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ABSTRACT

Efficient chemical recycling of consumer plastics (i.e. depolymerization down to monomers) is a
crucial step needed to achieve a circular materials economy. In this work, depolymerization
poly(ethylene terephthalate) (PET) via mechanochemical hydrolysis with sodium hydroxide is

studied, with complete depolymerization achieved in 20 min. The stages of the depolymerization



are investigated by monitoring monomer yields and the change in the PET molecular weight over
the course of the reaction. The monomer yields initially increase linearly with milling time, up to
a yield of roughly 40%. However, the molecular weights of the residual PET decrease
concomitantly only slightly, suggesting a reaction scheme analogous to a shrinking core model.
As the reaction progresses, a physical transition of the PET/NaOH from a powder to a homogenous
wax and a simultaneous increase in the depolymerization rate is observed. The influence of ball-
to-powder mass ratio (BPR) and milling frequency are studied to derive a kinetic rate expression.
The linear relationship between BPR and monomer yield and the known relationship between

milling frequency are validated for this system.

INTRODUCTION

The world’s production processes have historically relied on linear economies in which raw
materials are processed into manufactured goods that are later discarded as waste. Consumer
plastics are emblematic of the negative aspects of this model; they are sourced from unsustainable
fossil resources and their resistance to decay and poor waste management pose threats to the
environment.' It was estimated that over 359 million tons of plastics were produced globally in
2018, and this number is projected to grow at the rate of 3% annually.® Less than 10% of the total
plastic ever produced has been recycled, with the majority of the plastic waste either landfilled or
released into the environment.* Microplastics disperse into marine environments, cause adverse
effects throughout the ecosystem and food chain, and eventually induce potential health threats to
the human population.'? In efforts to alleviate environmental strain and improve resource

efficiency, there has been increasing interest in a transition to a circular economy, which is rooted



in the reuse and recycling of waste materials into intermediates that are practically identical to
virgin starting materials and can be remanufactured and reprocessed.’

Poly(ethylene terephthalate) (PET) is one of the most abundant types of plastic. It is desirable
due to its low cost, light weight, and excellent durability.! Its physical and chemical properties
allow it to be used in a multitude of applications, especially in the textile and packaging
industries.*” In 2019, 32 million tons of PET were produced globally,® with 80% ending in
landfills or the environment and a mere 10% being recycled.” Because of its non- biodegradability,
PET poses a serious environmental problem, as it takes about 300 years to decompose.'® Recycling
PET waste can be arranged into three categories: pre-consumer recycling, post-consumer
mechanical recycling, and chemical recycling.® '! Currently, the most common recycling method
is mechanical through physical reshaping processes, but mechanical recycling is limited in its
effectiveness. The use of physical forces to reshape PET results in the cleaving of polymer chains
that deteriorates the integrity of the material."> !> Consequently, the plastic may only be recycled a
limited number of times before its properties no longer suffice for specific applications.
Furthermore, mechanically recycled PET may only be reused if mixed in with a large amount of
virgin polymer, further diminishing its reusability.!* Achieving widespread recycling of PET will
require a more efficient process that can maintain the material properties of the virgin plastic.

Chemical recycling, although less common, has recently been the focus as a potentially
promising alternative. Chemical recycling is not limited by potential shortening and degradation
of polymer chains because it focuses on depolymerization into monomers and oligomers that may
be purified and reconstituted into virgin materials, avoiding losses in material and mechanical
properties. The most common methods of depolymerizing PET use water (hydrolysis), glycols

(glycolysis), or alcohols (alcoholysis) as reagents to cleave the ester linkages.” The glycolysis



reaction involves the conversion of PET to bis(2-hydroethyl) terephthalate (BHET), in the
presence of excess ethylene glycol (EG).'*! In alcoholysis, PET is broken-down to ethylene
glycol (EG) and dialkyl terephthalate. Lastly, hydrolysis depolymerizes PET into monomers of
terephthalic acid (TPA) and ethylene glycol (EG). Hydrolysis reactions can be done in an acidic,'®

neutral,'’° or alkaline'!>2!-3

environments. The reaction conditions for several of these processes
involve high temperatures up to 250 °C. PET contamination by heavy metals and colorants, use of
toxic organic solvents, low monomer yields, and challenging purification of the products are also

some hurdles faced in PET depolymerization.?4%>

Mechanochemical depolymerization using ball mills or similar devices is a promising approach
to process solid feedstocks with a solid catalyst or reactant in an economically viable way that does
not require solvents. While there are gaps in the fundamental understanding of mechanochemistry,

mechanocatalytic depolymerization has been demonstrated on a lab scale for lignocellulosic

26-28 28,31-33

biomass,?*2® cellulose,?’* lignin, and chitin.** In addition to the ability to process solids,

ball milling is a highly scalable industrial process, and its many applications include the production

of several billion tons/year of cement.*

Ball mills operate with electrical energy and are thus also
compatible with the increasing availability of electricity from renewable sources.
Mechanochemistry thus has many advantages over other unconventional approaches such as
biological depolymerization by microbes/enzymes, which must overcome challenges in

productivity, resistance to contaminants, and separations, especially when handling mixed-waste

feedstocks.3¢-37

The study of mechanochemically depolymerization of PET is still in its infancy. Li et. al
demonstrated greater than 80% conversion of PET via high temperature (270 °C) reactive melt

processing with Ca(OH)2 using a roller mill, followed by treatment in 100 °C water,>*-*° and Strukil



reported the quantitative mechanochemical hydrolysis of PET with NaOH using a vibratory ball
mill at room temperature.** Several reaction parameters were explored by Strukil, including
strength of the base, milling intensity, liquid assisted grinding, and inclusion of mixed polymers.
However, a systematic quantitative exploration of the dependency of these (and more) reaction
parameters on the depolymerization rate is still needed to gain the ability to predict
mechanochemical depolymerization processes.

In this work, the kinetics of the mechanochemical reaction of PET and NaOH are systematically
studied in a ball mill reactor. The physical transition of the reactants from a powder to a waxy
substance is discussed, and the impact of this transition on the depolymerization reaction is
analyzed. In addition, the effects of thermal (i.e., heat) and mechanical energy (i.e., kinetic energy

of balls) supply are analyzed and quantitative descriptors are proposed.
EXPERIMENTAL SECTION
Chemicals

Poly(ethylene terephthalate) (PET) pellets were supplied by PolyQuest Inc. Sodium hydroxide
(>97%), ethylene glycol (>99%), bis(2-hydroxyethyl) terephthalate (98%), terephthalic acid
(98%), 1,1,1,3,3,3-hexafloro-2-propanol (>98%), methanol (>99.9%), and deuterium oxide (98%)
were purchased from Sigma-Aldrich. Disodium terephthalate (99+%) was purchased from Alfa
Aesar. Mono-(2-hydroxyethyl) terephthalate (MHET) (97%) was purchased from AchemBlock.
Sodium trifluoroacetate (98%) was purchased from Thermo Fisher Scientific. PET calibration
standards for gel permeation chromatography analysis were purchased from American Polymer

Standards Corporation. Further purification of each of these chemicals was not performed.



Mechanochemical Reactions

Mechanochemical hydrolysis reactions with PET and sodium hydroxide (NaOH) were performed
using a Retsch MM400 ball mill. Experiments studying the depolymerization kinetics by varying
milling frequency, ball mass, or vessel temperature used 1.0 g of PET, 0.42 g of NaOH, a 25 mL
stainless steel vessel, and a 20 mm diameter grinding ball. Either a stainless steel (S.S.), tungsten
carbide (WC), or aluminum oxide (Al203) ball was used to change the mass of the ball and keep a
constant diameter. Experiments studying the influence of the ball-to-powder ratio used a 25 mL
stainless steel vessel and stainless-steel grinding balls with diameters of 7 mm, 12 mm, 15 mm, or
20 mm. PET loadings were varied from 0.05 g - 5 g. Unless otherwise stated, PET was milled with
stoichiometric amounts of NaOH. A separate experiment was conducted for each time point to
prevent interference of the reaction by stopping milling or opening the vessel.

Non-ambient depolymerization reactions were conducted by either cooling the milling vessel
with liquid nitrogen or heating the milling vessel with heating tape. For the sub-ambient
temperature reactions, the milling vessel was submerged in liquid nitrogen for 5 min before the
reaction and then liquid nitrogen was continuously poured over the vessel during milling. The
external temperature of the vessel was maintained at -35+ 5 °C. For elevated temperature
reactions, the vessel was wrapped in heating tape during the course of the reaction. The

temperature was maintained at 92 + 7 °C.

High Performance Liquid Chromatography (HPLC)

Yields of disodium terephthalate (Na2TPA) and sodium mono-(2-hydroxyethyl) terephthalate
(NaMHET) were determined via high performance liquid chromatography (HPLC) (Agilent 1260

Infinity Series with a UV detector set to 242 nm). The analysis was performed with a Poroshell



120 SB-C18 column under gradient flow from 70% 0.1 wt% H3POs4 in water and 30% methanol
to 10% 0.1 wt% H3POas in water and 90% methanol. The instrument was calibrated with 1 mg/mL
stock solutions of terephthalic acid (TPA) and mono-(2-hydroxyethyl) terephthalate (MHET) in
methanol. Each stock solution was diluted 10 times with water to a sample concentration of 0.1
mg/mL. Then, 10-100 pL of the solution was pipetted into a centrifuge tube containing 300 pL of
pure methanol and 700 pL of 0.1wt% H3POa.

After the reaction time, between 1 and 10 mg of a solid sample was placed into a centrifuge tube
and diluted with 1 mL of DI water (Solution 1). The sample was then vortexed and sonicated for
30-45 min and placed overnight for insoluble residues to sediment completely. Experiments
emphasizing product selectivity were neutralized with the following work-up procedure within 10
min to prevent additional hydrolysis of NaMHET to Na>TPA: 10 pL of Solution 1 was pipetted
in another centrifuge tube filled with 1 mL of DI water (Solution 2). Then, 100 uL of Solution 2,
600 uL 0.1wt% H3POs4 in water, and 300 pL MeOH were pipetted into an empty centrifuge tube.
The solution is then filtered into an HPLC sample vial through a 0.2 um PTFE syringe.

Yields of products were defined as the ratio of the moles of the product (i.e., Na2TPA or
NaMHET) to the moles of PET in the beginning of the reaction (assuming a molar mass of
192 g/mol) (Equation 1). The conversion of PET was defined as one minus the yields of the
terephthalate products (Equation 2). The selectivity of a product (either Na2TPA or NaMHET)

was defined as the yield of the product divided by the total yield of Na2TPA and NaMHET

(Equation 3)
Nproduct,f
Y = Dproducty 1
product npET0 ( )
Xper=1—X% Yterephthaltes (2)



Yproduct (3 )
YNa2rPa+tYNaMHET

Sproduct =

Gel Permeation Chromatography (GPC)

The molecular weight distribution of the PET residues was characterized by gel permeation
chromatography (GPC) using a TOSOH EcoSEC Elite HLC — 8420 GPC equipped with a
differential refractive index (RI) detector and a PL HFIPgel column. An eluent stream of
1,1,1,3,3,3 hexafluoropropanol (HFIP) containing 5 mM of sodium trifluoroacetate was used. The
GPC was operated at a temperature of 40 °C, a flow rate of 0.1 mL/min, and an injection volume

of 30 uL. GPC calibration was performed using three PET standards (Table 1).

Table 1. Molecular weights of PET calibration standards.

Mn [g mol'| Mw [g mol']
MW Std 1 30,000 63,500
MW Std 2 21,000 39,000
MW Std 3 860 1155

To analyze the molecular mass of residual PET after reaction, the products from the ball mill
vessel were washed with water and stirred at room temperature for 5 min to remove monomers
and NaOH prior to the molecular weight analysis. The samples were then filtered and left to dry
for a day. Next, 0.5 mg of the filtered solid residue was dissolved in 1mL of HFIP and sonicated
for 30 min. After the sample preparation, the solution was filtered into a GPC vial using a 0.2 um

PTFE syringe filter.



Nuclear Magnetic Resonance (NMR) Spectroscopy

After the depolymerization reaction, ~10 mg of the PET/NaOH mixture was added to 1 mL of
D20. '"H NMR spectroscopy experiments were performed using a Bruker Avance 111 500 MHz
instrument. Spectra were collected between du = -3.8 ppm and ou = 16.2 pm, with 16 scans per

spectrum. Spectra were calibrated to the residual water peak at du= 4.8 ppm.

RESULTS

Progression of Mechanochemical PET Depolymerization

The progression of the mechanochemical hydrolysis of poly(ethylene terephthalate) (PET)
(Scheme 1) was initially studied under a baseline condition. The monomer yield of PET was
determined based on the cumulative yield of terephthalates, as determined by high performance
liquid chromatography (HPLC) (Figure 1a). Stoichiometric yields of disodium terephthalic acid
(Na2TPA) and ethylene glycol (EG) were confirmed by 'H NMR spectroscopy (Figure S1).
Additionally, elemental analysis of a sample after milling showed only ppm levels of iron and
chromium, the two most abundant elements in stainless-steel of the ball and milling vessel,
suggesting minimal additional contamination of the final product occurs through this process
(Table S1). The monomer yield of PET initially increased linearly with milling time (zr <12.5
min). An inflection point was observed after 12.5 min, where the depolymerization rate drastically
accelerated. Nearly 60% of the original feedstock was depolymerized within the subsequent 5 min.
This inflection point corresponded to the transition of the PET/NaOH powder (Figure 1c¢) into a
homogenous waxy substance (Figure 1d) that stuck to the vessel walls and milling balls. Complete

depolymerization occurred within 17.5 min. Strukil reported a 51% monomer yield at 30 min,*’



however this lower monomer yield is not unexpected considering the smaller 12 mm ball used in

those experiments compared to the 20 mm ball in this work.

Scheme 1. Alkaline hydrolysis of poly(ethylene terephthalate) (PET)
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Figure 1. Mechanochemical reaction of PET with NaOH with 1.00 g of PET, a stoichiometric
amount of sodium hydroxide (NaOH), one 20 mm stainless steel milling ball, and a milling
frequency of 30 Hz: a) Monomer yields, b) NaxTPA selectivity, c¢) Picture of PET and NaOH
powder d) Picture of waxy substance coated on the milling ball. Error bars are standard deviation

of three trials.

During depolymerization, Na2TPA was the primary product, while small yields of sodium mono-
(2-hydroxyethyl) terephthalate (NaMHET) were observed. The highest selectivity (98%) of
Na>TPA was observed at low yield, with the selectivity decreasing to 91% at full depolymerization
(Figure 1b). The sample was milled for an additional 7.5 min after full depolymerization occurred,
but the yield of NaMHET did not change. In a single run, the PET/NaOH was milled in the
presence of 100 uL. of EG (0.34 equiv.) for 10 min. The presence of EG increased the monomer
yield from 30% to 47%, but the mixture remained a powder. Additionally, the selectivity of
NaMHET rose drastically to 20%, compared to just 2.6% at a similar yield under dry conditions.
These results suggest that the NaMHET can form from a reaction between disodium terephthalate
and EG, and that NaOH may be able to act as a glycolysis or alcoholysis catalyst.

The changes in the weight average molecular weight (Mw), number average molecular weight
(MN), and polydispersity index (PDI) of the residual PET were investigated for milling times up
to 12.5 min (Figure 2a). For samples milled longer than 15 min, recoverable yields of PET were

too low to reliably analyze with GPC (Figure S2). The average Mw of the residual PET residues
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decreased slightly in the first 7.5 min of the reaction from 52,800 g mol! to 50,100 g mol’!, and
then a more significant reduction to 43,700 g/mol was observed over the next 7.5 min. The changes
in Mn values were less significant, decreasing from the initial value of 27,100 g mol™! to 26,000
gmol!. The molecular weight distributions (MWD) of the residual polymer samples were
analyzed in more detail (Figure 2b). As evidenced by the decreasing PDI, the MWD curves
became narrower as the contributions from the longest and shortest polymer chains decreased with
increasing milling time. These observations indicate that some of the largest polymers are cleaved

into smaller ones, while most of the residual polymer chains were not affected.

[ Mw
a [ b
60000 T T T T T T = PDI
— o F2.0 180
50000 . - = 160 ——0min
= ) - | E 14041 ——2.5mins
g 40000 -| N R F1.8 3 120 5 mins
> ] M _ s 100 ] 75 mlns
= 30000 =) o — 10 mins
S | = | L1s Q- O 809 —125mins
2 20000 - 2 604
= | » = 404
10000 ' T 204
0 T T T T
0 - 1.2 3.5 4.0 4.5 5.0

0 25 5 7.5 10 12.5

I - Log Mw
Milling Time (min)

Figure 2. GPC results of residual PET after milling with NaOH: 1 g of PET milled with 0.42 g of
NaOH at 30 Hz and 20 mm S.S ball (a) Mw, Mn, and PDI values and (b) MWD curves of residual

PET samples after mechanochemical depolymerization.

Influence of Mechanical and Thermal Energy Supply

To understand the impact of different forms of energy supply on PET depolymerization, the most
important process parameters (i.e., frequency, ball mass, vessel temperature, and ball-to-powder
ratio) were varied systematically. In general, the monomer yield profiles for these conditions
followed closely with the baseline case: a constant depolymerization rate at low yield followed by

a sharp increase in the monomer yield after the transition from a powder to a waxy substance.
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As expected, the Na;TPA yield increased with increasing milling frequency (Figure 3a). Milling
at 30 Hz resulted in complete depolymerization within 20 min, while 25 min of milling was
required to achieve 100% monomer yield at 27.5 Hz. When the same reaction mixture was milled
at 25 Hz, the transition to the waxy phase did not occur until 35 min, and 100% monomer yield

was obtained by 40 min.
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Figure 3. (a) Monomer yields over time at 30 Hz (o) 27.5 Hz (m), and 25 Hz (#) with a
stainless-steel grinding ball. (b) Monomer yields over time using a stainless-steel (@), tungsten
carbide (#), and aluminum oxide (A) grinding ball at 30 Hz. (1.0 g PET, 0.42 g (1.0 equiv.)

NaOH, 1 x 20mm ball, 25 mL stainless-steel milling vessel

To probe the influence of the mass of the milling ball, the depolymerization reaction was carried
out with a tungsten carbide (WC, p =15.6 g cm™, mpan = 61.7 g) and an aluminum oxide ball
(AL203, p = 3.95 g cm™, mpan = 16.2 g), along with the stainless-steel ball (S.S., p = 7.5 g cm?,
mpaii = 32.2 g) used in the baseline experiments (Figure 3b). Changing the ball material allowed
for varying the mass of the ball while the diameter remained constant (20 mm). Full
depolymerization was reached within 7.5 min when milling with the WC ball, compared to 20 min
using the S.S. ball. Notably, during reaction with the WC ball, the temperature of the milling vessel

increased to 50 °C, which is 20 °C higher than during the reaction with the S.S. ball. However, the
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bulk reactor temperature is not expected to play a significant role in the depolymerization rate (see
below). In the reaction with the Al2O3 ball, the yield after 30 min was only 45% and the reaction
mixture remained a powder.

Experiments with heated and cooled milling vessels were performed to analyze the influence of
thermal and mechanical energy on the PET depolymerization reaction (Figure 4). Without active
heating or cooling, the stainless-steel vessel will internally heat to approximately 30 °C when
milling at 30 Hz with the single 20 mm S.S. ball within about 5 min. For cooling, the ball mill
reactor temperature was kept at -35+5 °C by continually flowing liquid nitrogen on the milling
vessel, and repeatedly immersing it in liquid nitrogen every 5 min. Throughout the course of the
reaction, there was no formation of a waxy phase, and the monomer yield after 25 min was only
42%. The milling vessel was also heated to 92+7 °C, which is above the glass transition
temperature of PET (78 °C), using heating tape. There was an early-onset form of wax (after 5
min), which is attributed to the transition of the PET from a glassy state to a rubbery state.
However, there was only a marginal increase in the monomer yield for this experiment compared

to milling at room temperature.
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Figure 4. Monomer yields over time at ~30 °C (8), 92+ 7 °C (A), and -35 + 5 °C (m). (1x20 mm

S.S. ball, 30 Hz, 1.0 g PET, 0.42 g (1.0 equiv.) NaOH, 25 mL S.S. vessel)
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In addition to independent variables like ball mass and milling frequency, lumped parameters
can be used to study how mechanical forces trigger reactions.*'**> A common lumped parameter
that can be used to compare PET data for various ball sizes and loadings is the ball-to-powder ratio
(BPR),* which is the ratio of the total ball mass to the mass of substrates (PET + NaOH)
(Equation 5). The influence of the BPR was studied by measuring the monomer yield at 20 min
and 30 Hz for BPR values ranging from ~5 to ~45. The BPR values were adjusted by either
changing the diameter of the stainless-steel grinding ball (from 7 mm up to 20 mm) or changing
the mass of reagents. For context, the baseline condition (Figure 1) had a BPR of 22.7 and the
depolymerization experiments with the WC and Al2O3 balls (Figure 3b) had BPR values of 43.5
and 11.2, respectively. Regardless of ball size, it was found that monomer yield as a function of
the BPR collapsed into a single curve (Figure 5), with three distinct regimes. For BPR = 20, full
depolymerization of PET to NaxTPA was reached by 20 minutes. For BPR values between
approximately 10 and 20, the monomer yield of NaxTPA increased linearly with BPR. At BPR ~
10, an inflection point was observed where the slope of the relationship between BPR and NaxTPA
decreased significantly. This transition is ascribed to a transition in the limiting phenomena for the
depolymerization reaction. Below a BPR of 10, coarser PET and NaOH particles were observed
after milling, suggesting the reaction could have been limited by available surface area. Above a
BPR of 10, the powder was significantly finer and the reaction is anticipated to be controlled by

the energy transfer from the milling to the powder.

BPR =—"tdl . (5)

Msubstrate
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Figure 5. Monomer yields as a function of BPR for single ball milling experiments using one
20 mm ball (e, mban=32.2 g), 15 mm ball (m, mban=13.4 g), 12 mm ball (®, mban= 6.9 g), 10 mm
ball (A, mban=4.0 g), or 7 mm ball (&, mvan= 1.4 g). The dashed line shows best linear fit for 20

= BPR = 10 for all runs. Reagents milled in a 25 mL stainless steel vessel for 20 minutes at 30 Hz.

DISCUSSION

Stages of the Depolymerization Process

The kinetics of step polymerization, which is the mechanism of PET polymerization, are
characterized by the rapid and near complete consumption of monomers before the production of
any medium or large molecular weight polymers.** However, the present study shows that
mechanochemical depolymerization of PET with NaOH occurs via a reaction path that is distinct
from the reverse of step polymerization. Specifically, the steady increase of the monomer yields
with increasing milling time and the limited changes of the molecular weight distribution show
that certain polymer chains are depolymerized entirely while others are barely affected. The
mechanochemical alkaline hydrolysis of PET can be conceptually described by a shrinking core
model (Scheme 2a), much like aqueous alkaline PET depolymerization.*>**® In this model, the PET

domains remain a distinct phase from the NaOH, so that only the outmost layer of polymer chains
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on the surface of the PET particle can be exposed to reactive conditions. During milling, the NaOH
must react within an activated zone at the outside of the particle to fully convert the PET in this
volume to NaxTPA and EG, as evidenced by the high selectivity towards NaxTPA over the whole
course of depolymerization. Since the average molecular weight of residual polymer chains
remains approximately unchanged, even up to high conversions, the PET chains below this
reactive zone cannot be meaningfully affected. As the reaction progresses with time, remaining

particles of unreacted PET shrink until full conversion is reached.

Scheme 2. Reaction progression of PET depolymerization (a) analogous to shrinking core model

and (b) dependent on the forced area of contact of the reactants by collision.

a.

PET Particle Unreacted core High Conversion Completely
Reacted Particle

Time Time Time
—> —
Reaction
Boundary Product

BaII Ball Ball
—> @)
NaOH 4~ .
Wall NazTPA Wall Wall

The traditional solid-fluid interface based shrinking core model describes the reaction rate based

on a concentration gradient the of reactant from a homogenous fluid to the solid surface.’ In the
mechanochemical hydrolysis of PET, a concentration gradient is not expected to be the primary

determinant for the reaction rate. Rather, the energy of the milling would ultimately be expected
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to determine the rate by controlling how much NaOH can reach PET during collision and the
energetics of the collision/reaction environment. Importantly, the NaOH and depolymerization
products do not necessarily form a homogenous mixture as depicted in Scheme 2a. The NaOH
could instead remain as distinct particles, where the reactive front is better described as the forced
contact area of the PET and NaOH particles by the collision (Scheme 2b). Qualitatively, these two
framings are the same, and the reality in the milling vessel is mostly like a combination of the two
where the NaOH remains separate particles, but the PET is coated in a mixture of NaOH, NaTPA,
and EG.

The independence of the reaction rate with respect to monomer yield, while the substrate
remained a powder, was observed for all cases when varying milling frequency and ball mass. In
a conventional shrinking core model, the reaction rate is expected to be dependent on the surface
area of the PET and the concentration of NaOH. In typical shrinking core models, particles are
assumed to be spheres with a decreasing radius as conversion increases. However, the milling
action on the PET particles can instead deform and fracture particles. Non-uniform reaction rates
around the PET surface would also result in non-spherical particles, leading to increasing surface
area as the reaction progresses. With respect to the concentration of NaOH, the NaOH could be
considered in molar excess up to relatively high conversions, since the molar density of NaOH is
nearly ten times that of PET. This high local concentration could result in a rate that is pseudo-
zero order with respect to NaOH. If the NaOH does not homogenize with the products, then the
rate would depend on the surface area of NaOH and a similar argument could follow as with the
PET surface area. A final possibility could be changes in the interactions between the milling ball
and the substrate as the physical properties of the powder change with depolymerization, as

indicated by the formation of the wax and rapid depolymerization at higher Na;TPA yield. The
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energy could be transferred more efficiently, resulting in more energetic reaction conditions and
greater interaction of the PET and NaOH. The exact contributions of these phenomena, as well as
potentially others, to the reaction rate cannot be determined from the current data set but should
be the focus of follow-up work.

The inflection point in the rate of depolymerization generally corresponded to a transition of the
reactant and product mixture from a powder into a homogenous waxy phase. A similar sigmoidal
conversion curve and formation of a rubbery substrate was observed during the mechanochemical
Knoevenagel condensation of vanillin and barbituric acid.*® In that work, the interplay between
the sigmoidal kinetics and cohesive state was attributed to a feedback loop between the reaction
progression/chemical kinetics and the material rheology. Specifically, the authors postulated the
change in kinetics results from the significant increase in vessel temperature when milling a
rubbery material compared to a powder. An important distinction between these systems is the
presence of large macromolecules in the current work, as opposed to smaller organic molecules,
which introduce several additional complexities.

Milling is expected to decrease the crystallinity of the PET,* which in turn is expected to
decrease the chemical resistance of the plastic.’® The combination of mechanical stresses and
degradation of the PET particles could result in a critical conversion where the PET polymers
become disentangled, creating a pseudo-solution of polymer and product. Here, the polymer chains
become much more accessible to the NaOH, resulting in rapid depolymerization. However, the
deconvolution of wax formation and accelerated yield at elevated temperatures suggests that while
the polymer rheology plays a role in the wax formation, additional phenomena influence the
monomer yield rate. The inflection point was observed around similar extents of reaction at the

elevated temperature and ambient temperature, so one of the products may autocatalyze the
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reaction. For example, ethylene glycol may partially solubilize the NaOH, facilitating access to
the PET ether bonds.

The rheology of the wax mixture should still play a significant role, too. The wax is expected to
behave like a highly viscous material compared to the more ridged PET and NaOH particles. The
viscoelastic nature of the wax can result in more inelastic collisions and increase the energy
transfer per collision. The remaining reactants can also concentrate around the milling ball or
milling vessel. The random displacement of the reactants in the milling vessel decreases, and the
rate of effective collisions between the ball and the PET increases. Of course, future work will be
necessary to elucidate the precise phenomena that initiate the wax formation and the reasons for
the rapid depolymerization.

Since an essentially quantitative monomer yield was obtained, there is no reason to doubt that
the product can be repolymerized after appropriate workup. Even though the depolymerization is
performed in a solid-state, downstream separation process would require solvents and solid
adsorbents. An efficient separation system would recover monomers using recyclable (low-
boiling) and environmentally friendly solvents and also remove impurities/additives by processes
such as adsorption. Details of the separation system along with overall process modeling and

technoeconomic analysis will be presented in our forthcoming work.

Influence of Thermal Energy

The mechanocatalytic depolymerization reaction of PET was operated at very low and high
temperatures. The temperature can affect the rate constant for the depolymerization reaction
according to Arrhenius law but also affects the material properties of polymers and thus the way

1

that they absorb mechanical impact. PET is more brittle at low temperatures,”’ and it was
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hypothesized that this would increase the effectiveness at which mechanical energy can drive the
depolymerization reaction. However, compared to milling at ambient conditions, the yields of
Na>TPA were lower when the vessel was cooled to -35 °C (Figure 4). A possible explanation for
this is that the added mechanical energy was not sufficient to compensate the thermal contribution
toward overcoming the activation barrier of the reaction. Additionally, this reaction temperature is
below the freezing point of ethylene glycol (-12.9 °C). As such, the reaction could also be limited
by the exchange of NaxTPA and EG with fresh NaOH at the PET surface.

When there was a significant increase in the heat energy, the PET depolymerization rate was
expected to increase significantly. However, this was not the experimental observation. This may
be because of the presence of the rubbery form of PET at temperatures above 78 °C. Consequently,
the PET may behave more like a viscous liquid rather than a compressible powder under impact
at these conditions, resulting in a greater area of energy dissipation and potentially changing the

modes of energy transfer from the ball.

Depolymerization Kinetics and Energy Dose

Just like conventional reactors, understanding the kinetics of the mechanochemical process is
essential for predicting the desired reaction pathway, critical for controlling a reaction, and
ultimately evaluating efficiencies at larger scales. The kinetics of a reaction environment are
governed by the energetic descriptor of the system, such as temperature in thermochemical
reactions or potential in electrochemical reactions. In mechanochemical reactions, the milling
intensity (Im), the energy transferred from the ball per mass of substrate per unit of time, has been
shown to be a useful energetic descriptor when measuring mechanochemical kinetics.*? Therefore,
the reaction rate is expected to be proportional to the milling intensity (Equation 5). While the

exact value can be highly dependent on system specifics,” such as the mechanical properties of
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the substrate, the milling intensity is expected to be proportional to the kinetic energy of the ball
(KEbanr) and collision frequency (feor) (Equation 6). In a system with a single milling ball, the
velocity component of the kinetic energy and the collision frequency can be expected to be linearly
proportional to the milling frequency (f,i;;)- From these assumptions, an expression for the
conversion with respect to time (X(z)) can be derived (Equation 7) based on the BPR and milling

frequency of the specific reaction and an apparent rate constant (k’).

ax

Bkl )
KEpairfcoll Mpail 3

Im x Msubstrate x Msubstrate mill (6)

X() =k'-BPR- fouy -t (7)

Furthermore, plotting the depolymerization curves for the different ball densities against
time multiplied by the BPR shows that the linear relationship between conversion and BPR holds
true during the initial portion of the reaction for the stainless steel and aluminum oxide balls
(Figure 6a). The depolymerization rate using a tungsten carbide ball, however, does deviate from
this trend. Similar to the very low BPR, a non-linear response in the material properties of the
substrate may also exist at significantly higher BPRs that could explain this discrepancy. When
the depolymerization curves between the 30 Hz, 27.5 Hz, and 25 Hz are plotted as a function time
multiplied by the frequency cubed, the initial conversions nearly perfectly overlap (Figure 6b).

This confirms the cubed relationship between milling frequency and conversion.
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Figure 6. (a) Conversion of PET milled with a 20 mm stainless-steel (S.S) (®), tungsten carbide
(4), and aluminum oxide ( A) ball at 30 Hz. (b) Conversion of PET milled with a 20 mm S.S. ball

at 30 Hz (@), 27.5 Hz (m), and 25 Hz (®). (c) Conversion of PET under all five conditions. Dashed
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Finally, plotting all five datasets on a similarly scaled time axis shows the invariance of
conversion when accounting for the BPR and milling frequency (Figure 6c¢), validating
Equation 7 within the explored parameter space. The apparent rate constant (k£’) was determined
to be 8.6 £ 0.5 x10°'% s? by averaging the slope of the best-fit line for the datasets, excluding the
tungsten carbide. The capability of the energetics of the system to describe the reaction progression
further supports the energy-driven shrinking core model described above. Future work will be
necessary to further deconvolute the system variables that comprise &£’ to develop a more
generalized model, as well as further exploring the relationship between BPR and conversion to
account for more extreme cases. Finally, additional terms to describe the occurrence of the
inflection point are needed to fully describe the reaction. However, this confirmation that the
milling energy is the dominant descriptor of the system will be an important jumping-off point
when trying to model and describe this reaction in more complex systems that more closely

resemble industrial conditions, such as in a planetary ball mill.

CONCLUSIONS

Balling milling PET with NaOH can achieve complete depolymerization to sodium terephthalate
and ethylene glycol within 20 minutes. The process occurs in two distinct stages. In the first stage,
the conversion increases linearly with milling time. For a single-ball system, the initial rate of
depolymerization scales with the number and kinetic energy of the collision. Thus, it is
proportional to the mass of the ball and the third power of the milling frequency. There is also
correlation between conversion and ball-to-reactant mass ratio for single-ball experiments
suggesting that the extent of reaction scales with energy dose.

Once the conversion reaches approximately 40%, the feedstock mixture transforms from a fine

powder to a dense wax, and the rate of conversion increases significantly until complete conversion
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is achieved. This is attributed to a more effective energy transfer to the reactants during collisions.
The molecular weight distribution (MWD) curve becomes slightly narrower as the reaction
progresses while representing a decreasing amount of residual PET. This implies that specific
polymers chains are depolymerized completely once they are affected by a collision. The reaction
kinetics can be explained by a modified shrinking core model in which the energy transfer or
interfacial contacting induced by collisions rather than diffusion of a reactant is the limiting factor.

The temperature influences the PET depolymerization reaction in a complex way, which may
be related to contributions of thermal energy, changes in mechanical properties of the polymer and

transport of reactants to the interface.
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The reaction stages during the rapid mechanochemical depolymerization of poly(ethylene

terephthalate) are described and the influence of milling parameters on the kinetics are explored.
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