent effects from DFT
calculations

To provide further insights into the substituent effects, DFT
calculations were performed using ethylene glycol dibenzoate
(EGD) as a model compound. The potential energy surfaces (PESs)
of representative substituents, i.e., -O~, -CH; and -NO,, are shown
in Fig. 3a, while the others are provided in Fig. S6.7 The catalytic
cycle consists of five steps (Fig. 3a and S71). In the first step, the
reactant EGD adsorbs on Zn,L-R through Zn-O interaction, and
this step is exothermic for all substituents. It should be noted that
the EB employed in the DRIFTS study has only one carbonyl group
while the EGD has two that could bind to the zinc sites. Therefore,
the adsorption of EGD is exothermic for the -O~ substituted
catalyst. The second step leads to a stable six-membered ring
acetyl-enzyme intermediate (Zn-O-C-O-Zn-11,-O) through the
nucleophilic attack of the oxygen atom on the hydroxyl group of
Zn,L-R to the carbonyl carbon of EGD. For the third step, the
absorbed ethylene glycol monobenzoate (EGM) is formed by an
exothermic proton transfer process. Then in the fourth step, the
leaving group (a molecule of EGM) is removed from Zn,L-R.
Finally, the second product (benzoate, BzO) is released, and the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Potential energy profile of EGD decomposition on the Zn,L-
R compound (R = -NO,, —CHs, and —-O~) computed at the M06-L/
def2-TZVP//M06-L/6-31G(d)+LANL2DZ level. The inset shows the
DFT-optimized geometries (R = —H) for reactants and intermediates.
Green: Zn; blue: N; red: O; gray: C; white: H. (b) Reaction energies for
the two key energy-consuming steps in (a) and Fig. S6t over Zn,L-R
catalysts. (c) The effect of ester adsorption strength of different
catalysts on catalytic activity based on the DFT results.

remaining substrate returns to its initial state under alkaline
hydrolysis conditions.

DFT calculations suggest that the second and the fourth steps
are the most endothermic processes with the reaction energies of
AE, and AE,, respectively (Fig. 3a). For -CH3, -H, -F, -Cl, -Br and
-NO,, AE, is larger than AE,, indicating that the formation of the
six-membered ring is their PDS (Fig. 3b). In contrast, the opposite
is observed for -OCH; and -O~, suggesting that the PDS is the
desorption of EGM (Fig. 3b). The change of PDS with different
substituents is consistent with the nonlinear relationship of
Hammett reactivity (Fig. 2b). Furthermore, the adsorption energy
of EGD on the metal sites plays an important role in determining
the turnover frequency (TOF) of the catalyst. As shown in Fig. 3c,
relatively weaker (-O™) or stronger (e.g., -NO,) adsorption slows
down the reaction rate, which is in line with the DRIFTS results
(Fig. S5bt).

DFT calculations also reveal the charge development of these
two endothermic processes. The second step is a process of
positive charge accumulation due to the nucleophilic attack
(Table S37). This agrees with the negative slope (p = —0.737) of the
Hammett plot from -CHj; to -NO,. In this case, the more electron-
donating group weakens the Zn-OH bonding and therefore
facilitates the nucleophilic attack. In contrast, negative charge
develops accompanying the EGM leaving in the fourth step (Table
S3t), in accordance with the positive slope (p = 0.742) of the
Hammett plot from -O™ to ~CHj;. The more electron-withdrawing
group would be more conducive to stabilizing the transition state
intermediate (Zn,L(BzO)) and thus promote the reaction.

Development of a more efficient catalyst based on the
structure-activity relationship

The above understanding of the structure-activity relationship
encourages us to seek more efficient PET hydrolysis catalysts.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The Hammett relation revealed in Fig. 2b signals that methyl is
close to the top of the volcano. Therefore, further catalyst
screening should focus on the substituents with a Hammett
constant (o},) around the value of methyl (—0.17). In this regard,
we synthesized a series of alkyl-substituted binuclear zinc
complexes, including —ethyl, —tert-butyl, -n-pentyl, —cyclohexyl,
and -adamantyl. Their Hammett constants are in the range of
—0.01 to —0.20. DFT calculations suggest that these alkyl groups
have little steric hindrance around the Zn-Zn centers (Fig. S87).
We then performed PET hydrolysis using these new catalysts.
The comparison of their hydrolysis rates was complicated by
their poor solubilities in water (Fig. S9at). We therefore intro-
duced methanol (20%) as a co-solvent (Fig. S9b+t) to eliminate
this influence. Consequently, PET hydrolysis kinetics reveal that
ethyl, tert-butyl, n-pentyl, and cyclohexyl all exhibit improved
catalytic activity compared with methyl (Fig. S10t). Particularly,
the specific activity of the n-pentyl-substituted binuclear zinc
complex is four times higher than that of the original methyl-
substituted in 0.1 M NaOH at 60 °C (Fig. 4a).*°

With the optimized catalyst in hand, we set out to evaluate its
efficiency under different hydrolysis conditions and test its
robustness using real-world PET products. Temperature-
dependent experiments indicate that the catalytic activity
increases significantly with the increase of temperature (Fig.
S41). In order to enhance the PET processing capacity to an
industrially relevant level, PET hydrolysis is performed under
optimized conditions (pH 13 and 90 °C, 50 g PET, solid content
of 100% w/v, and 0.1-0.01 wt% catalyst). As shown in Fig. S11
and Table S1, the specific activity of the n-pentyl-substituted
catalyst is between 129 and 778 gper h™" geatal ', While its STY
is in the range of 67-111 grpy L™" h™', both higher than our
previously reported values.? This comparison shows that the n-
pentyl-substituted catalyst has higher PET processing capacity,
which could bring about a considerable profit increase as will be
discussed later. As shown in Fig. 4b, the specific activity of this
catalyst is at least one order of magnitude higher than that of
the conventional alkaline hydrolysis (<33.3 gpgr h™' Qeatal ')-
More strikingly, such an enormous enhancement was achieved
at an alkali concentration one order of magnitude lower than
the previous methods (0.1 M versus 1-5 M, Table S1t). Techno-
economic analysis indicates that our approach (0.1 M NaOH)
would bring about a revenue increase of about 40 million USD
compared with conventional alkaline hydrolysis (1.0 M NaOH)
based on a capacity of 150 thousand tons of PET waste per year
(Fig. 4c, d, Tables S4 and S51). In addition, the net profit for
hydrolysis conducted in 5.0 M NaOH would be negative (Fig. S12
and Table S67). The n-pentyl-substituted binuclear catalyst was
supported on carbon and subjected to recycling. There is 12%
performance loss after 10 cycles of reuse, and the spent catalyst
retained its pristine structure as demonstrated by NMR and
XRD (Fig. S13f). It is worth mentioning that the n-pentyl-
substituted exhibits lower Zn loss (0.5%) compared to the
methyl-substituted catalyst (4.6%) in the first cycle of reuse,
manifesting another merit of the n-pentyl-substituted catalyst.*
Table S8t systematically compares this new catalyst with
a previously reported one and its advantages are summarized in
the additional notes. We further examined the versatility of the

Chem. Sci., 2023, 14, 6558-6563 | 6561
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Fig. 4 (a) The specific activities of binuclear catalysts with different
alkyl substituents toward the hydrolysis of crystalline PET granules
(38%) in 10 mL of a mixed solution of NaOH aqueous solution (0.1 M)
and methanol (v/v = 4:1) containing 10 mg of PET and binuclear
catalysts (0.4 mg on zinc basis) at 60 °C. The specific activities were
calculated at 50% conversion of PET. (b) The specific activities of
methyl- and n-pentyl-substituted binuclear catalysts toward the
hydrolysis of crystalline PET granules (38%) in 50 mL of a mixed
solution of NaOH aqueous solution (0.1 M) and methanol (v/v = 4:1)
containing 50 g of PET and 5-50 mg complex supported on carbon at
90 °C. The specific activities were calculated at 50% conversion of PET.
(c and d) Techno-economic analysis based on a capability of 150
thousand tons of PET waste per year for intramolecular hydrolysis
catalyzed by Zn,L—n-pentyl (c). Notes: the catalyst cost is not taken
into account because the catalyst is recycled. The conventional
alkaline hydrolysis conducted in 1.0 M NaOH (d). (e) Hydrolysis of PET
granules and real-world consumer products. All reactions were per-
formed at 60 °C in 50 mL of a mixed solution of NaOH aqueous
solution (0.1 M) and methanol (v/v = 4 : 1) containing 1.0 g of PET and
n-pentyl-substituted binuclear catalyst (2.0 mg in terms of zinc). The
terephthalic acid (TPA) yield for the granule, dyed bottle, towel, and
shirt are 98%, 75%, 50%, and 64%, respectively.

n-pentyl-substituted catalyst using different PET feedstocks.
Dyed bottles, towels, and shirts are daily-use products and are
manufactured in mass every year. The n-pentyl-substituted
binuclear zinc complex shows considerable TPA yields for
these different PET sources (Fig. 4e). These results suggest that
this catalyst is capable of handling real-life PET wastes.

Conclusions

In summary, kinetic studies combined with DFT calculations
reveal that the RDS of PET hydrolysis depends on the nature of
the substituents of a binuclear zinc complex. The electron-
donating substituents weaken the adsorption of carbonyl
oxygen at the zinc sites and the cleavage of the ester C(sp®)-O
bond has the highest energy barrier, while the electron-
withdrawing groups lead to strong adsorption and enlarge the

6562 | Chem. Sci., 2023, 14, 6558-6563

View Article Online

Edge Article

energy barrier for nucleophilic attack. The change in the RDS is
supported by the volcano-shaped Hammett relation, wherein
two linear relationships are established with -CH; near the top
of the “volcano”. This structure-activity relationship suggests
that the substituents that most efficiently accelerate PET
hydrolysis are those that slightly increase the electron richness
of the active centers. This insight led us to discover a better
catalyst with n-pentyl groups which has a four-fold rate
enhancement compared with the methyl-substituted one. The
effectiveness of this new catalyst is further reflected in its high
specific activity (up to 778 + 40 gppr h™" geagar * in 0.1 M NaOH),
orders of magnitude higher than the conventional alkaline
hydrolysis (less than 33.3 gpgr h ™" geaca ' in 1-5 M NaOH). The
strategy presented herein makes a step forward for PET recy-
cling under mild conditions.
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