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1. Introduction

Evaluation of three solvent-based recycling
pathways for circular polypropylenef

Benjamin Caudle, 2 * Thuy T. H. Nguyen 2 and Sho Kataoka

Solvent-based methods for recycling polyolefin plastic waste have caught increasing attention, as they
can produce recycled plastic of significantly higher quality than currently employed techniques. In this
study, to demonstrate the development of plastic recycling systems for a circular economy, three solvent-
based processes used for recycling polypropylene (PP), one of the most widely used plastic materials in
Japan, were rigorously modeled and analyzed in terms of economic performance and CO, emissions. A
cradle-to-gate life cycle assessment-based method was applied to quantify all sources of CO, emissions
comprehensively. The most common solvent-based recycling method, in which the polymer is dissolved
in a solvent and precipitated with an antisolvent, had the lowest economic performance and produced
the highest CO, emissions: 1.30 kg of CO,-equivalent per kg rPP. A more recently developed process in
which the temperature of the solvent is manipulated to effect dissolution and precipitation had lower CO,
emissions, at 0.92 kg kg™ rPP, and the most promising economic performance. A novel process using
supercritical propane as the solvent achieved the lowest emissions of 0.32 kg kg™ rPP with similar econ-
omic performance to the temperature-dependent separation process. The environmental competitive-
ness (in terms of CO, emissions) of these recycling processes is further investigated by comparison with
alternative state-of-the-art methods of plastic waste disposal, including mechanical recycling, gasifica-
tion, and incineration with thermal recovery. Sensitivity studies were carried out to explore the effect of
the waste plastic feed composition resulting from different preparation (sorting) methods on the econ-
omic and environmental performance of the three solvent-based recycling processes. The results
obtained from this study are expected to provide valuable insights for constructing a green and cost-
effective PP recycling process toward a circular economy.

the amount of planet-warming greenhouse gases being
released. This work focuses on polypropylene (PP), the

The nature and benefits of plastic materials are well known to
society and the scientific community, as are the problems of
plastic disposal and leakage into the environment. To address
these problems, governments around the world are slowly
moving to restrict the ways in which plastic waste is disposed
of." In Japan, only 6% of plastic waste collected in 2022 was
disposed of in landfills.” However, two thirds of plastic waste
is incinerated, and although a large percentage of energy is
used for power or heat co-generation, the incineration process
produces detrimental emissions and fails to achieve the
resource circulation target.’ It has become particularly rele-
vant, then, to find methods of disposal that eliminate the flow
of plastic waste into landfills, reduce the amount of “virgin”
plastics being manufactured from fossil resources, and reduce
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polymer that comprises the largest single fraction of post-con-
sumer plastic waste in Japan.”> Many recycling methods are
available that contribute to the three goals described above,
but rigorous analyses that address product circularity, carbon
footprint, and economic feasibility are rare.

Mechanical recycling of PP is technically feasible and may
be practical for certain types of waste streams of homogeneous
PP, such as scraps from industrial production.? In the post-
consumer recycling process, targeted polymers are physically
separated into ostensibly homogeneous streams, using rela-
tively small amounts of chemicals and energy.” However, with
the notable exception of clear bottles made of polyethylene
terephthalate (PET), it has proved to be prohibitively difficult
to collect and sort acceptably pure streams of post-consumer
waste plastic.® PP found in post-consumer waste includes a
multitude of unidentified additives that are undesirable in a
virgin polymer’” and is often combined with other polymers
and non-polymers in products that make them impossible to
separate mechanically (i.e. multilayer packaging).® Even with
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state-of-the-art optical sorting technology, it is not possible to
physically separate a significant portion of post-consumer PP
waste into a stream that will produce a product of equal
quality to the virgin polymer.® As a result, the products of
mechanical recycling are always, to some degree, of lower
quality than the original polymer and must be “downcycled”
to less valuable uses.'® Larrain et al. have recently performed a
detailed technoeconomic analysis on mechanical recycling of
various polymers, including PP, and determined that none are
economically feasible without government assistance or a
drastic rise in oil prices to make them competitive with con-
ventionally produced polymers.’

In contrast to mechanical recycling, chemical recycling
breaks down polymers to their building blocks so that they can
be inserted into the conventional polymerization route. There
are two broad categories: the first breaks a single type of
plastic into its constituent monomers via solvolysis. With
some exceptions, such as PET, polyurethane, and nylon,
effective chemicals for depolymerization have yet to be found
for most plastics."* Some recent work indicates that supercriti-
cal water, CO,, or ionic liquids may be suitable for depolymeri-
zation of polypropylene, but the information available at these
early stages is insufficient to design an industrial process
based on this technology."” The second category of chemical
recycling is pyrolysis or gasification. These methods have the
advantage of accepting a wide range of plastic waste with a
high level of contamination and converting them into chemi-
cal feedstock.™ This is effective at limiting waste but does not
contribute directly to circularity, as the products of pyrolysis
have been found to be unsuitable for polyolefin production,**
and the process to convert gasification products back to poly-
mers is energy-intensive and has a low overall yield.'® The feed
must also be carefully sorted to remove polyvinyl chloride
(PVC) and PET, reducing the advantages of the relative insensi-
tivity to feed composition.”®® Energy-efficient methods to
reduce polymers into their monomers via chemical means are
still in their investigative stages. For example, Dong et al. have
proposed a process in which PP is broken down into mono-
mers via electrified heating."® This process has a higher rate of
conversion from polypropylene to propene monomers, at
36 wt%, than that of catalyzed pyrolysis, at 10-25 wt%, but
requires a high-purity feed and is not suitable for scale-up as it
depends on the area of the electrical heating medium. In
summary, while chemical recycling of polypropylene shows
promise as a method for generating circular polymers in the
future, the current state of the art is better suited to making
value-added chemicals, such as methanol,'®” than returning a
polymer to its original state.

Solvent-based recycling, technically a form of mechanical
recycling, has many similarities to chemical recycling. It
involves the dissolution of waste polymers but does not break
them into monomers, so the overall polymeric structure of the
plastic is not altered. Solvents can be chosen to dissolve a
certain polymer at a given temperature, even if multiple poly-
mers are physically attached, allowing a mixed feed to be sep-
arated into relatively pure product streams.®'” Since the poly-
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mers are separated at the molecular level, most additives may
also be extracted or left out of the extraction, resulting in a
product with near-virgin purity.'® There are several proposed
methods within the overall category of solvent-based recycling,
and this work examines the three most studied methods that
differ in terms of how they control the solubility of polymers
within the solvents. The solvent-antisolvent (SA) method uses
a solvent at a favorable temperature to dissolve the plastic,
then adds an antisolvent and lowers the temperature to induce
precipitation.'® The benefit of this method is the facile separ-
ation of solid and liquid phases, but the need to separate the
solvent and antisolvent for reuse is a major drawback.”® The
temperature-swing (TS) method uses a solvent, similar to the
SA method, but induces precipitation through lowering the
temperature alone.*'”??! This requires more energy to change
the temperature than the SA method but uses much less
solvent and is simpler overall. The supercritical solvent (SS)
method utilizes a solvent above its critical temperature and
pressure to dissolve the polymer and then lowers the tempera-
ture and/or pressure to induce precipitation.'®>* As long as the
bulk of the solvent is maintained in the supercritical state, the
heating and energy demands are not excessive, and the volatile
solvent is easily removed from the product when it returns to
near-atmospheric pressure before extrusion.

Alternative solvent-based methods, such as those using
switchable-hydrophobicity solvents®® or ionic liquids,'*” have
been proposed in the literature but are insufficiently studied to
build a robust process model for design and analysis.

Many efforts to compare polymer recycling methods have
been made recently, including a thorough comparison of
several plastics and methods by Uekert et al.>* Such reviews
are useful in their broad scope but fail to take into account
variations within classes of recycling methods - such as the
three different solvent-based methods discussed here. Most
studies concerning solvent-based recycling methods are based
on experiments concerning one or a few solvents and focus on
proof of concept.’”'®*° Little interest is paid to how these sol-
vents would be utilized in an industrial setting, and measuring
recovery is prioritized over solubility or process efficiency.
Other reviews focus on the design and optimization of a single
method, comparing it to one or a few alternatives.** An
example is the modeling effort of Nordahl et al, which
thoroughly assesses the greenhouse gas emissions of solvent-
antisolvent and mechanical recycling but neglects economic
factors and alternative recycling methods.>®

This work employs detailed process simulations to generate
data for technoeconomic and environmental analysis of three
solvent-based alternatives for recycling waste PP. Beginning
with a stream of visually sorted post-consumer plastic waste
typical of Japan,” the input can be varied based on the degree
of pre-sorting performed.>” Subsequently, the detailed model
includes selective dissolution, precipitation, and recovery of
the plastic and recovery/purification of the solvent(s). The ana-
lysis includes carbon footprint and economic factors, which
indicate the environmental impact and commercial viability of
these processes for circular polypropylene production.

This journal is © The Royal Society of Chemistry 2025
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2. Methodology

Three processes for solvent-based recycling of PP were
modeled using the process simulator Aspen Plus.”® The feed of
each model is an identical mixture of sorted plastic waste,
based on a study of optical sorting of typical municipal waste
in Japan carried out by Kawai et al.>’* The functional unit of
product is a mass of recycled PP (rPP) that has been extruded
into pellets for export from the plant boundary.

2.1 Process description

The three processes are based on accounts of laboratory and
pilot scale experiments,®'7219¢19%22 45 well as patents,> and
are described by the generic process flow diagram in Fig. 1. In
the base case, the nominal PP waste stream is expected to
contain approximately 79 wt% PP, 10 wt% polyethylene (PE),
and 11 wt% others (including plastics and non-plastics) after
undergoing physical sorting.”’* The mixed PP waste is fed into
one of three vessels that cycle through the dissolution process,
shown as two separate steps in the process diagram. First, the
solids are washed for 30 minutes with a hot solvent at a temp-
erature that will not dissolve PP, removing soluble plastics
other than PP and contaminants such as additives. Second,
the remaining solids are brought into contact with the hot
solvent for 30 minutes at a higher temperature that will dis-
solve PP but not the other plastics or contaminants. The vessel
is then emptied and prepared for the next batch of plastic
feed.

View Article Online
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The solutions from the washing and dissolution steps are
conveyed to the precipitation section, which consists of two
pairs of vessels that alternate between precipitation and solid
removal. In the first vessel, the conditions of the washing solu-
tion are altered to precipitate as many of the soluble materials
collected in the wash step as possible, which are filtered out
and collected. In the second vessel, the conditions of the dis-
solution solution are altered to precipitate PP, which is filtered
out and collected. The recovered solids are transferred to the
solid recovery step, where the soluble solids and PP are flashed
under various conditions to remove excess solvent. The con-
ditions of the PP recovery are carefully controlled to recover
99 wt% PP with less than 1 wt% solvent. The solvent streams
from the recovery section are combined and sent to the solvent
recovery section, where they are prepared to be reused. The
flash step heats the PP product to 221 °C, well above the
melting point, so that it can be sent directly to the extruder,
where it is pelletized for export from the plant boundary.

In the solvent-antisolvent (SA) and temperature swing (TS)
processes, the washing fluid is xylene at 100 °C and the dis-
solution fluid is xylene at 140 °C. This allows PE and soluble
contaminants to be extracted in the wash step and leaves
various insoluble plastics and contaminants. In the supercriti-
cal solvent (SS) process the washing fluid is propane at 110 °C
and 250 bar and the dissolution fluid is propane at 140 °C and
250 bar. This extracts various soluble contaminants in the
wash step and leaves PE and other insoluble contaminants. In
the SA process, precipitation is achieved by mixing the wash

N
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Fig. 1 Generic process diagram of the PP-targeted solvent-based recycling process. Vessels in the dissolution and precipitation sections are
jacketed pressure vessels. Flash vessels in the solid recovery section are preceded by heaters.

This journal is © The Royal Society of Chemistry 2025
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and dissolution solutions with an antisolvent (hexane) ata 3:
1 hexane : xylene volume ratio and lowering the temperature to
40 °C. The solvent and antisolvent are then separated via distil-
lation, while the solvent remaining in the PP product is
removed via vacuum flash. The operating conditions of the
solvent recovery column for the SA process are manipulated so
that the recovered xylene and hexane each have a purity of at
least 97 wt%. In the TS process, precipitation is achieved by
lowering the temperature of the wash and dissolution solu-
tions to 30 °C. The xylene remaining in the PP product is
removed vig vacuum flash. The solvent is simply filtered before
returning to the dissolution section. In the SS process, precipi-
tation is achieved by reducing the pressure of the solutions to
200 bar and reducing the temperature of the wash solution to
80 °C and the dissolution solution to 100 °C. All outlet
streams are flashed to atmospheric pressure, effectively remov-
ing propane from the PP product stream and soluble/insoluble
waste streams. The propane is recompressed to be returned to
the dissolution section. Table 1 summarizes the differences
between the three processes, and detailed process flow dia-
grams are included in the ESL.f

2.2 Modeling methodology

The processes were modeled in Aspen Plus. Solubility and
liquid entrainment were calculated for each wash, dissolution,
and precipitation unit operation block based on literature
values for PP and PE in xylene'® and superecritical propane.®
Since the exact slopes of the solubility curves are not known,
the solubility of PE in xylene was set to 15 wt% at temperatures
of 100 °C and above, and the solubility of PP in xylene was set
to 18 wt% at 140 °C and above. The maximum solubilities are
higher than these, but beyond this point the solution becomes
excessively viscous for fluid handling equipment. The solubi-
lity of ‘soluble materials’ in propane was set to 15 wt% at 250
bar and 100 °C and above, and the solubility of PP in propane
was set to 20 wt% at 250 bar and 140 °C and above. In all pro-
cesses, the solubility of components outside of those con-
ditions was set to 0.1 wt%, reflecting a low level of dissolved
solids that remain circulating within the process. The amount
of solvent used in a given step was a further 25% in excess of
the amount needed to achieve complete dissolution of the
target solid, to account for process fluctuations and uncer-
tainty in the solubility measurements. The process is robust
enough to handle polymers of various molecular weights, as
the dissolution and precipitation measurements were carried
out on polymers (including post-use waste) with molecular

Table 1 Summary of the solvent recycling processes in this study
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weights that varied over multiple orders of magnitude.'® For
expediency, the polymers were approximated by oligomers
made up of 100 monomer units.

Liquid entrainment with completely insoluble solids
leaving the dissolution section is assumed to be 5 wt%. The
amount of xylene-hexane antisolvent mixture and supercritical
propane entrained with solids leaving the precipitation section
is assumed to be 20 wt%. Due to swelling of the polymer, the
solids leaving the TS precipitation section are assumed to have
a large solvent retention, 60 wt% xylene before vacuum devola-
tilization. Since solvent entrainment is typically not discussed
in the literature, these are considered to be safe overestimates
based on the available data and unpublished experi-
ments.>?*?> A large amount of solvent loss is avoided by
repressurizing the solvent from the devolatilization stage and
returning it to the process. The amount of solvent remaining
in the product and waste streams after devolatilization is calcu-
lated based on the vapor-liquid equilibrium of the solvent and
polymer, as the high temperatures involved cause the polymer
to melt.

The conventional solvent models use the Redlich-Kwong
(RK) equation of state for the vapor phase and polymer-NRTL
(p-NRTL) for the condensed phase. The supercritical solvent
model uses the polymer Soave-Redlich-Kwong (p-SRK)
equation of state for the fluid phases. These models are widely
used in academia and industry for polymers and hydro-
carbons, in case of p-NRTL with RK, and such systems at high
temperatures and pressures, in the case of p-SRK.

2.3 Evaluation methodology

The processes were compared based on their carbon footprint,
measured in CO,-equivalent emissions, and the potential
economic benefits of operating a commercial-scale facility.
The facility is designed to process 5 tons of plastic waste per
hour, 40000 tons per year with downtime included. The
process boundary, illustrating the inputs and outputs to the
process model, is shown in Fig. 2. Sorting is indicated as a sep-
arate step, as its associated emissions were calculated based
on the literature (multiple sources), but it was not modeled in
this work.

The CO,-equivalent emissions of each recycling process
were calculated by multiplying the amounts of material and
energy that pass across the process boundary by the CO,-equi-
valent emission factors given in Table 2. These factors include
the emissions from the production of raw materials, power
generation, and transportation. The emission factor for electri-

Solvent-antisolvent

Temperature swing Supercritical solvent

Dissolution Wash Xylene, 100 °C
Dissolution Xylene, 140 °C

Precipitation Waste Add hexane (3: 1 ratio), 40 °C
PP Add hexane (3: 1 ratio), 40 °C

Distillation
Vacuum flash

Solvent recovery
PP purification
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Xylene, 100 °C
Xylene, 140 °C
Reduce temp., 30 °C
Reduce temp., 30 °C

Propane, 110 °C, 250 bar
Propane, 140 °C, 250 bar
Lower T & P to 80 °C, 200 bar
Lower T & P to 100 °C, 200 bar
Recompression

Vacuum flash Atmospheric flash

This journal is © The Royal Society of Chemistry 2025
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(~24 wt-% PP) \ } (79 wt-% PP)

Energy
(heat and electricity)

Make-up solvent

Fig. 2 Process boundary for environmental and economic evaluations.

Table 2 Summary of the CO,-equivalent emission factors used in this
study

Price Emission factor
Input/output (unit) ($ per unit) (kg CO, per unit)
Electricity (kW h) 0.12¢ 0.4397
Steam (GJ) 10.82 84.5
Cooling water (GJ) 0.354° 1.3
Plastic waste (ton) 330" 179¢
Xylene (ton) 368° s
Hexane (ton) 543°¢ s
Liquid propane (ton) 870° s
32 b

“From the METI energy report.*> ” From the UN Comtrade database.*®
¢ From Turton et al.*>* “ From Uekert et al.>* ¢ From the METI commod-
ities report.>® /From the JEPIC annual report.*® € From the IDEA data-
base (proprietary).>* ” From Tonegawa Sangyo Co., Ltd.*”

city, 0.439 kg of CO,-equivalent per kWh, is based on the most
recent data published by the Japan Electric Power Information
Center (JEPIC). The emission factor for collection and prelimi-
nary sorting of plastic waste, 179 CO,-equivalent per kW h, is
taken from a study by Uekert et al>! and the (proprietary)
emissions factors for other raw materials produced in Japan
are from the IDEA database.®’ The factors for cooling water
and steam are calculated from the processes used to create
them, namely cooling tower systems that rely on electricity for
circulating pumps and natural gas-fired steam boilers. The
CO, emissions due to plastic waste collection and sorting are
obtained from literature sources, namely the collection data
compiled by Uekert et al.>* and the mechanical sorting process
designed by Larrain et al.

The results of three alternative PP disposal methods -
mechanical recycling, gasification followed by reforming PP
via methanol synthesis, and thermal recovery - were com-
pared to the results of the solvent-based recycling methods.
Lifecycle inventory data were taken from literature studies of
these processes, and the common CO, emission factors
shown in Table 2 were applied for the evaluation. The process
inventory for mechanical recycling was described by Uekert
et al.”* based on an industry survey performed by Franklin
Associates.?® The process inventory for gasification/reforma-
tion was put together based on the waste polyolefin to metha-

This journal is © The Royal Society of Chemistry 2025
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Process simulation

* Mass/energy balance
* Equipment parameters

\_

~

Recycled PP
(99 wt-% PP)

Waste
(solid and liquid)

/

1" and the methanol to

nol process designed by Prifti et a
polyolefin process designed by Kuusela et al.'>* The process
inventory for the manufacture of virgin PP, used to calculate
avoided emissions from the production of rPP, was based on
a study of polymer production in Japan by Narita et al.>* The
net emissions of thermal recovery include the emissions from
collecting and burning waste plastic without sorting and the
avoided emissions from replacing natural gas as a source of
energy.

The quality of recycled PP reported in the literature varies
widely from source to source. For the accounting of avoided
emissions, an estimate is needed for the mass of virgin PP
that can be replaced by rPP. All sources agree that mechanical
recycling of PP results in a product of lower quality, and the
replacement ratio of 0.7 (kg of rPP per kg of virgin PP) used
in this study was based on the relative quality estimated by
Uekert et al.>* and matches the lower end of the substitution
ratio reported in the ESI of Nordahl et al.>® Several sources
report that the products of solvent recycling are of near-virgin
quality,'719%20:40 A5 such, the solvent-recycled PP is given a
replacement factor of 0.99. The gasification/reformation
method produces virgin polymer, which gives it a 1.0 replace-
ment ratio.

The economic comparison of the three solvent-based pro-
cesses is based on the net present value (NPV) and the
minimum sale price (MSP) of the produced rPP. NPV is a func-
tion of the capital expenses (CAPEX), operating expenses
(OPEX), operating income from the sale of rPP (OPIN), and
economic factors (such as internal rate of return, depreciation
structure, tax rate, etc.) (ECON), over the number of years of
operation, n:

NPV = NPV(CAPEX, OPEX, OPIN, and ECON),

The MSP is the price of rPP needed to achieve the break-
even NPV at the end of the final year of plant operation, N:

NPV(CAPEX, OPEX, OPIN(MSP), and ECON),, = 0

More detailed equations for calculating NPV and intermedi-
ate variables can be found in the ESIT and section II of Turton
et al.** The capital expenses (CAPEX) are calculated based on

Green Chem., 2025, 27,1667-1678 | 1671
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the sizing information of the major equipment (i.e., pressure
vessels, heat exchangers, pumps, compressors, and columns),
which are obtained from the process simulation. The equip-
ment costs were updated to reflect prices in 2022, the most
recent year for which price data are consistently available, with
a Chemical Engineering Plant Cost Index (CEPCI) value of
816."!

The operating expenses (OPEX) are calculated mainly based
on the costs of raw materials and utilities. The price of xylene
and hexane are estimated based on the most recent industry
statistics published by the Ministry of Economy, Trade and
Industry of Japan (METI),* while the price of liquefied
propane is estimated from information in the UN Comtrade
Database,”® based on the average value per unit of imports
from the largest sources of propane in 2022. The cost of steam
is calculated based on burning natural gas to provide the heat
energy and a small amount of electricity for running equip-
ment. The cost of cooling water is taken from Turton et al.>*
and was not updated, since the cost is very low and the prices
have not changed drastically enough for an accurate adjust-
ment to be deemed worthwhile. The cost of electricity is the
nationwide average from the most recent data published by
METL*

For the base case calculation of NPV, the price of rPP is
fixed at the MSP for the lowest-performing process (893 $ per
ton). It is compared to the price of virgin PP, roughly 1500 $
per ton.>® The waste stream containing mostly PE was treated
as “plastic waste”, and assumed to be passed on or resold for
the same price as the plastic waste feed (recouping some of
the cost of collection).

Based on the number of large pieces of equipment and
solid handling sections, labor was estimated to include 6 oper-
ators per shift. The boundary was placed at the plant gate,
thus excluding the costs and emissions from the transport,
storage, and use of the product. The NPV and MSP were calcu-
lated based on a typical process lifespan of 15 years. The
capital expenses are invested over 3 years up to “year zero”,
and then depreciated linearly over the first 5 years of oper-
ation. Additional financial considerations for base case evalu-
ation are a discount rate of 10%, typical for a process that has
been well-studied with some commercial implementation, and
an annual tax rate of 40%.

3. Results

3.1 Base case comparison

Each process achieves the desired throughput and purity, but
the energy and material requirements vary considerably
between the processes. A comparison of significant energy and
mass flows can be seen in Table 3.

The main source of solvent loss in the SA process is the
retentate of the dissolution step (the insoluble components),
which is almost entirely xylene. The other two boundary-cross-
ing streams, for very soluble (PE) components and PP, have
lower rates of entrainment in the polymer product, thanks to

1672 | Green Chem., 2025, 27,1667-1678
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Table 3 Summary of process inventory based on process simulations

Solvent- Temperature Supercritical
Metric antisolvent swing solvent
Feed rate 5000 kg h™" 5000 kg h™" 5000 kg h™*
waste waste waste
Makeup solvent 26 kg h™* 58 kg h™* 10kgh™
xylene xylene propane
5kgh™
hexane
Product rate 3977 kgh™ 3988 kg h™* 3978 kgh™
99.1 wt% PP 98.9 wt% PP 99.1 wt% PP
(Wet) solid 1054 kg h™" 1070 kg h™* 1032 kg h™"
waste
Process heating  1.36 GJh™* 5.07 GJh™ 1.89 GJ h™*
Product melting  2.58 GJ h™" 6.12GJh™ 1.22GJh™!
Distillation 4530 GJh™ — —
column
Solvent pumps 0.5 kW 0.1 kW 218 kW
Compressors 52 kW 273 kW 117 kW

the addition of the antisolvent. After undergoing flash devola-
tilization little solvent is lost, so the amount of makeup
hexane is less than its amount of circulation in the system
would suggest. On the other hand, without an antisolvent to
reduce polymer swelling, a large amount of xylene is retained
in the soluble (PE) and PP streams of the TS process. This
leads to more solvent loss, especially via the less rigorously
separated soluble (PE) stream, and more energy required to
maintain the vacuum as a proportionally large amount of
solvent is recovered. The SS process can recover almost all of
the entrained solvent due to the high volatility of propane at
elevated temperature and atmospheric pressure.

All three processes require a significant amount of electrical
energy, 600 kW, to wash and sort the plastic waste prior to
feeding it to the solvent recycling process. The SA process
requires large amounts of medium-pressure steam to operate
the column reboiler and low-pressure steam to change the
temperature of the large amounts of solvent and antisolvent
involved, 11.7 MJ kg™ rPP in total. The TS process has much
lower medium- and low-pressure steam requirements, 6.1 M]J
kg™ rPP, reflecting only the need to heat and cool xylene. Both
conventional solvent processes use vacuum devolatilization to
separate solvent from the PP product, which requires high
pressure steam to heat the mixture to a temperature that
allows for separation at a reasonable pressure. Because the TS
process has much higher solvent entrainment in the solid pro-
ducts, it requires considerably more high-pressure steam to
heat the product for flash devolatilization, 1.5 MJ kg™" PP as
opposed to 0.6 MJ kg™ " rPP for the SA process, and uses much
more electrical energy, 0.068 kW h kg™' rPP as opposed to
0.013 kW h kg™ rPP, to maintain the vacuum.

The SS process uses the least steam, 0.8 MJ kg™ rPP, as the
temperature changes within the process are smaller than those
in the conventional processes. The total power draw of the
compressor and pumps is higher than those of conventional
solvent processes, at 0.084 kW h kg™" rPP, although it is within
the same order of magnitude. While the solvent circulation

This journal is © The Royal Society of Chemistry 2025
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pumps require much more energy to cycle between 200 and
250 bar within the process, the amount of energy required by
the compressors in the devolatilization section is similar
between the processes. The TS process has the highest com-
pressor duty because of the large amount of entrained solvent,
and the power required to compress propane from atmos-
pheric pressure to 250 bar is only over twice that needed to
compress xylene from 0.02 bar to atmospheric pressure (as in
the SA process).

Fig. 3 summarizes the CO,-equivalent emissions of the
three processes operating under the base case conditions. The
CO, emissions from steam generation far outweigh those of
the electricity for the two conventional processes. This is pri-
marily because so much more energy is needed to change the
temperature of the solvent than is needed to transport it, even
when vacuum recompression is considered. The other major
sources of emissions are the collection of post-consumer waste
and pre-sorting of the plastic waste feed. These are consistent
factors in any polymer waste disposal methods, as can been
seen in the comparison in the following section.

Fig. 4 compares the capital and operating costs of the three
processes under base case conditions. Excluding contingency
and fees, 41% of the cost of the SA process comes from the
equipment associated with the solvent recovery column, and
19% comes from heat exchangers due to the need to heat and
cool large amounts of solvent and antisolvent. Pumps and
compressors make up 31% of the cost of the TS process
because of the large amount of vacuum needed to remove the
entrained solvent from the solid product. Both conventional
solvent processes have a large expenditure related to vessels,
which include the dissolution and precipitation vessels, and
all must be made of stainless steel to handle xylene and

1.4
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o M Electricity M High P Steam
< | Med P Steam Low P Steam
%)
~ 1.0
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©
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Solvent-  Temperature Supercritical
Antisolvent Swing Solvent

Fig. 3 CO,-equivalent emissions for the three base-case solvent-based
processes.
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hexane. The TS process requires larger, more expensive vessels
and compressors to handle the vacuum flash of a large
amount of solvent. The SS process has the highest vessel cost,
due entirely to the high pressures involved. Other equipment
costs are low due to the low demands for heating and relatively
small pressure changes within the process.

Operating costs are dominated by the cost of raw materials,
that is, the collection and preliminary sorting of plastic waste,
making up 72-91% of the total. While electricity is more
expensive per unit of energy, the small amount used results in
a cost similar to that of steam, decreasing relatively for the
heat-intensive SA process and increasing for the more electri-
city-intensive SS process. Maintenance, which is directly
related to capital costs, is a larger factor for the SS process.

The NPV calculations for the base case processes can be
seen in Fig. 5; using an assumed sales price of 893 $ per ton of
rPP, the MSP for the worst-performing (SA) process. For refer-
ence, the base-case MSP of the TS process is 788 $ per ton of
rPP while that of the SS process is 792 $ per ton of rPP. Since
all processes produce rPP at the same rate and the same
quality, the NPV depends on the capital and operating
expenses. Even though the SA process has the lowest capital
expenses, the higher operating expenses cause it to be the least
profitable of the base case processes. The SS process has the
highest capital expenses, but slightly lower operating expenses
result in a NPV at the end of plant operation of $14.6 million,
similar to the value of $15.4 million for the relatively cheaper
TS process. As the assumed sales price of rPP is well under the
approximately 1500 $ per ton price of virgin PP, and the
quality should be nearly equivalent, each of these processes
should be competitive with the manufacture of PP from fossil
resources.

3.2 Comparison of emissions with those of other recycling
methods

The emissions of the solvent-based recycling processes in their
base case configuration were compared to those of literature
data for mechanical recycling,® gasification/reformation,
and thermal recovery.’® Fig. 6 presents the CO,-equivalent
emissions of each process on the basis of 1 kg of PP waste.
Each of these processes produces a product: rPP for the re-
cycling processes, PP for gasification/reformation and thermal
energy for thermal recovery. Accordingly, each process is cred-
ited with negative emissions to represent the replacement of
products produced via conventional means: the fossil fuel
route for PP and natural gas for thermal energy.

The solvent-based recycling methods all have negative net
emissions roughly in line with the value of mechanical re-
cycling, —0.96 kg of CO,-equivalent per kg rPP. The SA process
has higher net emissions at —0.69 kg kg™, while the TS and SS
processes are significantly lower at —1.48 kg kg™ " and —1.67 kg
kg~'. While mechanical recycling has lower positive emissions
than all but the SS process, the lower quality of the rPP pro-
duced results in a significantly lower replacement ratio to
virgin PP and thus a smaller credit for avoided emissions. The
solvent-based recycling methods receive full credit for repla-
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cing PP with essentially virgin-quality rPP. The values for posi-
tive emissions are in line with the relative magnitudes calcu-
lated by a similar study that compared mechanical and con-
ventional solvent (SA) recycling to manufacturing of PP in the
United States.”® In that study, the solvent recycling (SA)
process had approximately 3 times the emissions of mechani-
cal recycling, but approximately 30% less than the convention-
al manufacture of PP (2.01 kg CO,-equivalent per kg PP).
Gasification/reformation and thermal recovery both
perform poorly in terms of CO,-equivalent emissions. The
process of gasification followed by reformation requires signifi-

1674 | Green Chem., 2025, 27,1667-1678

cantly more energy and material inputs, such as pure oxygen,
but the driving factor of the high emissions is the low conver-
sion of waste PP to recycled PP, around 35% (calculated based
on previous studies)."® As a result, the majority of the avoided
emissions come from steam and other byproducts rather than
replacing PP from fossil resources. In contrast, while thermal
recovery of 1 kg of PP waste avoids 2.21 kg of CO, from
burning an energy-equivalent amount of methane, PP releases
3.14 kg of CO, and emits an additional 0.18 kg of CO, collect-
ing the waste material. On the other hand, these two disposal
methods have the advantage of being able to accept relatively
dirty plastic waste streams with a highly variable composition.
If PP is not the desired product, and so low yield is not an
issue, gasification has potential as a more circular alternative
to thermal recovery for streams that are not suitable for other
recycling methods.

With the current modeling and evaluation methodologies,
the CO,-equivalent emissions of the alternative recycling pro-
cesses were comprehensively evaluated. The rPP obtained from
the solvent-based recycling processes have relatively high
quality as indicated by previous studies,'”?2° but further inves-
tigation is required to measure the various quality indicators
used by plastics manufacturers, including the melt flow index,
tensile strength, elongation, etc. to ensure its potential appli-
cation as a substitute for virgin PP.

3.3 Sensitivity study

The three solvent recycling processes were subjected to a sensi-
tivity study based on the composition of plastic waste supplied
to the solvent recycling process. A low-PP case was considered
where a typical plastic waste stream was not sorted optically
and only subjected to float/sink separation in addition to
shredding and washing. This method results in a combined

This journal is © The Royal Society of Chemistry 2025
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PP/PE stream with approximately 40 wt% PP, 58 wt% PE, and
2 wt% other materials. A high-PP case was also considered,
where optically sorted plastics are subjected to float/sink sep-
aration to yield a stream with 87 wt% PP, 11 wt% PE, and
2 wt% other materials. Although there is a wide variety of addi-
tives (plasticizers, dyes, etc.) included in plastic products, it
was assumed that these materials would have either high- or
low-solubility behavior, and be found in either the wash or in-
soluble streams. Thus, these two variants in addition to the
base case were considered to be good indicators for a demon-
stration of the ability of the solvent recycling models to handle
varying feeds.

Fig. 7 compares the overall CO,-equivalent emissions, MSP,
and economic performance of the three processes with three
different feed compositions. As the impact of waste collection
on CO, emissions is significant and based on the total mass of
plastic waste collected, it follows that having more non-PP com-
ponents in the feed increases the emissions per kg rPP. The
conventional solvent processes require additional solvent to
wash out PE, causing further increases in emissions and costs
in the low-PP (high PE) case. PE is not soluble in supercritical
propane under the process conditions, so not as much solvent
is needed for the SS process when the PP content is low. The
result is that the separation energy used more closely correlates
with the amount of PP in the feed and can be reduced as the
feed content decreases. The MSP correlates closely with the
operating costs, which in turn are dependent on waste collec-
tion and energy usage, and so has a similar trend to the CO,
emissions. Unlike the emissions, however, there are fewer differ-
ences between the three methods in terms of MSP. This is
mainly due to the outsize effect of waste collection on the oper-

This journal is © The Royal Society of Chemistry 2025

ating costs reducing the impact of the differences between the
processes, but also the fact that, while heat energy and electri-
city have a similar cost, the CO, emissions associated with elec-
tricity are much lower than those of direct heating in Japan. The
net result is that the MSP of the TS and SS processes are very
close when the PP content of the feed is high. It is significant to
note that all values of MSP are below the estimated selling price
of virgin PP at 1.5 $ per kg, indicating that all cases have high
potential to be economically competitive as an alternative to
manufacturing from fossil resources. The 40 wt% PP-feed cases
are the worst-performing, but might be expanded at relatively
low cost to include the production of high-quality recycled PE
for an additional income stream. The present analysis assumes
that the plastic waste remaining after PP is removed can be sold
at roughly the same price as was paid for collection, which is
why the MSP of rPP is noticeably lower than the operating costs
for the 40 wt% PP cases.

The capital cost also shows noteworthy behavior. The size
of the SS plant is closely linked to the amount of PP in the
feed, as opposed to the combined PP and PP content, so the
cost per kilogram remains fairly constant across the three feed
compositions. The conventional solvent processes must allo-
cate equipment to handle PE in the feed, and so the cost per
kg of PP produced increases with the amount of PE in the
feed. The 79 wt% PP case also stands out: because of the high
content of the other components in the feed, the capital costs
of the SS process are slightly higher than they would be in
order to ensure that any potentially soluble components are
removed in the wash. This causes a deviation in what would
otherwise be a nearly linear pattern in the capital and operat-
ing costs. While the MSP is driven by operating costs, capital

Green Chem., 2025, 27,1667-1678 | 1675
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costs have the most noticeable effect when the quality of the
feed is very low, giving the supercritical solvent process an
advantage in terms of both capital and operating expenses for
the case with 40 wt% PP in the feed. This advantage would be
somewhat negated if PE was targeted as an additional product.
PE only dissolves in supercritical propane at very high temp-
eratures and pressures, so the process could only recover pure
PE at significant additional expense.

4. Conclusions

The three processes presented here show the potential of
solvent-based recycling to address polypropylene waste dispo-
sal in a way that reduces overall CO, emissions, promotes cir-
cularity, and is economically viable. All processes were
superior to the conventional method of waste PP disposal via
thermal recovery in terms of CO,-equivalent emissions (net
—1.67 to —0.69, versus 1.11 kg kg~' PP waste), as well as the
competing circular polymer route of gasification/reformation
(net 2.13 kg kg™ PP waste). However, the solvent-antisolvent
process was the worst-performing in terms of both CO, emis-
sions and process economics. It performed worse in terms of
CO,-equivalent emissions than estimates for mechanical re-
cycling (net —0.69 vs. —0.96 kg kg™ PP waste). The supercriti-
cal solvent method had the lowest net emissions and good
economic performance, similar to that of the single-solvent
temperature swing method.

1676 | Green Chem., 2025, 27,1667-1678

The two broad classes of solvent-based recycling pro-
cesses have benefits and drawbacks with regard to process
and product safety. The supercritical solvent process involves
a volatile, flammable solvent at high temperature and
pressure, which requires extra caution when designing pro-
cesses for safe operation. On the other hand, xylene has a
larger impact on human health and so additional processing
may be needed to reduce it to acceptable levels within the
product. Propane has less of a health impact and is, as a
more volatile molecule, easier to bring within acceptable
limits. The operation of commercial supercritical solvent-
based plastic recycling facilities, by PureCycle, for example,
is evidence that these safety hazards can be acceptably
mitigated.

While this study was limited to comparing the CO, emis-
sions of the six alternative disposal methods, it is important
to consider the quality of waste a process can accept, the type
of product that it produces, and the cost. Mechanical re-
cycling requires relatively expensive equipment for handling
and sorting solids but produces a product with lower quality
and thus has low potential for circularity with current state-
of-the-art technology. Gasification can accept a stream with
high heterogeneity and produce a stream of useful chemicals,
including virgin-quality polymers, but their low conversion
back into polyolefins makes this method poor in terms of
emissions and circularity. The larger process footprint and
energy usage compared to solvent-based methods also bode
poorly for the cost performance. Thermal recovery can

This journal is © The Royal Society of Chemistry 2025
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cheaply deal with highly contaminated and mixed plastic
waste but produces high net emissions and requires contin-
ued production of PP from fossil resources. Further model-
ling of these processes is needed to better understand the
economic characteristics and potential emission reductions
when they are applied to a variety of waste streams. For
example, it is likely that mechanical recycling will continue to
be the optimal method for dealing with homogeneous waste
such as industrial cuttings. On the other hand, solvent re-
cycling might be best applied to streams with a few different
plastics, such as the light polyolefin stream from float-sink
separation. The most irreversibly mixed or contaminated
streams may be better subjected to gasification to recover a
circular product or thermal recovery to cheaply dispose of the
waste.

The most significant unknown for this study is the
quality of the rPP product. Experimental and commercial
rPP processes report “near-virgin quality”, but there is an
enormous variety in the composition of plastic waste a
process could encounter. This work attempts to reduce
uncertainty with the two-step dissolution process targeting
PP, which separates out common polymers and metals, but
there is a possibility that some additives will have the same
solubility characteristics as PP. There are further character-
istics, such as the melt flow index, tensile strength, and
elongation at break, with relevance and target values that
vary depending on the user. These characteristics are
inherent to the original waste polymer and, according to the
literature, are virtually unchanged by solvent-based re-
cycling, but will need to be studied in subsequent research
to verify these claims and find a more cohesive set of
desired qualities. Rather than tailoring a recycling process
to specifically separate out plastics based on varying charac-
teristics, the combination of physically attached plastics,
and the types of additives, it would likely be more cost-
effective to regulate the plastic characteristics, combinations,
and additives allowed in plastic of a given type. In pursuit of
a circular economy, some small limitations on functionality
may be necessary to achieve fully recyclable plastic waste
streams. An ongoing dialogue between plastic manufac-
turers, existing recycling companies, and government enti-
ties, a part of this ongoing project, should steer the direc-
tion of research and policy for circular polymers going into
the future.
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