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Abstract

Chemical recycling of consumer plastics has garnered great attention towards achieving circular
economy goals. Particularly in the case of PET waste, mechanochemical depolymerization in ball
mill reactors has recently been identified as a very promising technology due to the high
conversion rates achieved under mild conditions. While the absence of solvents in the reaction
mixture reduces significant separation costs, mechanochemical depolymerization still presents
challenges with respect to the efficient separation and purification of monomers. Thus, meticulous
experiments, process modeling, and simulations are essential for demonstrating the separation and
purification of monomers. In this study, we present the lab-scale separation process flow for the
recovery of terephthalic acid (TPA) and ethylene glycol (EG) from mechanochemically
depolymerized polyethylene terephthalate (PET). We additionally examine the use recycling of
ideal PET powder and commercial samples (e.g., PET fibers, bottles, and food containers) as
feedstocks. The process parameters are optimized to achieve 97%+ of monomer recovery with
99%+ purity. The complete recovery of EG, and recycling of process water enables a ‘zero-liquid
discharge’ process design. Subsequently, we conduct a techno-economic analysis (TEA) to
evaluate the economic potential of the proposed sequence, which resulted in a positive net present
value (NPV) for the different scenarios and a minimum selling price (MSP) of $0.99/kg. Finally,
we compare the economic potential of mechanochemical recycling of PET to fossil-based

production and other recycling methodologies based on economic metrics.
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1. Introduction

Plastics have revolutionized our daily lives due to their chemical stability, durability, and low cost,
gradually replacing other materials such as glass, steel, or wood across a wide range of applications
[1,2]. However, a significant amount of these plastics ends up in landfills and marine environments
[3-5]. As of 2018, the global production of plastic reached 359 million tons [6], with only 10% of
this volume being recycled and just 2% being processed through closed-loop recycling [7], while
79% was left to accumulate in landfills or the natural environment [1]. Geyer et al. [1] project the
annual production of plastics to reach 1.1 billion tons by 2050. In addition to interference in natural
habitats [8,9], the breakdown of plastics into microplastics [10] and toxic water-soluble chemicals
[11] has garnered increasing attention in the context of their environmental and economic
implications. Thus, the effective management of plastic waste and their end-of-life treatment have
garnered great attention. Specifically, there is a growing interest in transitioning to a circular

economy (CE) in which plastics will be efficiently and sustainably recycled back into the economy.

Poly(ethylene terephthalate) (PET) amounted to over 32 million metric tons of global annual
plastic production in 2019 [12]. PET is made by co-polymerization of terephthalic acid (TPA) and
ethylene glycol (EG) via esterification, and is widely used to make beverage bottles, packaging,
carpets, and clothing. Currently, processing of PET waste through mechanical recycling is the most
widely implemented technology [13—-16]. However, mechanical recycling usually leads to
degradation of the functional properties of PET waste due to the mechanical and thermal

stresses/breakdown acting on the polymer during reprocessing [2,7,17]. Consequently, PET can
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be mechanically recycled only a limited number of times and only if mixed with large quantities

of virgin polymers [18,19].

Alternatively, the relative ease of cleaving an ester bond (C-O), as compared to C-C bonds in other
polymers, has generated greater interest in the chemical recycling of PET into monomers [2,17].
Chemical recycling, although less common, has emerged as a promising alternative to traditional
recycling methods. Polymers are directly converted to monomers or oligomers that may be further
purified to the same molecules as virgin materials, thus avoiding degradation of physical and
chemical properties, and stepping towards a circular plastics sector with lower dependence on
petrochemical feedstock [2,20-23]. Solvent-assisted chemical breakdown of PET (solvolysis) has
made large progress over the last decade [2,22]. Hydrolysis of PET in acidic [24-26], basic [27—
30], and neutral [31,32] conditions are widely studied. Glycolysis [33—-35] and (more generally)
alcoholysis [36—38] are also explored for homogeneous depolymerization of PET. Typically, these
conventional processes operate at high temperatures (100-300°C) and pressures (up to 20 bar) with

high solvent-to-PET ratios (from 5 to 20), driving up the depolymerization and separation costs.

In contrast, the advent of mechanochemical depolymerization creates a potential paradigm change
[19,39,40]. The depolymerization reaction is performed in a ball mill, while the energy necessary
to drive the reaction is supplied to the system through the impacts of the balls with solid particles
[2]. This approach has distinct advantages: (a) it does not require a reaction solvent nor extreme
operating conditions, and (b) the ball mill uses electrical energy input rather than process heating.
Mechanochemical routes has been recently demonstrated for the depolymerization of various types

of plastics including PET, PS, PVC and others [41-47]. The conversion of plastics into value-
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added products are exciting alternatives [45,46]. Specifically for the case of PET, Strukil et al.
[39] recently reported a high conversion of PET to monomers via milling. Tricker et al. [19]
demonstrated complete depolymerization of PET and stoichiometric amounts of sodium hydroxide
(NaOH) to ethylene glycol (EG) and disodium terephthalate salt (Na2TPA). The recycling of PET

into monomers presents a unique opportunity to evolve into a circular economy.

Mechanochemical PET depolymerization presents new opportunities and challenges in the
development of overall processes that are economically viable. For example, the solid
depolymerization products from the ball mill consist of monomers, unreacted polymers (if any),
catalysts (if any), and other impurities (dyes, additives, etc.) originating from the feedstock. These
pose new separation issues compared to conventional solvolysis, which generally results in a
multicomponent mixture that is also prone to the formation of azeotropes. Thus far, solvolysis
processes have used separation processes such as filtration (to remove unreacted polymers) and
crystallization of TPA or BHET by acidification or drying [29,33,37,48]. Recently, Singh et al.

[49] also addressed the large cost of separating EG from excess solvent in conventional solvolysis.

Process simulators such as Aspen Plus [50] or gProms [51] are used to obtain the mass and energy
flows, which then allows for the quantitative comparison of different scenarios or sequences of
unit operations [52—55]. By coupling these simulation results with costing correlations or other
information from manufacturers, the fixed and operating expenses can be determined. This enables
the comprehensive assessment of how the design variable impact the projected economics [S6—
58]. While there is a significant body of literature on PET depolymerization, only limited

information is available on the techno-economic aspects of PET chemical recycling [49,56,57,59].
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Particularly for the case of PET plastic waste, Singh et al. [49] applied a technoeconomic analysis
(TEA) and life cycle assessment (LCA) framework to assess the social and economic implications
of an enzyme-catalyzed recycling PET depolymerization process. Their analysis showed that
enzymatic recycling can be potentially cost-effective relative to producing new (petro-derived)
PET. The projected minimum selling price (MSP) for this method ($1.93/kg) was found to be
higher than the market averages (currently $1.14/kg for virgin TPA), but the sensitivity analysis
revealed that the MSP could drop if higher conversion rates could be achieved. Uekert et al. [58]
conducted a comparative evaluation of the previously known recycling routes for PET (and other
plastics) using various economic and sustainability metrics. Their findings indicate that glycolysis
offers the best overall performance for PET recycling, with an MSP of $0.96/kg (BHET) that is
competitive with virgin PET. To the best of our knowledge, quantitative process and economics
analysis have not been performed yet for mechanochemical or mechanocatalytic depolymerization

pathways.

In this work, we combine lab-scale experimental design, validation, and a process systems
engineering approach to design, simulate, and optimize an integrated process flowsheet that
facilitates the mechanochemical depolymerization of PET waste to its monomeric molecules (Fig.
1). The primary products of the mechanochemical reaction of PET with sodium hydroxide (NaOH)
are disodium terephthalate (Na2TPA) and ethylene glycol (EG). A sequence of unit operations is
designed and validated experimentally to facilitate the selective extraction, purification of
individual monomers. The depolymerization of ideal (PET powder) and commercial feedstocks
(textiles, PET bottles and food containers) are studied. Subsequently, the process flowsheet is

modeled in the Aspen Plus using pre-defined and custom-defined unit operation models. The
6
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flowsheet is designed for a scaled-up process, with throughput rates estimated based on total PET
recycling rates in the state of Georgia, USA. Calculations of mass and energy flow are utilized to
determine equipment sizing and utility requirements. A techno-economic analysis (TEA) is then
conducted. These integration of all these tools and results enable the assessment of the future
economic potential of the process. Through sensitivity analyses, the significance of process design
variables such as reactor or separations specifications, as well as the impact of feedstock and raw

material price volatility on the projected minimum selling price (MSP) is quantified.

Economic
Assessment

Fig. 1: Workflow of the present analysis

The rest of the paper is organized as follows. Section 2 highlights the methods used in the
experimental and computational part of the work. Section 3 provides an overview of the proposed
design and discusses the experimental validation, explores the techno-economics of the integrated
process and presents the results of the sensitivity analyses. Finally, Section 4 summarizes the

conclusions of the work and outlines future prospects.
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2. Experimental and Modeling Methods

2.1.Materials

Poly (ethylene terephthalate) (PET) granules (semi-crystalline > 50%, Sigma Aldrich),
commercial Kolon textiles (brown color), clear PET bottles and food containers, sulfuric acid
(VWR), disodium terephthalate (Alfa Aesar), acetone (VWR), sodium sulfate (Sigma Aldrich),
D20 (Sigma Aldrich), Sodium trimethylsilylpropanesulfonate (Fischer Scientific), deuterated
trifluoroacetic acid (TFA-d) (Sigma Aldrich), and sodium hydroxide (Sigma Aldrich). Deionized
water from the EMD Millipore water purification system, DuPont FilmTec XC70, Whatman filter

papers, and VWR 0.2 pm syringe filter were used in this work.

2.2. Composition Analyses

Solution NMR measurements were performed with Bruker Avance III 400 MHz. SEM images
were obtained with Hitachi SU 8010 scanning electron microscope. Solvent recovery was
performed with Buchi Rotavapor R-100. SO4* ions are measured by IC. The ion chromatography
measurements were performed with a Shimadzu HPLC system equipped with a conductivity
detector (Shimadadzu, CDD-10AVP, USA). IonPac® AS11 (250 mm x 2 mm ID) was used with
a column temperature of 30 °C, mobile phase of 10 mM NaOH (0.30mL/min) and injection volume
is 1 uL. SEM images of the TPA crystals were obtained with Hitachi SU 8230 scanning electron

microscope.
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2.3. Extraction of EG and Na:TPA

Typically, the depolymerized mixture was dispersed in acetone (1:1 mass ratio), the mixture was
stirred at 200 rpm for 5 minutes, and subsequently filtered with a 0.2 um syringe filter. The
recovery of EG from the acetone stream was performed with a rotary evaporator at 370 mbar, 50
°C. NaxTPA was extracted by washing with water (maintain Na2TPA under 10 wt.%). Unreacted
PET (if any) was separated with a 0.2 um PTFE filter. TPA was crystallized and precipitated by
slow addition of conc. H2SO4 (0.5 mL/min) to the aqueous solution of Na;TPA. TPA crystals were
isolated with a 5 um polycarbonate filter. The crystals were dried at 50 °C overnight. EG and TPA

recoveries were estimated with solution NMR measurements with D20 as the solvent.

2.4. Water Recovery

Salt rejection (Na2SO4) measurements on a DuPont FilmTec XC70 were performed in a Sterilitech
high-pressure dead-end stirred cell (HP4750X) with 300 mL volume feed capacity. Ion rejection

performances were evaluated with Ion Chromatography (IC).

2.5. Process Simulations

Ball Mill Reactor Simulation

The industrial ball milling configuration typically involves a rotating cylindrical vessel filled with
SS balls and reactants (e.g, PET waste and NaOH particles). High-fidelity DEM simulations were
performed in the EDEM commercial software [60] based on the operating parameters listed in
Table 1 to determine the required torque requirements. Fig. 2 shows a visual representation of the

simulation setup. The Hertz-Mindlin (no-slip) contact model was selected as it is appropriate for

9
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spherical shapes and has been previously utilized in similar ball-milling applications. The material
and contact parameters that are required as inputs to DEM simulations were taken from the
available milling literature [61]. A rotating cylindrical geometry is designed for the industrial ball-
mill reactor. Based on the experimental findings of our previous study, the achieved monomer
yield follows a linear relationship with the ball-to-powder mass ratio (BPR) parameter [19]. If the
industrial-scale ball mill reactor can maintain equivalent BPR values, the number of grinding balls
and the size of the reactor can be evaluated for a constant PET waste feed. Higher BPR values
correspond to higher yields with full depolymerization achieved when BPR = 22.9 with a reaction
time of 20 minutes. In the context of this work, a BPR of 22.9 was used to design the reactor and
the operating conditions. Results from the DEM simulations are used for the evaluation of the
annual electricity cost for the ball milling system. The maximum torque load requirements were
extracted from the high-fidelity DEM simulation. Based on the selected operating settings, the
energy consumption of the ball-mill reactor was estimated at 125 kW. The required capital
expenditure is calculated using the correlations provided by Seider [62]. Our previous work
provides a more detailed analysis on the selection of operating conditions that lead to 100%
conversion, the evaluation of the capital expenditure of the ball-mill reactor and the estimation of

the energy consumption [63].

10
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Fig. 2: The industrial ball mill reactor as designed and simulated in the EDEM software.

Table 1: Operating settings of the ball mill reactor.

Parameter Value
Volume (m?) 45
Number of balls 9016
Tball (Mm) 60
Fill-level (%) 30
Conversion 100
Ball-to-Powder ratio 22.9

The ball mill consumables include media consumption (SS balls) and play a crucial role in the
grinding process. Over time, due to the wear and tear, the balls need to be replaced on a regular
basis determined by the wear rate of the ball charge [64,65]. In the cement industry, the
replacement period is scheduled based on a wear rate of 35 — 70 gramsteel/metric ton whereas for

limestone grinding a wear rate of 500 gramsteel/metric ton is typically used [64,65]. In the context

11
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of our application, a wear rate of 50 gramsteet/metric was selected as a more conservative scenario,
given that the PET polymers are expected to be less hard than cement or limestone. The total steel
mass is evaluated, and the replacement cost is estimated based on the all-in steel rate (US

$4300/metric ton) [65].

ASPEN flowsheet simulation of integrated process

After the integrated process (reactors, separators) was designed and demonstrated experimentally
at the lab-scale, the flowsheet was modeled in Aspen Plus V12 (Aspen Technology Inc.) [50]. A
processing capacity of 48 metric tons per day of PET waste was simulated, equivalent to an hourly
input rate of 2,000 kg/hr. This is based on the amount of PET waste collected in the state of
Georgia, USA for 2018 as reported by the National Association for Plastic Container Resources
(NAPCOR) [66]. Most of the reaction components were chosen from the existing Aspen databases
while those that were not available were defined based on their molecular structures and boiling
points. Other physical properties were retrieved from the NIST database or estimated via Aspen

Plus Properties Constant Estimation System (PCES).

The mass balances for all the purification steps were validated through experiments as described
in the previous subsection. Throughout this work, it is assumed that the laboratory-scale
conversions and separation efficiencies can be maintained at a larger scale. All the design
parameters entered in the Aspen Plus simulation are summarized in Table 2. These parameters

were experimentally validated at the laboratory scale (see Results and Discussion).

12
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Table 2: Summary of the parameters and design specifications in the baseline model setup.

Unit Block Design variable Baseline case
Ball mill User-defined Conversion 100%
Number of trays 6
Distillation column RadFrac
Reflux ratio 1.2
Acidification reactor RStoic Equilibrium reaction
Neutralization reactor RStoic Equilibrium reaction
Pump Pump Isentropic efficiency 0.8

Solid separation

Filter 1 Separator 1
efficiency (slurry)
Solid separation
Filter 2 Separator 1
efficiency (PET)
Solid separation
Filter 3 Separator 0.98
efficiency (TPA)
Temperature (°C) 14.4
Crystallizer Crystallizer
Pressure (bar) 1

2.6.Economic Analysis

Operating (e.g., raw material, utility costs) and capital (equipment sizing) expenditures were
estimated based on the material and energy balance results from the Aspen simulation while
additional costs such as labor and maintenance expenses are calculated based on chemical
engineering heuristics [62]. The purchasing costs were estimated through the well-established

13
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correlations and scaling factors reported in Seider [62], taking into consideration the required size
and type of materials for each piece of equipment as well as the corresponding installation factor.
All the costs were extrapolated to the 2022-dollar value using the Chemical Engineering Process

Cost Index (CEPCI).

. .y Current Index
Current cost = (cost in year i) —————

(1)

Index in year i

Based on these assumptions, the total capital investment (TCI) is calculated. TCI includes the
direct (equipment, installation, piping, etc.) and indirect costs (engineering, contractor fees, etc.)
associated with the construction of a manufacturing facility. TCI also incorporates the working

capital, which is the amount that should be available to finance the early operation of the plant.

Additionally, to complete the techno-economic analysis for the plant, estimations for the annual
operating costs and sales profit are required. The cost of production is calculated as the sum of the
cost of manufacture and general expenses which typically includes direct manufacturing costs
(such as feedstocks, utilities, etc.), operating overhead, fixed costs (property taxes, depreciation,
etc.), and general expenses (related with the central operation of the company). Prices of raw
materials, products, and by-products are obtained from a recent study by Singh et al. [49] that
provides a comprehensive analysis of the price trends over the previous decade. The average of
prices reported between 2012-2016 are utilized in the context of this analysis. A detailed
breakdown of all the prices used can be found in the SI (Table S9 and Table S10). The cost of
pretreatment including shredding and cleaning of the postconsumer plastic bales is integrated in

the price of PET flakes ($0.55/kg). The complete set of prices is summarized in Table 3.

14



240  Table 3: Raw material, product, and utility prices.

Cost ($/kg) Reference

Products
TPA 1.14 [49]
Ethylene Glycol 0.96 [49]
Na2S04 0.15 [49]

Raw Materials

PET 0.55 [49]
Acetone 0.91 [67]
NaOH 0.61 [49]
H2SO04 0.10 [49]

Utilities
Process water $0.27 /m? [62]
Cooling water $5/GJ [62]
Electricity $ 0.07/kW-h [62]
Refrigerant $6.47/GJ [62]

241  The Net Present Value (NPV) is an indicator often used to assess the profit potential of industrial
242 processes[53,68]. The NPV represents the surplus generated by an investment at the beginning of

243 the planning horizon relative to the return rate applied and provides insights into the time value of
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money by discounting future cash flow to their present worth. To evaluate NPV, a discounted cash

flow analysis was conducted (Equation (2)).

T Annual CF¢

NPV = —Zo + X0 rmpr 2)

Here, Z, represents the initial investment in $, RR the rate of return, while CF; denotes the annual

cashflow at time t.

In addition, we utilized the minimum selling price (MSP) as an economic indicator to facilitate
comparisons between the proposed technology, competing processes, and present market prices.
The MSP corresponds to the price that generates an NPV value equal to zero [68,69]. In other
words, a break-even assessment was performed to identify the selling price of the main product

(TPA) after which the process becomes profitable.

The depreciation method employed for this project is a 10-year MACRS, with a two-year startup
time, with no profit during the first two years. The facility is assumed to operate at three 8 h/day
shifts for 330 days/year. A return rate of 10% is utilized to evaluate the present value of future
cash flows, while the inflation rate was set at 2%. All the financial parameters employed in this

work are depicted in Table 4.

Table 4: Economic assumptions.

Parameter Value
Feedstock rate 2000 kg/h
Annual interest rate 10 %

16



MACRS depreciation 10 years

Taxation rate 26%
Inflation rate 2%
Cost of land 3% of Purchase cost
Project life 12 years
Construction period 2 years
Working capital 5% of TCI
Maintenance 10% of TCI
260
261 3. Results and Discussion
262 3.1. Overview of the process flow diagram

263  Fig. 3 illustrates the simplified process flow diagram for the mechanochemical hydrolysis of PET
264  waste, including the depolymerization reactor unit and all the subsequent product recovery steps.
265  The designed facility processes 2000 kg/h (15,840 MT/year) of PET and generates approximately
266 1935 kg/h (15,325 MT/year) of terephthalic acid (TPA) and 737 kg/h (5840 MT/year) of ethylene

267  glycol (EG), which can be utilized directly in the production of new PET products.
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Fig. 3: Baseline case process for mechanochemical depolymerization of PET waste, divided into
depolymerization and product recovery sections. Input streams are illustrated in red while product

streams are in blue.

Clean PET powder flakes are obtained from a pre-treatment facility under the assumption that the
whole feed is recyclable, and the concentration of impurities is negligible. As reported by Tricker
et al. [19], high depolymerization yields ranging from 80 to 100 % were achieved in the ball mill
reactor at the laboratory scale when using PET waste feedstock in the form of powder with particle
sizes in the range of 0.3 mm for the operating setting that promote complete conversion as
discussed in Section 2.5. The baseline analysis assumes the use of clean and uncontaminated PET
flakes, providing a conservative estimate for the recycled terephthalic acid (rTPA) price.

Depolymerization experiments were also conducted using commercial PET bottles and food
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containers as inputs to illustrate the robustness of the process. Further discussion on the use of
non-ideal feedstocks is provided in Sections 3.2 and 3.4. Prior to the depolymerization section,
several feedstock pretreatment steps were also introduced to account for the cost required to
transfer the PET flakes from storage to the reactor (conveyor belt, storage space and tanks, truck
dumper). The pre-treatment steps were only accounted for in economics and were not simulated

in Aspen Plus.

The plastic waste powder is introduced into the ball mill reactor along with the NaOH particles
and is converted into the monomers disodium terephthalate (Na2TPA) and ethylene glycol (EG).
Following the mechanochemical depolymerization reaction, the ball mill reactor outlet stream (e.g,
NaxTPA + EG) is processed through a solid-liquid extraction and a filtration unit. Acetone is used
to selectively extract EG from NaTPA, and the resulting slurry is passed through a filter to
separate the solids (Na2TPA, additives, and any unreacted PET). An activated carbon column is
installed to remove any dyes, pigments, or adhesives present in the acetone + EG stream. EG and

acetone are then separated in a distillation column with a purity over 99% and 99%+ recovery.

The NaxTPA from the solids (Na2TPA and unreacted PET), is selectively dissolved in water (H20)
at a mass ratio of 1:9 and filtered to separate any residual PET. In the scenario that full
depolymerization is not achieved, residual PET can be recycled back to the ball mill. Sulfuric acid
(H2S0s4) is then added slowly to the resulting aqueous solution of Na:TPA to precipitate rTPA
(recycled terephthalic acid) in a continuous crystallizer. The resulting rTPA crystals are then

retrieved at a purity of 99%. The precipitation and filtration step recovers 97%+ of the monomer,

19
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as observed experimentally. An activated column is installed to separate any traces of rTPA that

were not collected from the aqueous solution.

The aqueous solution exiting the activated carbon column, is neutralized with caustic (NaOH) and

processed in a reverse osmosis membrane unit with 63.6% water recovered. The permeate (process

water) is returned to the dissolution unit, while the retentate is routed to a cooling crystallization

unit for the recovery of sodium sulfate (SS). The SS crystals (also known as Glauber's salt) are

produced and are collected as a byproduct. The saturated solution is recycled to the membrane to

recover water and concentrate the SS aqueous solution (rerouted back to the salt recovery section).

Table 5 presents the feedstock, resulting product, and co-products mass flow rates, while Table 6

summarizes the reactions involved throughout the integrated process. A figure depicting the Aspen

Plus simulation is provided in the SI (Fig. S5).

Table 5: Feed, product, and by-products quantities

Unit Baseline case
PET waste feed kg/h 2000
rTPA product kg/h 1935
By-products
Ethylene glycol kg/h 737
Sodium sulfate kg/h 3866
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Table 6: Reactions involved in the process.

Unit Stoichiometry
Ball mill rPET + 2NaOH - C,H¢0,(EG) + Na,TPA
Acidification Na,TPA + H,SO, — TPA + Na, S0,
Neutralization H,SO, + 2NaOH - Na,S0, + 2H,0
Crystallization Na,S04 + 10 H,0 — Na,S04 - 10H,0

3.2. Experimental Results

Fig. 4 shows the solution NMR data of the depolymerized mixture, filtrate after EG extraction
with acetone, and filtered solids in D2O. Equimolar concentrations of terephthalate (~7.8 ppm) in
the form of NaxTPA and EG (~3.5 ppm) were observed in the spectrum of depolymerized PET.
The absence of the aromatic proton peak corresponding to Na2TPA or any unreacted PET in the
spectrum of the filtrate indicates the excellent selectivity of EG extraction with acetone. The
solution NMR data analysis with DSS as the internal standard showed 98% EG recovery. A 1:1
ratio by weight of EG to acetone was used for extraction at the laboratory scale. Since EG is
miscible in acetone, this ratio was used to provide effective mixing of reactor product solids with
acetone (Fig. S1, Supporting Information). EG was recovered with 99 mol% purity with a rotary

evaporator (370 mbar, 50 °C) mimicking a single-stage distillation.
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Fig. 4: Solution NMR spectra (in D20) of depolymerized PET (black), EG-acetone extraction

filtrate (red), and filtered solids (blue).

To further test the robustness of the process, waste PET textile (with brown dye) from Kolon
Industries were tested. Although the presence of dyes in commercial textile samples does not
affect the efficiency of extraction of EG with acetone, a significant amount of dye disperses in the
acetone phase (Fig. S2a). Activated carbon adsorbents selectively remove the dispersed dyes from
the acetone phase (Fig. S2a). These observations are supported by the solution NMR spectrum
(Fig. S2b) which shows the presence of characteristic dye peaks (~2.13 ppm) in the acetone phase,
and the subsequent disappearance of such peaks after treatment with activated carbon. Complete
dissolution of the filtered solids (predominantly Na;TPA with complete depolymerization) was
observed by maintaining the concentration under 10 wt% at room temperature. Residual dye (in

commercial samples) dispersed in aqueous NaxTPA solution was selectively removed with
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activated carbon (Fig. S3). Additionally, the depolymerization of commercial PET bottles and
food containers was also studied (Fig. S4a). Near complete depolymerization of both PET bottles
and food containers were obtained withing 20 mins of ball milling (Fig. S4b). Furthermore,
solution NMR spectrums of both PET bottles and containers (in TFA-d) show no additives or
contaminants (Fig. S4c¢). Fig. S4d shows the absence of any byproducts (except EG and NaxTPA)
after complete depolymerization of PET bottles and containers. Thus, the proposed process flow
and techno-economic analysis are robust towards commercial feed stock such as waste PET textile,

PET bottles and food containers.

The precipitation of TPA was performed with the slow acidification of aqueous Na:TPA solution
with slight excess of H2SO4 (1.003 times stoichiometric). Solution NMR confirmed 98% recovery
of terephthalic acid from the completely depolymerized PET, similar to earlier observations.[70]
Fig. 5a shows the powder XRD pattern of the recovered crystals. The presence of characteristic
crystalline peaks confirms the formation of TPA crystals. Fig. Sb compares the NMR spectra of
pure and recovered TPA in DMSO-ds. No significant peaks other than TPA, H20O, and DMSO can
be identified, confirming the excellent purity of rTPA. Fig. 5S¢ and 5d show magnified plots from

Fig. 5b, in which the small peaks present are due to noise/instrumental artifacts.
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Fig. 5: (a) Powder XRD pattern of recovered TPA, (b) NMR spectra of pure and recovered TPA

in DMSO-ds, (c) and (d) magnified NMR spectra of pure and recovered TPA respectively.

The recovery of process water was demonstrated with a DuPont XC70 reverse osmosis membrane.
The supernatant was neutralized with the addition of stoichiometric NaOH to enhance salt rejection
performance. Table 7 shows the salt rejection performance and the flux of process water at 70 bar

and room temperature. A feed concentration of 72.73 g/L depicts the initial feed concentration
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after rTPA precipitation. The 200 g/L of Na2SO4 solution represents the brine (end of membrane
stage) with ~63.6% water recovered. Significant salt rejections were observed (~95.7%) at both
the starting and brine concentrations. Li et al. also showed similar results with a commercial RO

membrane.[71] These data were used to model a membrane unit for water recovery.

Table 7: Na2SOs salt rejection performance of DuPont XC70 membrane

Feed Concentration (g/L) Water Flux (L/m?/hr) Salt Rejection (%)
72.73 31.0 96
250 3 92

3.3. Process simulation and Economic analysis

Equipment sizes, and subsequently the overall capital investment, were evaluated based on the
mass and energy flows obtained from the process simulation. Information on raw materials flows
and energy requirements was utilized to calculate the variable operating costs. The resulting mass
flows are summarized in Table S1 — S5 and Fig. S5. The TCI is projected at $10.6M, while the
bare module cost (Fig. 6) is estimated at $6.2M. The highest contribution (62%) to the bare module
cost is attributed to the product purification steps such as EG distillation, recovery of the rTPA
crystals, and Glauber’s salt crystallization, and this is mainly due to the capital cost of the
distillation column and the salt crystallizer. The initial capital expenses for the downstream
separation units are mitigated by the EG and SS stream recovery, which are subsequently sold at
their market price. In addition, 21% of the TCI is estimated for the pretreatment steps that include
the necessary machinery for feedstock transportation and storage. The depolymerization section,

which includes the ball-mill reactor, accounts for 17% of the total capital expenditure. Table 8

25



379  provides a detailed cost breakdown for each unit operation modeled as well as the capital costs

380  (bare module) for each section.

Depolymerization

Pretreatment

Extraction

EG Recovery

Salt Recovery

Crystallization

381

382  Fig. 6: The bare module cost of $6.2M split into different process sections.

383  Table 8: Capital cost (bare module) breakdown for all the processing units.

Capital cost (%) Capital cost (%)
Pretreatment $1,309,771 Crystallization $909,581
Conveyor belt $31,486 Dissolution $156,121
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NaOH tank $98,243 Filter 2 $127,017
Truck dumper $283,508 Filter 3 $125,184
Storage dome $896,534 Acidification $191,650

Depolymerization $1,082,976 TPA tank $181,984
Ball Mill $1,082,976 H2S04 tank $127,625
Extraction $216,695 Salt Recovery $1,700,779
Extraction Unit $129,754 Membrane $352.479
Filter 1 $47,742 Crystallization $457,762
AC1 $5,288 Neutralization reactor $220,184
Acetone tank $33,912 Pump 2 $300,403
EG recovery $1,012,525 SS Filter $81,632
Distillation column $872,861 AC2 $25,278
EG tank $139,664 SS tank $263,041

384
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Fig. 7: Operating expenses breakdown.

Other than the upfront equipment investment, an annual operating cost of $22 M USD is required
for the efficient operation of the facility. As illustrated in Fig. 7, the primary component of the
operating expenses is the cost of raw materials. Particularly, the cost of feedstock accounts for
62% of the raw material costs. In the baseline analysis, it is assumed that the feedstock is derived
from the use of clean PET flakes sourced from PET recyclers. The implementation of a pre-
treatment section at the production facility, that would shred and clean the PET bales (compressed
plastic waste), could significantly reduce the cost of raw materials. More specifically, PET bales
are priced at approximately one-sixth the cost of clean flakes, hence, there is potential to make the
process even more profitable. As illustrated experimentally, the proposed design is capable of
processing commercial waste, demonstrating the practical feasibility of reducing the feedstock
cost. Another notable advantage of mechanochemical depolymerization is that it does not require
fine particles as feedstock since the sizes of the plastics are further reduced during the ball milling

process.
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The consumption of electricity is a major cost factor in the depolymerization section, primarily
required to power the rotation of the milling vessel and the grinding balls. In the crystallization
section, the primary cost drivers are the chemicals used for the recovery of rTPA crystals, which
are offset by the recovery of sulfuric salt in the subsequent process section. Similarly, in the
distillation column, the high quantity of steam required for the evaporation of acetone is balanced
with the recovery of EG. Additionally, replacement costs for the grinding balls of the ball mill
reactor, membrane replacement (every 4 years in the baseline case), activated carbon bed are also
accounted for in the economic analysis and are counted as operating expenses. The broad

categories of costs and revenue are shown in Table 9.

Table 9: Main costs and sales revenues for baseline mechanochemical plant (2000 kg/h PET).

Category Amount

Total capital investment (TCI) $10,587,425

Cost of Manufacturing (COM) $20,514,329

Total utility costs $446,111
Total raw materials $14,159,020
Total product sales $27,668,595
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Fig. 8: Annual cash flow in $M for 12 years of operation. The first two years are for

commissioning, and hence the sales are zero.

A discounted cash flow analysis approach was implemented to evaluate the projected break-even
point and the rTPA minimum selling price (MSP) produced in this facility, accounting for the
revenue from ethylene glycol (EG) and Glauber salt (SS) sales. The net-present-value (NPV) and
minimum selling price (MSP) profitability metrics are determined based on the assumptions
discussed in a previous section. An MSP of $0.99/kg for rTPA is estimated for the baseline case,
indicating that the mechanochemical depolymerization process is competitive with the traditional

VvTPA (market price is $1.14/kg). In essence, without accounting any profits and considering the
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assumed market conditions, rTPA is found to be less expensive than fossil derived TPA. Fig. 8
illustrates the cash flow and discounted cash flow of the baseline process, revealing that the process

is profitable even for the scenario that ideal feedstock is used.

3.4. Sensitivity Analysis

To obtain further insights to the feasibility of the process, a single-point sensitivity analysis is
conducted focusing on key-process and economic variables within each section. Through this
approach, the potential for additional R&D can be identified and the most significant challenges
for commercial success can be emphasized. The engineering parameters and economic
assumptions were varied to assess profitability under different scenarios and uncertainty conditions

in a plant-scale operation.

Table 10 summarizes the key parameters and their respective upper and lower bounds, that are
expected to significantly impact the projected profitability and are therefore selected for sensitivity
analysis. In terms of the reactor consumables, the grinding media lifetime is investigated by
varying the degree of wear and tear of the stainless-steel balls. In the case of the reverse osmosis
(RO) membrane, its lifespan is selected as a key design parameter. The crystallization temperature
is also investigated since it determines the use of an expensive refrigerant (available at -12.2 °C)
or cheaper cooling water (available at 4.4 °C) alternative as a cooling medium [58]. Finally, prices
of PET bales (feed), raw materials (NaOH), and co-products (EG, SS) are also evaluated to assess
their effect on the calculated economic metrics as all these prices are subject to volatility [49].

Their lower and upper bounds were set at +/- 20% of the baseline price, except for the price of

31



441

442

443

444

445

446

447

448

449

450

451

PET waste. A lower bound of $ 0.2 /kg and $ 1.0 /kg was set for the feedstock to investigate the

scenarios that non-ideal feedstocks are used (e.g., PET bales).

In this analysis, we have varied each of the input sensitivity parameters (Table 10) one at a time,

which does not account for the impact of parameter correlations on the robustness of the process

economics. To justify this approach, a correlation analysis was conducted on historical price data

and revealed no significant correlations. A table of historical prices used is provided in the SI

(Table S9 — Table S10). With regards to the process-related sensitivity parameters (i.e., grinding

media loss, membrane lifetime, crystallization temperature), no correlation is assumed since these

can be independently varied within different unit operations. Therefore, in this study, all the

parameters considered are assumed to be independent.

Table 10: Process sensitivity parameters.

Process-specific sensitivity parameters | Base case | Lower bound | Upper bound
Grinding media loss (g/MT media) 50 10 100
RO membrane lifetime (years) 4 1 6
SS Crystallization temperature (°C) 14.4 0.0 14.4
Waste PET price ($/kg) 0.55 0.20 1.00
Co-product price — EG ($/kg) 0.96 -20% +20%
Co-product price — SS ($/kg) 0.15 -20% +20%
Raw material price — NaOH ($/kg) 0.61 -20% +20%
Raw material price — H2SO4 ($/kg) 0.10 -20% +20%
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Fig. 9: Change in the TPA MSP as a function of prices of products, co-products, and raw materials;

and key process parameters.

Fig. 9 depicts the impact of the prices of feedstock (PET), co-products (EG,SS), and raw materials
(NaOH, H2SOs4) on the MSP of rTPA. The MSP of the rTPA product is observed to exhibit high
sensitivity to the price fluctuations of the waste PET. The NaOH price also has a strong effect on
the MSP since it is utilized in large quantities in the depolymerization and salt recovery section.
The selling prices of co-products such as EG or SS also appear to impact the price of the final
product since they are both sold in high quantities. Finally, the price of H2SO4 appears to have

minor effect to the resulting MSP, since it is relatively inexpensive compared to all others.
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In terms of the process parameters (crystallization temperature, lifespan of the membrane, and the
grinding media loss), they all exhibit a minor effect on the MSP compared to the other parameters.
This result is attributed to the substantial impact of raw material prices on the overall operating
expenses. In fact, the cost of raw materials constitutes 64 % of the total operating cost while the

utilities only 2 % of the total operating cost.
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Fig. 10: Net Present Value (NPV) of the mechanochemical process for different waste PET prices.

Given the relatively high PET waste price volatility over the past decade [49], we performed a
detailed sensitivity study covering a range of prices from -$0.1/kg to $1.1/kg to delve deeper into
its effect to the process profitability. Negative prices indicate the scenario that incentives are
provided to avoid landfilling and promote recycling. As illustrated in Fig. 10, the price of PET
feedstock exhibits a linear relationship with the process NPV, with an identified break-even point

at a price of $0.68/kg for the PET feedstock given the assumed market prices. Beyond this
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feedstock price, the NPV becomes negative indicating an unprofitable process. Conversely, below

the price of $0.68/kg the processes becomes profitable.

Notably, the modeled feedstock consists of clean PET flakes with very small particle sizes and are
impurities-, dye- and dirt-free are ideal. Based on experimental results, the ball mill reactor can
effectively process PET waste of various shapes, sizes, or sources without any impact to the
observed conversion or additional pre-milling required since all reactants are milled as processed
in the reactor. Therefore, the use of prices of PET bales as feedstock is expected to be
representative of an actual industrial application, and the NPV values obtained in Fig. 10 are

applicable to such a scenario.

3.5.Technology comparisons

From an economic perspective and under the market assumptions considered in this assessment,
the introduction of the mechanochemical PET depolymerization process in the recycling grid is
economically profitable. A rTPA MSP of $0.99/kg was evaluated for mechanochemical milled
PET, a price that is directly comparable with the current prices of virgin TPA monomers. In Table
11, we report the MSPs of our proposed design with competing technologies as investigated by
Uekert et al. [58]. In both studies, similar assumptions were made with respect to the quality of the
feed and final products, the prices of raw materials retrieved from the same source, and similar
processing sections were modeled. For the case of methanolysis, we report the price of dimethyl-
terephthalate (DMT) which is the monomer that is used in the production of rPET. It is important
to note that these estimates are based on published studies, thus we are not able to estimate

uncertainty ranges for these numbers. However, to the best of our knowledge, the resulting MSPs
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of the fossil- and recycled-based monomers reported in Table 11 are comparable with our study
since they account for the same process system boundaries. Uekert et al. [58] also evaluated the
MSPs for glycolysis ($0.96/kg) and dissolution ($ 0.87/kg), however, their analysis included a re-
polymerization step at the end of the process sequence to produce rPET, so a direct comparison
with the other methods would be unfair. This comparison indicates that the mechanochemical
process for PET recycling (as modeled in this study) is expected to be competitive with other
closed-loop recycling methods. It is worth noting that both actual selling prices and estimated
MSPs highly depend on the market dynamics, supply chain, legislation, and demand for recycled

monomers.

Table 11: Estimated MSP for different PET recycling processes.

Technology MSP ($/kg) Reference
Virgin 1.14 [49]
Mechanochemical hydrolysis 0.99 This study
Enzymatic hydrolysis 1.96 [49]
Methanolysis (DMT price) 0.96 [58]

The facility size is also expected to drive down the capital and operating costs and increase cost
savings by leveraging the benefits of the economies of scale. This applies to all closed-loop
recycling technologies that are compared here. As landfilling is increasingly being banned entirely
across Europe[72,73], and some US states [74] there will be a growing interest in managing the

waste that cannot be landfilled. The smooth operation of any chemical facility is dependent on the
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steady flow of the feedstock and raw materials hence, the current trend of increased recycling rates

is expected to boost the operation of the recycling facility and increase savings.

Mechanochemical recycling is shown here to be a promising technology that could claim a
significant share of the current recycling market. This method offers the advantage of high
conversion without the need for extreme conditions or pretreatment steps to pre-mill plastic waste
to the micron scale. Other plastic feedstocks and depolymerization kinetics should be investigated
to enable the holistic investigation of the economic impact of this method in comparison with other
recycling technologies. While the operating conditions of the ball mill reactor influence the
effectiveness of PET waste depolymerization (e.g., partial or complete depolymerization), efficient
separation of products/co-products significantly influences the MSP. In the proposed design any
dyes, pigments or adhesives that may be present in the feed are passed through the activated carbon
columns and are efficiently removed. Hence, minimizing consumables such as solvents, electricity,
steam, and NaOH, many of which are used for the subsequent separation procedures for product
recovery, will allow further cost savings. For example, the use of nanofiltration (NF) and RO
membranes in series for water recovery could be advantageous, since the NF stage may retain a
large fraction of the salt and produce usable water with high flux and lower operating pressure,
leaving a much lower volume of NF retentate to be processed by RO to produce additional water.
Furthermore, periodic regeneration of the activated carbon bed (before the Na>SO4 crystallizer)
with recovered process water will additional rTPA. Additionally, the optimization of acetone
required for the extraction of EG (at large industrial scale) will significantly reduce distillation

costs.

37



532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

4. Conclusions

In this work, we presented an integrated approach to demonstrate the technical and economic
potential of mechanochemical depolymerization of PET. A sequence of unit operations for the
downstream purification steps following the ball-mill reactor was designed, experimentally
validated at the laboratory scale, and simulated in Aspen Plus. The process flow presented herein
enables significant recovery of both TPA (~97%) and EG (~99%) as compared to other chemical
recycling technologies. Ideal (PET powder) and commercial (bottles, food containers, textiles)
samples were examined and used as feedstock to the process. The integrated process is shown to
be resilient towards the presence of impurities (such as dyes and pigments) in the feedstock or the
use of commercial plastic waste as feedstock (such as textiles, food-grade bottles, and containers).
The product quality of rTPA obtained from the mechanochemical recycling process is comparable

to petroleum-derived TPA, as opposed to the current industry-standard mechanical recycling.

A techno-economic analysis was also conducted to assess the overall economic viability and
critical factors that impact the economics of the process. The findings of the analysis revealed a
positive NPV and an evaluated MSP of $0.99/kg for the baseline scenario that utilizes clean PET
powder as feedstock. Feedstock prices and purification steps account for a large portion of the
operational and capital expenditures, respectively. The downstream purification steps dictate the
final selling price of rTPA, as their integration with the reactor enables the efficient recovery and
sale of co-products in large quantities. Results from sensitivity analysis show that the process is
highly sensitive to the prices of feedstock and raw materials. In the investigated scenarios that PET

waste bales are purchased and used as inputs instead of ideal clean PET powder, the process
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becomes even more profitable. Furthermore, the process designed in this manuscript is competitive
with conventional fossil-based sources and alternative recycling pathways as the calculated MSP
is at par with the vTPA and rTPA prices. While the framework outlined in this work primarily
targets PET waste, a similar mechanochemical or mechanocatalytic approach can be applied to

other waste polymer feedstocks.

Finally, it should be noted that the models utilized in this study are based on conversions observed
at the laboratory scale. To account for deviations and additional degrees of freedom of the process
sequence at larger scale, future work will include the development of detailed models and further
experimentation. Moreover, the combination of process, supply chain, and life cycle assessment
(LCA) will enable a full evaluation of the environmental factors and social-economic impacts of
this technology, such as GHG emissions. This will enable a holistic comparison of
mechanochemical depolymerization relative to other recycling technologies and allow the
identification of an optimal supply chain of recycling processes. The outcome of the analysis
presented herein provides yield and economics metrics for a complete mechanochemical process
for recycling of PET waste. Such studies are necessary to assess the potential feasibility of new
technologies, and for developing policies that incentivize industries to pursue pathways that
promote chemical recycling, in anticipation of the transition to a complete circular economic

model for plastics.
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