Polystyrene

T,=397°C Char<1%«—
t,=2.0 min Gas < 1% «—

Showcasing research from Professor Wang’s laboratory, Davidson School
of Chemical Engineering, Purdue University, West Lafayette, Indiana,
United States.

Continuous low-pressure hydrothermal processing methods for polystyrene
conversion to oils

Exponential growth in the use of plastics since the 1950s has generated over 7
billion tons of waste in the landfills and oceans that degrades slowly, releasing
microplastics and thousands of chemicals harmful to life and ecosystems. This
study presents a scalable, continuous low-pressure hydrothermal processing
(LP-HTP) method to convert one of the plastics, polystyrene, into valuable
monomers—requiring no catalysts, producing less char than pyrolysis,
operating at 220 times lower pressure than supercritical water liquefaction,
and generating 95% lower green-house-gas emissions than incineration.

The method has the potential to support a sustainable circular hydrocarbon
economy.

Image reproduced by permission of C. Gentilcore, C. Un, P. Vozka, and N.-H.
L. Wang from RSC Sustainability, 2025, 3, 3925.

Image illustrated by O. Ozgonul.
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Continuous low-pressure hydrothermal processing
methods for polystyrene conversion to oilst

Clayton Gentilcore,? Cagri Un, ©?2 Josue Martinez-Maldonado,” Petr Vozka®
and Nien-Hwa Linda Wang & *@

Polystyrene (PS) waste is generated at an annual rate of 28 million tons, yet less than 1% is recycled. PS in
landfills and ecosystems degrades into microplastics and releases harmful chemicals. This study introduces
a continuous low-pressure hydrothermal processing (LP-HTP) method for converting PS into valuable oils
without a catalyst. Two continuous reactors were designed, built, and tested at average temperatures from
394 to 538 °C, PS feed rates up to 1.2 kg h™%, and residence times from 0.7 to 3.4 minutes. The process
achieved 99 wt% oil yields with minimal gas formation. Water in LP-HTP suppressed char formation to
<1 wt%. Lower temperatures and shorter residence times favored styrene production. At 397 °C and 2.0
minutes, the oil contained 65 wt% styrene monomer, and 88 wt% combined styrene monomer, dimer,
and trimer. Reaction pathways were proposed based on hydrocarbon species identified via GC-MS/FID
analyses. A detailed kinetic model was developed using oil composition data from 28 oil samples across
three experiments. The model-predicted oil compositions agreed within 6% standard error of the values
measured in an independent fourth experiment. The model was used to determine optimal conditions
for maximizing styrene product yields. This atmospheric-pressure continuous LP-HTP process is simpler
and more cost-effective than batch LP-HTP (2—-3 MPa) or supercritical water liquefaction (>22 MPa). It
offers a scalable and efficient route to recover valuable monomers from PS waste. It has the potential to
reduce PS waste consigned to landfills and mitigate its impact on human health and the environment.

Polystyrene wastes accumulating in landfills and the environment decompose into microplastics and toxic chemicals, resulting in harmful impacts to plants,

animals, humans, and entire ecosystems. Conventional plastic waste treatment methods, such as incineration, mechanical recycling, and pyrolysis, have been

ineffective in reducing plastic accumulation rates. This study developed continuous low-pressure hydrothermal processing methods for converting polystyrene
to valuable oils with minimal char and gas formation. It also features a predictive kinetic model that can be used to increase desired styrene product yields,

aiding process optimization and future scale-up. This new technology can help develop a sustainable circular hydrocarbon economy and provide incentives to

reduce plastic waste accumulation and associated environmental impacts (UN SDG 12).

1. Introduction

1.1. Background

decades or centuries into microplastics and nanoplastics,
releasing over 16 000 chemicals in the process. Over 4000 of
these compounds are known as carcinogens or mutagens,
posing serious threats to ecosystems and human health.>**

Global plastic waste generation has increased exponentially
since the 1950s, reaching an annual generation rate of 400
million metric tons and an estimated cumulative total of 9
billion metric tons by 2021.** Only about 10 wt% of this waste
has been recycled, and 14 wt% has been incinerated, while the
remaining 76 wt% has accumulated in landfills or leaked into
the environment.>* Plastics degrade slowly and fragment over
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Polystyrene (PS, Type 6) is a common polymer used in pack-
aging, insulation, electronics, and disposable products, and
contributes about 7 wt% of global plastic waste each year.>®’
Despite its widespread use, current treatment methods—
mechanical recycling, incineration, and pyrolysis—have done
little to reduce PS waste accumulation. In 2019, less than 1% of the
28 million metric tons of PS waste generated globally was recy-
cled.*®® Moreover, PS degradation emits hazardous compounds,
such as dioxins, furans, and polycyclic aromatic hydrocarbons
(PAHSs), which are associated with carcinogenic, mutagenic, and
neurotoxic effects.>*>'*"* These risks underscore the urgent need
for more efficient, scalable, and sustainable strategies to manage
PS waste and mitigate its environmental and health impacts.

RSC Sustainability, 2025, 3, 3925-3946 | 3925


http://crossmark.crossref.org/dialog/?doi=10.1039/d4su00796d&domain=pdf&date_stamp=2025-08-27
http://orcid.org/0000-0002-7925-5000
http://orcid.org/0009-0006-5427-4906
https://doi.org/10.1039/d4su00796d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00796d
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003009

View Article Online

Paper

RSC Sustainability

(10119
pIepuess o,9)
(ut 20 (um 21 (ut 0T (umu 21 L€4-10°0 = 7 suonorpaid
00T — Do 0S¥) €6 Do 1T¥) 6L Do 61F) TL Do 0EF) 98 00T {009-00¢ = VAL Sd [opow d.LH-d'T
(dpms stp)
(urw o'z (urw o'z (urtw o'z (utw o'z (urtw o'z (utw g'1 (urtw o'z pe-20=1%N s1orod Sd [eruswrzadxa
66-S6 Do £6€) L0 ‘Do L6£) T'O Do L6€) 88 Do L6€) T8 Do L6€) S9 Do 8€S) 78 Do L6E) 66 ‘8e5-¥6€ = VAL  [RIDIDWIWOD ‘dLH-dT
s3aq7ed +2STSA[0IAq
¥6-68 (00 05sS) 77 (Do 0SF) 8°0 (D0 009) ST (D0 009) ¥¥ (D0 009)€¥ (D0 009) 99 (D0 0SS) ¥6  8°LF-9°ST ‘009-0S% Sd 91SeM onA[ereD-uoN
70°0=
(s T Jo owun (Do 0TS~ (Do 0TS~ (Do 0TS~ (Do 0TS~ (Do 629~ (Do 0TS~ ‘1030821 UI T8/-5S0S so[nueid SISA[OIAd yseld
66-98  90UIPISAI) I°0 ‘Do ST) T'T Do ST) ¥8 Do ST) T8 ‘Do ST) ¥ ‘Do £0€) T8 Do ST) 66 ‘198ne ur £0g-ST Sd uISIIA onATeIeD-uoN
(s 10~ JO
W[} 90UDPISAI) s3or12d Sd 22SISAI0IAd yseld
66-S6 P39IP AUON (Do 0SF) 770 (Do 0S¥) 8 (00 005) €2 (D0 00S) T2 (00 05S) 28 (00 0S¥) 66 10°0 > ‘009-0S%  [BIDISWWOD onAreIen-uoN
G8-G¢ uInja1 £319U9 10§ PaISNqUIOD 33sem Sd ‘V/N  0°06-T0°0 ‘0S9T-0S9 Sd ASeM ;¢ UOIIBIdUIIUL
Slmﬂ,m.nwc:o%oom
G8-08 jonpoid S§d paohoar aonpoid 03 papnnxe aisem Sd V/N 0% 01 dn ‘082-0/T Sd 21SepM [BOTUBYOIN
0 [Igpue[ 03 JU3s d3sem Sd ‘V/N V/N ‘V/N Sd aIseM o-SUIYPUET
[961m] [961m] [261m] [261m] [%0m]  [2%Im] Iowouowr  [951Mm] (6D-°D) [9%63m]  [urua] swm souaprIsax 00ISpasg (suontpuoo
£19A0001 Teyd 31SamoT sed 35amoT JOWIN ‘TIoWIp JSWIpP ‘IoWOUOW  dUAIAIS ISOUSIH Iowouowr 110 359y 31H Do) 2amyeIadwagy, 159q YIIm) POYIDIN
jonpoid ‘Towouow  aud1k)s ISaYSIH €303 1S9y 3IH

Qua143s IS9YSIH

UOISISAUOD 1O JuWIIRDI} (Sd) BualhysAiod o) SpoyIaw Juaiaip Ul SpaiAk 10npoid pue SUORIPUOD SSad01d T d9el

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INV 8T:St€ 9202/22/T U0 papeo|umo( "GZ0z 8unf g U0 paus!and 801y sseooy usdO

© 2025 The Author(s). Published by the Royal Society of Chemistry

3926 | RSC Sustainability, 2025, 3, 3925-3946


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00796d

Open Access Article. Published on 30 June 2025. Downloaded on 1/22/2026 3:45:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

1.2. Literature review on methods for polystyrene (PS)
treatment

Landfilling polystyrene (PS) waste yields no useful products and
poses serious environmental risks, including greenhouse gas
emissions and groundwater and soil pollution—factors that can
adversely affect wildlife, ecosystems, and the safety of food and
water supplies (Table 1).>* Mechanical recycling retains the
embodied energy of PS, but polymer degradation limits recy-
clability to fewer than 10 cycles.>*'*** Incineration of plastic
waste for energy recovery can reclaim up to 85% of the
embodied energy of PS (~40 MJ kg™') in the form of heat and
electricity. This recovery, however, is limited to 35% when only
electricity is generated.>*>™” In addition to its limited efficiency,
incineration emits greenhouse gases and toxic compounds that
have significant health implications.®'">°

Continuous pyrolysis has emerged as a promising method for
converting PS into oils, yet its effectiveness is hindered by char
formation (Table S1}).***2* The accumulation of char leads to
catalyst deactivation and equipment fouling, reducing productivity
and operational efficiency.**>?* Furthermore, the landfilling or
incineration of char releases harmful chemicals to the environ-
ment."®****% A comparative summary of operating conditions and
product yields for these methods is provided in Table 1. Detailed
descriptions of their limitations are included in ESI Text S1.t}

Previously, we developed a batch low-pressure hydrothermal
processing (LP-HTP) method for converting PS into oils.*® This
approach achieved oil yields as high as 99 wt%, with signifi-
cantly less char formation compared to pyrolysis. Water played
a critical role by acting as a diluent that suppressed polycyclic
aromatic hydrocarbon (PAH) reactions responsible for char
formation, thereby enhancing oil yields and compositions.**-**
The function of water in LP-HTP is analogous to that in super-
critical water liquefaction (SWL), though batch LP-HTP operates
at much lower pressures (2-3 MPa, compared to >22 MPa for
SWL), resulting in reduced equipment and operating costs.

Despite these advantages, the batch LP-HTP process was con-
strained by operation in a pressurized reactor with long heating
and cooling cycles, resulting in extended residence times from 19
to 86 minutes.*® Moreover, monomer (Ce¢—Cy) yields were limited
by reversible reactions with poly-aromatic hydrocarbons (Cqo—
Cy4+). To describe these interactions, a reversible kinetic model
was developed to predict monomer and poly-aromatic yields.>***-¢
Preliminary assessments suggested that LP-HTP could outperform
pyrolysis and incineration in both energy efficiency and environ-
mental impact. However, to date, no study has addressed the
development of a continuous LP-HTP process.

1.3. Overall research objective and specific goals

The primary objective of this study is to design and evaluate
a continuous LP-HTP system that enhances productivity and
efficiency compared to the batch LP-HTP methods, enabling the
sustainable conversion of PS waste into high-value oil products.
The specific goals of this study are to: (1) Design, construct, and
evaluate a mini-pilot-scale continuous low-pressure hydro-
thermal processing (LP-HTP) system for PS conversion. (2)
Investigate the effects of two key operating parameters,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature and residence time, on oil yields and hydrocarbon
compositions. (3) Elucidate reaction pathways by analyzing the
detailed hydrocarbon compositions of oils produced under
varying operational conditions. (4) Develop a comprehensive
kinetic model for PS conversion via LP-HTP, incorporating the
identified reaction pathways and estimating intrinsic kinetic
parameters.

1.4. Research approach and highlights of study

To develop an efficient continuous LP-HTP method, two mini-pilot
reactors were designed, constructed, and tested at average
temperatures of 394-538 °C, PS feed rates of 0.2-1.2 kg h™', and
residence times from 0.7 to 3.4 minutes. Product samples were
collected during steady-state operations lasting 60 to 90 minutes,
and the yields of oil, gas, and char were quantified. The hydro-
carbon compositions of the resulting oils were characterized
through batch distillation and GC-MS/FID analyses. Concentra-
tions of hydrocarbon species were measured in 28 oil samples
generated under varying operating conditions across three exper-
iments (Experiments 1-3) to elucidate the kinetic pathways of PS
conversion. A plug-flow reactor (PFR) model was developed based
on the proposed kinetic pathways and major chemical species
present. Intrinsic kinetic parameters were estimated by fitting the
model parameters to the experimentally-measured species
concentrations from Experiments 1-3. The predictive accuracy of
the model was evaluated using four oil samples from an inde-
pendent experiment (Experiment 4), where the predicted concen-
trations of the major chemical species agreed with the
experimental values within a standard error of 6%. The validated
model was then used to identify optimal reaction conditions for
maximizing the yields of styrene monomer, total monomers (Ce-
Co), and combined styrene monomer-dimer-trimer. This kinetic
model offers a valuable framework for future process optimization
and scale-up of continuous LP-HTP systems.

In this study, the first continuous LP-HTP methods were
developed for converting PS to high-value oils. The highest oil
yield, 99 wt%, was achieved with minimal char and gas
formation (<1 wt%) and at a temperature approximately 50 °C
lower than that required by non-catalytic pyrolysis (Table 1). The
results showed that this oil contained 65 wt% styrene mono-
mer, 17 wt% styrene dimer, and 6 wt% styrene trimer, or a total
of 88 wt% styrene monomer, dimer, and trimer. A reactor model
based on intrinsic temperature- and equipment-independent
kinetic parameters was validated with independent experi-
mental data. Simulations predicted that PS can be converted to
various valuable oils, enriched with styrene monomer, dimer,
and trimer, for supporting a circular hydrocarbon economy.

2. Experimental materials and
methods
2.1. Feedstock used in experiments

Commercial polystyrene (PS) pellets were tested in this study.
General-purpose PS pellets (Ultra GPPS 17) with a characteristic
diameter of 2-5 mm and reported melt flow rate of 17 grams
over 10 minutes were acquired from ResMart (Fort Worth, TX).

RSC Sustainability, 2025, 3, 3925-3946 | 3927
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A weight-average molecular weight (M,,) of ~156 224 g mol " (or
C12000H12000) Was estimated (Fig. S1f) from the reported melt
flow rate and a literature correlation between PS melt flow rates
and molecular weights.?”

2.2. Equipment design for continuous conversion

Two LP-HTP reactors for continuous conversion of PS were
designed, constructed, and tested (Fig. 1). Detailed dimensions
of the two reactors are given in the ESI (Fig. S2 and S3%). The
reactors were designed for operation at atmospheric pressure
(0.1 MPa) to enhance safety and reduce capital and operating
costs compared to operating at higher pressures or under
vacuum. Both units were designed to operate in a ducted walk-
in fume hood for safety (Fig. S2f). Each unit consists of
sequential sections for feedstock feeding, feedstock conversion,
and product collection. Both units were assembled on an

TVA

.=
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aluminum alloy frame, with identical feeding and collection
sections.

The feedstock feeding section of each reactor (Fig. 1, S2 and
S31) was designed to continuously deliver PS pellets to the
reactor. Up to 3.9 kg of PS pellets were stored in the 6 L hopper
for each experiment. The top of the hopper was sealed with
a blind flange prior to operation. The bottom of the hopper was
connected to a flanged ball valve to keep the pellets in the
hopper prior to feeding. This ball valve opened to the inlet of the
auger tube system used to feed PS pellets into the reactor
through a flanged pipe connection. The auger blade was like
one found in a plastic extrusion setup and was turned within
the tube using a 1/8-horsepower gearmotor at rates of up to ~20
RPM during operation to move the PS pellets into the reactor.
The packing gland on the auger shaft connecting the blade
and the gearmotor prevented leaks from the system. Chilled

=
=
5
5
=
I3

=397°C Char <1%«—

20min Gas<1% «—-

Fig. 1 Schematic diagram of the low-pressure hydrothermal processing Reactor A (~15.1 L) and associated equipment.
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water was flowed at ~3 L min~' through the shell pipe
surrounding the auger tube using a recirculating chiller (Model
#C15-3-2L, Across International, Sparks, NV). The cooling
reduces “pellet bridging”—an obstruction of the auger tube
inlet caused by polymer melting due to heating from the
reactor.’® As the PS pellets were pushed through the auger tube,
the residual heat from the reactor caused the PS entering the
reactor to melt.

The conversion section of each mini-pilot reactor (Fig. 1) was
designed for continuous conversion of PS to oils. Two reactors
with different volumes were designed and constructed to study
the impact of varying residence time on oil yields and compo-
sitions. In Experiments 1-3, Reactor A (Fig. S3(a)f), with
a volume of 15.05 L (rounded up to ~15.1 L), was used; in
Experiment 4, Reactor B, with a volume of 4.13 L (rounded up to
~4.2 L), was used (Fig. S3(b)t). Each reactor consisted of a solid
collector, a pre-heater, and an upper reactor, with all sections of
the reactor well-insulated to minimize heat loss. The solid
collector was used for thermal conversion of the PS melt to
volatile hydrocarbons (C;-C,4.), and to collect any solids
produced during conversion. Water was continuously fed into
the reactor through a port near the solid collector to suppress
the formation of char during the conversion process. The pre-
heater was used to heat the hydrocarbons and process water
to the desired temperatures for conversion, and further
conversion occurred in the upper reactor. The volatile hydro-
carbons produced from PS conversion and the process water
used for LP-HTP exited the top of the reactor for product cooling
and collection.

The desired operation temperatures in the reactor (Fig. 1)
were maintained by using temperature control and monitoring
systems. Three thermocouples, Tamainy TB-Mainy a0d Tcaaing
were secured through threaded ports in the reactor wall, to
observe the temperatures close to the inner reactor walls for
temperature control (Fig. S3(a and b)f). These thermocouples
were connected to PID controllers paired with solid state relays
that controlled the desired temperatures of different reactor
zones by providing power to 208 V heating bands. The bands
were grouped together in three zones, with each heating zone
paired with a thermocouple (labelled as Ta-main, TB-Mains Tc-
Mmain) and connected to the control system (Fig. S3(a and b)¥).
Additional thermocouples (labelled as Ty_;, Ta-», Tp-1, Tp-2, Tn-3)
were used to monitor temperatures at additional points inside
of each reactor (Fig. S3(a and b)tf). Thermocouples were also
used to monitor the temperatures of the outer reactor wall
where the PS melt entered the solid collector at the auger tip
(Trip) and the chilled water where it exited the auger cooling
pipe (Treed)-

The collection section of the mini-pilot unit (Fig. 1, S2 and
S37) allowed produced oils (Cs—Cs4+) and gases (C;-C;) to be
cooled to room temperature and then collected continuously. A
total condenser was used to cool the produced hydrocarbons
and the process water to room temperature. The hydrocarbons
and water flowed down through the inner tube as chilled water
(5.7 Lmin™") flowed countercurrently through the outer shell to
cool the products. The products then entered the top of
a plugged side-arm flask connected to the condenser. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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condensed oil and process water remained in the flask while
any produced gas exited through the side-arm, in order to
measure the gas flow rate by using a gas flow meter.

2.3. Experimental procedures

The start-up, operation, and shut-down methods for continuous
LP-HTP operation were designed and tested in four experi-
ments. Detailed experimental procedures are described in ESI
Text S2.7 After assembling and insulating the reactor (Fig. 1, S2
and S37), the unit was contained within the walk-in fume hood.
The hopper was filled with pre-weighed PS pellets, and the unit
was purged with nitrogen gas to prevent combustion. As in the
previous batch LP-HTP study, process water was purified using
a Milli-Q water purification system.** The process water was
delivered to the reactor using a calibrated peristaltic pump. A
recirculating chiller was used to deliver chilled water to the
auger tube system and the total condenser during the entire
experiment.

When increasing the inner reactor temperatures and reach-
ing steady-state temperatures for PS conversion during start-up,
the solid collector on the bottom of the reactor was heated to
~375 °C while the higher reactor sections were heated to the
desired set temperature for each experiment. The minimum
temperature for PS thermal decomposition was reported previ-
ously to be 300 °C.***® Operation at ~375 °C allowed for fast
thermal decomposition of PS in the solid collector while mini-
mizing “pellet bridging” in the auger tube.?®

Once the desired temperatures were reached and remained
steady, a pre-weighed side-arm flask for product collection
was connected to the condenser outlet and the gas flow meter.
Then, the PS pellets were fed into the reactor by using the
motorized auger. When hydrocarbon gases and oil were initially
observed entering the side-arm flask during this initial PS
feeding (Fig. S4-S771), the peristaltic pump for delivering
process water was turned on and the associated reactor port was
opened, allowing for LP-HTP conversion to begin. After 30
minutes of PS feeding, the side-arm flask connected to the
unit was swapped out with an additional pre-weighed side-arm
flask, starting the “Sample 1” collection period for each
experiment.

During operation, sample collection periods lasting 30
minutes were used for collecting oils and used process water
from the continuous LP-HTP unit and measuring produced gas
flow rates. The temperatures, auger rotation rate, mass of
process water fed into the reactor, and flow rate of produced gas
were recorded every five minutes. Furthermore, gas collection
bags were used to collect produced gases during designated
collection periods. At the end of each sample collection period
of 30 minutes, a new collection flask was attached to the reactor.
Each flask containing oil and process water was weighed, and
the liquid contents were transferred to a glass bottle. Product
collection would continue until either pellet bridging occurred
in the auger tube to prevent feeding or the PS pellets were
completely consumed. Upon completion of product collection
and process shut-down procedures, the mini-pilot unit was
disassembled and cleaned after each experiment.
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Table 2 Volume-average temperatures (Ty,), residence times (tg), PS and process water feed rates, oil production rates, total operation time,
steady-state duration, and steady-state oil production rate for Experiments 1-4

Total operation  Steady-state Steady-state oil

Purpose for Tya tr PS feed Water feed  Oil production time [min] duration [min] production
kinetic model Exp.#t [°C] [min] rates [kg h™'] rate [kg h™'] rates [kg h™'] (# of samples) (sample identities) rate [kg h™']
Reaction pathway 1 394-397 2.0 1.02-1.03 0.05 1.01-1.02 60 (2 samples) 60 (1-1 to 1-2) 1.01 + 0.01
and model 2 479-483 1.4-3.4 0.21-1.18 0.05 0.20-1.15 360 (12 samples) 60 (2-4 to 2-5) 0.59 £ 0.02
development 3 536-538 1.2-1.9 0.21-0.77 0.10 0.20-0.74 420 (14 samples) 90 (3-3 to 3-5) 0.65 + 0.03
Model validation 4 479-483 0.7-0.8 0.35-0.49 0.05 0.33-0.47 120 (4 samples) 90 (4-2 to 4-4) 0.34 £ 0.01

2.4. Experimental design

Four continuous LP-HTP experiments were designed and con-
ducted at various reaction temperatures, residence times, PS
feed rates, and process water feed rates to examine the impacts
of different reaction conditions on oil yields and compositions
(Table 2). Experiments 1-3 were conducted to understand the
kinetic pathways and develop a kinetic model for continuous PS
conversion. The compositions of the oil samples from the
experiments were used to develop PS conversion pathways in
Section 3. The results were also used for estimating the best-
fitting intrinsic parameters for the kinetic model (Section 4.1
and 4.2). The oil compositions of Experiment 4 were used to
validate the kinetic model and intrinsic parameters (Section
4.3).

The operating conditions for the four experiments are shown
in Table 2. The experiments were conducted at atmospheric
pressure (0.1 MPa) to ensure process safety and scalability. A
total of 32 oil samples were collected during operation across
thirty-two collection periods, each lasting 30 minutes. Steady-
state operation was defined as when the variation of PS feed
rate was within +10% between the sampling periods. The first
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three experiments, Experiments 1-3, were conducted using the
15.1 L Reactor A. Experiment 4 was conducted using the 4.2 L
Reactor B.

A volume-average temperature (Ty,) for each sample period
was estimated based on the temperatures measured using the
thermocouples located in each reactor (Fig. S4-S77). Tempera-
tures within the reactor volume between each thermocouple
were assumed to vary linearly between the measured tempera-
tures (Fig. 2(a and b) and S8(a and b)7). For Reactors A and B,
with respective volumes of 15.1 L and 4.2 L (Fig. 1, S2 and S37),
temperatures were approximated for every 0.1 L, respectively
resulting in 151 and 42 temperature data points. From these
temperature profiles, the volume-average temperatures (Tya)
were estimated (Table 2). Residence times (tg) for each sample
were estimated based on the times required for the hydrocar-
bons and process water to pass through all 0.1 L volumetric
slices of the reactor used. The respective vapor phase density
data sets for toluene and water were used to estimate the
volumetric flow rates for hydrocarbons with various molecular
weights and process water in each volumetric slice.*® The esti-
mated values of Ty, and tiz are summarized in Table 2 and
shown for each sample in Sections 3 and 4.

Experiment 1 was conducted at temperatures like those of
the previous batch LP-HTP study to study the impact of low
residence times on styrene monomer (CgHg) and total monomer
(C6-Cy) yields from PS conversion.*® Experiments 2 and 3 were
conducted to study the impact of higher operation tempera-
tures on styrene monomer (CgHg) and total monomer (Cg—Co)
yields. Experiments 2 and 3 were used to also study the impact
of varying residence times on oil yields and compositions. In
Experiment 3, a higher process water feeding rate of 0.10 kg h™*
was used to study the impacts of shorter residence time on PS
conversion (Table 2).

The results of Experiments 1-3 were used for developing
a kinetic model for predicting product yields as a function of
temperature and residence time (Table 2). In Experiment 4, the
smaller 4.2 L Reactor B was used to study the impacts of shorter
residence time on oil yields and oil compositions. The results
were also compared with model predictions for testing and
verifying the proposed pathways and the kinetic model
parameters estimated using Experiments 1-3.

2.5. Product collection and yield estimation procedures

Following process shut-down, any unconverted PS present in
the hopper and the auger tube were collected and weighed. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mass of PS converted during each experiment was estimated
based on the difference between the mass of PS pellets fed into
the hopper before the experiment and the mass of the
remaining PS collected after the experiment. The converted PS
was estimated to be equivalent to the sum of the total mass of
gas, char, and oil produced in each experiment (eqn (1a)). The
mass of PS converted during each sample period was estimated
to be based on the sum of the gas, char, and oil produced for
each sample (eqn (1b)). Furthermore, the sum of specific
product masses from the samples was assumed to be equal to
the total mass of each product from the experiment (eqn

(1c)-(16)).

DS copretneyy = MGastow T MCharpgy + MOl (1a)
MBS pyenca, = MGas, + MChar, + Moi, (1b)
) S (1)
MGasyy — ZWZGasy (1d)
MCharTotal = chhary (16)
MoilTotal = Y_Moily (1f)

Total = total in experiment, y = specific sample in experiment.

To confirm the mass balance for each experiment, the
weights for the produced gas were estimated. The yield of the
gas produced in each sample was estimated based on data
recorded from the gas flow meter. For each sample period of 30
minutes, the gas flow meter readings were recorded every 5
minutes to obtain an average estimated gas flow rate per
sample. As mentioned in Section 2.3, gas collection bags were
used to collect gas samples during PS conversion for analysis.
Following GC-FID analysis of the gas samples (Tables S2, S3,
and Fig. S97) collected during Samples E2-S5, E3-S2, E3-S6, and
E3-S11, the average molecular weights of the different gas
samples were estimated to be like that of ethane (C,Hg). Then,
the ethane density at 25 °C and the average gas flow rate during
each sample collection period were used to calculate the mass
of gas produced during each sample period (eqn (2a)).*

The char yield from each experiment was estimated by
directly weighing the char remaining in the reactor after
conversion. By opening the top of the reactor after cooling it to
room temperature and cleaning the inside of the reactor with
a brush, any char produced was collected in the attached solid
collector section (Fig. 1). The char was removed from the solid
collector and weighed to estimate its total yield for the experi-
ment. The percentage yield of char for each sample of the
experiment was assumed to be equal to this total percentage
yield of char measured (eqn (2b)).

The oil yield from each sample was estimated from the
difference between the mass of the converted PS and the masses
of the produced gas and char (eqn (2c)).**** As described in
Section 2.3, each sample containing produced oil and used
process water was collected from the mini-pilot unit in a pre-
weighed side-arm flask. After removal from the unit, the side-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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arm flask was weighed to determine the mass of oil and water
collected. The recorded mass of process water fed into the
reactor during the specific sample period was subtracted from
this mass to estimate the amount of oil collected. The total mass
of oil collected during each experiment was about the same,
within 1%, as the total oil mass estimated by the difference
between the masses of converted PS and produced gas and char
(eqn (2¢)). This agreement indicates the accuracy of the mass
balance and the oil yield estimation for each experiment.

MGas
Gas yield% of sample y = { Gasy ] x 100%
MPS conyertedy
. (2a)
_ VAvg Gas Flowy X ty X pCZHG, 25 °C % 100%
TIPS Conyerteay
Char yield% of sample y = {L % 100%
TIPS Comvertedrog
(2b)
— [ M 100%
P Conyertedy
.
Oil yield% of sample y = { Oty ] x 100%
TIPS Conertedy
(2¢)
_ TPS conyerteay — MGasy — MChary % 100%
TIPS Convertedy

Total = total in experiment, y = specific sample in experiment.

2.6. Oil analysis by distillation and GC-MS/FID methods

The oil compositions were determined using similar methods
used in the previous batch LP-HTP study on PS conversion.*
Batch distillation and subsequent GC-MS/FID analyses were
used to study the composition of the produced oils. Before
distillation, the oils were separated from water by gravity
separation and treated with MgSO, to remove any trace water,
and 2 grams of each oil sample were used for GC-MS/FID
analysis. Based on the ASTM D86 distillation method,*® up to
100 grams of oil were separated into three fractions. The first
recovered oil fraction (Tpistinlation = 170 °C) mostly contained
one-ring aromatic hydrocarbons, or “monomers” (C¢-Co). The
second fraction (170 °C < Tpjgtintation = 300 °C) mostly contained
two-ring aromatic hydrocarbons, or “dimers” (C;o-Ci¢). The
third fraction, remaining in the 250 mL round bottom flask
after distillation (300 °C < Tpjgiltation), contained mostly three-
ring aromatic hydrocarbons, or trimers (C14-C,4+), and heavier
poly-aromatic hydrocarbons. The third fraction was labelled as
“heavy aromatics” in the experimental results. The oil fraction
yields reported in this study were based on the weights of these
oil fractions recovered from distillation.

Specific oil samples in each experiment were distilled to
allow the hydrocarbon distribution of other samples to be
estimated. Samples E1-S1 and E1-S2 (or 1-1 and 1-2) were
distilled for Experiment 1. Samples 2-1, 2-2, 2-5, 2-8, and 2-11
were distilled for Experiment 2. Samples 3-2, 3-6, 3-10, and 3-14
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were distilled for Experiment 3, and Samples 4-1 and 4-4 were
distilled for Experiment 4. For all other samples from each
experiment, the weight percentages of the lighter oil (sum of
Fraction 1 and Fraction 2) were estimated from linear correla-
tions with oil collection rates as explained in the ESI (Fig. 510,
and Table S47).

As in the previous batch LP-HTP study,* the composition of
each oil sample produced from PS conversion was determined
using GC-MS/FID methods (Table S51).**> The analysis identi-
fied chemical species in the C4-C,, range in each oil sample.
Some heavier poly-aromatic hydrocarbons, however, were too
heavy to be detected with GC-MS/FID. Therefore, any heavier
poly-aromatic hydrocarbons present in the “heavy aromatic”
fraction by weight were assumed to be C,4..

3. Results of continuous PS
conversion

3.1. Development of reaction pathways from results of
Experiment 1

In our previous batch LP-HTP study, complete PS conversion to
oils at an average reaction temperature of 341 °C was observed
after 19 minutes. Yields of styrene were quite sensitive to the
temperature and the reaction time. At an average temperature
range between 376 and 428 °C, the yields of the monomers (Cq-
Co) and the poly-aromatics (C;0-C,4+) reached constant values,
indicating reversible reactions between the two species. In the
previous study, only composition data for long residence times
of 19-86 min could be obtained.* Therefore, to investigate the
early stage of the reaction pathways, Experiment 1 was con-
ducted at low average temperatures of 394-397 °C and a short
residence time of 2.0 min. The temperature profiles of Experi-
ment 1 are shown in Fig. 2(a).

In Experiment 1, two oil samples were produced. PS was fed
at a steady-state rate of ~1 kg h™', and water was fed at 0.05 kg
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h™" to achieve a 5 wt% water loading (Table 2). After collecting
two samples, Sample 1-1 and Sample 1-2, pellet bridging in the
auger caused PS feeding to stop, ending the experiment
(Fig. s4t).

The results in Fig. 3 show high oil yields of 99 wt% and
minimal gas and char yields (<1 wt%). The yields of oil, gas, and
char of the two samples agree within 1%. Individual yields of
monomers, 67-69 wt%, dimers, 21-22 wt%, and heavy
aromatics, 9-10 wt%, in the two samples agreed within 2%. The
individual yields of styrene monomer, dimer, and trimer agreed
to within 4 wt%. These reproducible results in all yield cate-
gories indicate steady-state operation for 60 minutes.

The oil compositions for the two samples from Experiment 1
are shown in Fig. 4(a). Sample 1-1 had a high combined yield of
88 wt% of the three styrene compounds, including 65 wt%
styrene monomer, 17 wt% styrene dimer, and 6 wt% styrene
trimer (Table S67). The results suggest that the PS conversion in
this process begins with fast thermal decomposition of PS to
form trimers at short residence times.

Plausible reaction pathways were proposed in Fig. 4(b),
based on these observations and literature data.>***3"****” The
PS polymer would initially decompose into styrene trimers by
random chain scission and hydrogen transfer. The styrene
trimer would then decompose into a styrene dimer and
a styrene monomer. The styrene dimer would further convert
into two styrene monomers.

It was proposed that a styrene dimer could also decompose
into non-styrene monomers (C¢—Co, Fig. 4(a and b)).2%2430.46-48
The non-styrene monomers included BTEX chemicals such as
benzene (light green, Ce), toluene (green, C;), and ethylbenzene
(dark green, Cg), and other monomers such as a-methylstyrene
(vellow, Co), as shown in Fig. 4(a). Some styrene monomers
could decompose into non-styrene monomers and potentially
form light hydrocarbon gases (C;-C;).** The non-styrene
monomers could then combine to form non-styrene poly-

= Monomers = Dimers mHeavy Aromatics mGas mChar = Styrene mStyrene mStyrene BTEX = Other
(C6-C9) (C10-C16) (C14-C24+) Monomer Dimer Trimer Non-Styrene
Monomers
100
90 4.5
80 4
70 3.5
Yield ©° G
o 50 235 2
30 1.5
20 1
10 0.5
0 0
Sample # 11 1-2
Tva [°C] 397 394
Trange [°C] 307 to 432 308 to 427
PS Feed Rate [kg/hr] 1.03 1.02
Water Feed Rate [kg/hr] 0.05

Fig. 3 Yields of oil, gas, and char in sample collection periods of Experiment 1, with temperatures, residence times, feed rates, and oil

compositions shown.
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aromatics (C1o-Cy4+) that can decompose into non-styrene
monomers in a reverse reaction.*®* The poly-aromatics in
Experiment 1 included dimers (reds and pinks, C;5-Cig),
trimers (purple, C;;), and heavier non-styrene poly-aromatic
hydrocarbons (black, C,4). These reaction pathways, sup-
ported by the data in Fig. 4(a), were used in the development of
the kinetic model proposed in Section 4.

3.2. Effects of temperature and residence time on results of
Experiments 2 and 3

Two additional experiments were conducted to study the effects
of temperature and residence time on the oil yields and the oil
compositions in continuous PS conversion. In Experiments 2
and 3, the oil production rate decreased gradually during the
respective production periods of 6 hours and 7 hours due to
decreasing PS feeding rates (Fig. S5 and S67).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Detailed compositions of oils from Experiment 1. (b) Reaction pathways proposed for PS conversion in this study.

Experiment 2 was conducted at higher Ty, of 479-483 °C and
a wider tg range of 1.4-3.4 min than Experiment 1 (Table 2), with
12 samples collected and analyzed. The high temperature in
Experiment 2 resulted in high oil yields, 96-98 wt%, with minimal
yields of gas (1-2 wt%) and char (1 wt%) (Fig. 5(a)). The total
monomer (C¢—-Co) yields, 75-77 wt%, were higher than in Experi-
ment 1. Styrene monomer yields, however, were lower, 47-59 wt%,
and decreased with increasing residence time. Only trace amounts
of styrene dimer were detected in Samples 2-1 to 2-3, which had
shorter residence times, 1.4-2.0 min, than the remaining samples.
No styrene trimer was observed in Experiment 2.

The trends of higher yields of total monomers and lower
yields of styrene compounds in the oils from Experiment 2
(Fig. 5(b) and Table S71) support the proposed kinetic pathways
(Fig. 4(b)). At higher Ty, of 479-483 °C than in Experiment 1, the
styrene dimers and trimers were more readily converted to
monomers, and styrene monomers were more readily converted
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(a) Yields of oil, gas, and char in sample collection periods of Experiment 2, with temperatures, residence times, feed rates, and oil

compositions shown. (b) Detailed compositions of oils from Experiment 2.

to non-styrene compounds. Furthermore, the comparison of oil
compositions of samples from Experiment 2 indicates that
a longer residence time allowed more styrene compounds to
convert to non-styrene compounds. Longer ¢z also allowed
reactions between non-styrene monomers and non-styrene
poly-aromatics to form new compounds, such as cumene
(light yellow, Co), 2-phenylindene (light pink, C;s), 1,3-diphe-
nylbutane (pink, C;¢), 2-methylphenanthrene (light purple,
Ci5), and 1-phenylnaphthalene (purple, C;). Compared to
Experiment 1, however, yields of heavier non-styrene poly-
aromatics (black, C,,.) increased from 2-3 wt% to 8-11 wt%.
These results suggest that lower operation temperatures and
residence times can help increase the total yields of styrene
monomers, dimers, and trimers, and reduce the production of
heavier poly-aromatics, the precursors of char.

3934 | RSC Sustainability, 2025, 3, 3925-3946

The trends of high oil yields and varying oil compositions
with increasing Ty, and ti were also observed in Experiment 3,
conducted at the highest Ty, in this study of 536-538 °C for t; of
1.2-1.9 min (Table 2). In this experiment, 14 oil samples were
collected, with high oil yields of 95-97 wt%, and yields of 1-
2 wt% gas and 2 wt% char (Fig. 6(a)). The char formation was
kept low at this high temperature due to the diluent effect of
water. The highest Ty, of Experiment 3 resulted in the highest
observed total monomer yield of 82 wt%. However, the styrene
monomer yield decreased from 57 wt% to 34 wt% from Sample
3-1 to 3-14, as styrene monomers were converted to non-styrene
monomers with the increasing residence time.

The effects of higher Ty, and increasing tz on the oil
compositions of Samples 3-1 to 3-14 are shown in Fig. 6(b). As in
Experiment 2, styrene monomer yields decreased with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Yields of oil, gas, and char in sample collection periods of Experiment 3, with temperatures, residence times, feed rates, and oil

compositions shown. (b) Detailed compositions of oils from Experiment 3.

increasing tz in Experiment 3, because of the conversion into
non-styrene monomers. The increased production of non-
styrene monomers led to increased yields of non-styrene poly-
aromatics, increasing from 16 wt% to 24 wt% from Sample 3-
1 to 3-14 (Table S87). Moreover, since Experiment 3 was done at
higher average temperatures than those of Experiment 2 (Table
2), higher yields of heavier poly-aromatics (black, C,,.), 7-
13 wt%, were observed. These results further suggest that lower
temperatures and residence times are needed to minimize the
production of heavier poly-aromatics.

Overall, the results of Experiments 1-3 and the proposed
reaction pathways indicate that with increasing Ty, and tg,
more styrene dimers and styrene monomers convert into non-
styrene monomers, and more non-styrene poly-aromatics

© 2025 The Author(s). Published by the Royal Society of Chemistry

form. Therefore, to increase the yields of desired styrene
compounds and to reduce the complexity of oils produced, the
LP-HTP conversion of PS should be conducted at lower Ty, and
tr. The proposed pathways of Fig. 4(b) were the basis for the
kinetic model developed in Section 4.

4. Kinetic model development and
estimation of intrinsic kinetic
parameters

The purpose of developing a kinetic model for continuous LP-

HTP was to aid process optimization and future scale-up
efforts. In our previous batch LP-HTP study, a kinetic model
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was developed based on the data obtained for long reaction
times of 19-86 min. Although the temperature histories were
considered in developing the kinetic model, no samples could
be obtained at short reaction times needed to identify the
species produced in the early stages of PS conversion.** The
continuous LP-HTP equipment in this study enabled obtaining
samples from runs with shorter residence times (0.7-3.4 min).
Thus, the previous kinetic model from the batch study was
expanded to include the early-stage reactions (Fig. 4(b)). The oil
compositions from Experiments 1-3 were used for estimating
the intrinsic parameters of the kinetic model.

For simplicity, in the new kinetic model, the hydrocarbon
species observed in Experiments 1-3 (Fig. 4-6) were combined
to five major chemical species (Section 4.1). The best-fitting
kinetic parameters were estimated based on the temperatures,
residence times, and yields of the chemical species obtained
from the 28 samples of Experiments 1-3 (Section 4.2). The
predictions of the kinetic model were tested and validated with
data from an independent experiment, Experiment 4 (Section
4.3). The kinetic model, with the validated parameters, was used
to generate yield predictions as a function of temperature and
residence time in Section 5.

4.1. Equations of kinetic model for continuous PS
conversion

The proposed kinetic pathways for PS conversion (Fig. 4(b))
were used as the basis for the new kinetic model (Fig. 7). The
hydrocarbon species obtained from the GC-MS/FID analyses
were classified into five major chemical species, styrene trimer
(Ca4Hyy), styrene dimer (Cy6Hie), styrene monomer (CgHg),
lumped non-styrene monomers (C¢-Co), and lumped non-
styrene poly-aromatics (C19-C,4). The lumped poly-aromatics
consisted of non-styrene dimers (C;o-Ci) and heavy
aromatics (C14-Cs4+). The molecular weights of the two lumped
species in the model were based on average values, with the
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molecular weight of CgHg assigned to non-styrene monomers
and that of C;4H;6 assigned to non-styrene poly-aromatics.

As in our previous batch LP-HTP study,*® the new kinetic
model was assumed to consist of first-order reactions for
decomposition and second-order reactions for chemical
combination (Fig. 7). Since the PS polymer fed into the reactor
decomposed quickly, the starting compound of the kinetic
model was assumed to be styrene trimer (eqn (3)). The trimer
would decompose into a styrene dimer and a styrene monomer
(kr). This conversion was followed by the parallel reactions of
a styrene dimer converting to two styrene monomers (kp;) or
two non-styrene monomers (kp,). The resulting styrene mono-
mers would then convert into non-styrene monomers (k). As
observed in the previous batch LP-HTP study, the yields of the
monomers and the poly-aromatics plateaued because of
reversible reactions between non-styrene monomers and non-
styrene poly-aromatics. Therefore, the kinetic model also
included reversible reactions for the second-order combination
of two non-styrene monomers into one non-styrene poly-
aromatic (kps) and first-order decomposition of one non-
styrene poly-aromatic into two non-styrene monomers (kpg).
Gas or char formation was neglected in this model since
minimal yields (=2 wt% gas, =2 wt% char) were observed in
Experiments 1-3.

12000

F PSconvertedy — TF StyTr;
12 000 12 000 12 000
= g Fsumi 16 Fsypi, + TFStyMr
12 000 12 000
+ 8 FNOHSM[‘ + TFPoly; (3)

The molar flow rates and the concentrations of the five
species and process water were used with the kinetic constants
in the model (Fig. 7). The model consisted of a molar flow
balance equation (eqn (4)) and rate law equations with kinetic
constants, which were assumed to follow the Arrhenius

PS Styrene kT Styrene kD1 Styrene Styrene
Mw;/::sl'zz" ' Trimer ' Dimer ' Monomer+ Monomer
CrzoooH12000 12000/24 12000/16 12000/8 12000/8
CaqHay CieHye CgHs CgHs
+ kD2 kM
Styrene Non-Styrene Non-Styrene kP A Non-Styrene
Monomer Monomer Monomer Poly-Aromatic
(CC) P (CC) 2 (CirCar)
12000/8 k 12000/8 1  12000/8 k 12000/16
| 1
¥ kGas ;kChar
Gases Char
(C4+-Cy)

Fig. 7 Proposed kinetic model to describe PS conversion in continuous LP-HTP.
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equation (eqn (5)). The rate law equations were derived based
on gas-phase plug-flow reactor (PFR) behavior with no pressure
drop. The conversion process was modelled to occur across
a series of 0.1 L volumetric sections representing the total
volume of the reactor used, such as 151 volumetric slices of
0.1 L for the 15.1 L Reactor A. The total concentration of
hydrocarbons and water in each slice was estimated using the
ideal gas law. The concentration of each chemical species was
calculated based on the total concentration, total molar flow
rate, and individual molar flow rate of each species (eqn (6)).
These equations were used to build the rate law equations (eqn
(7)-(12)) for modelling continuous PS conversion in LP-HTP. As
little gas (=2%) and char (=2%) were observed in Experiments
1-3, the flow balance accounted only for the five species in the
rate law equations (eqn (7)-(11)). The constant molar flow rate
of process water (eqn (12)) was also included in the total flow
rate and flow balance (eqn (4)), to model its impact on the
residence time.

Frotal = Fsiyrri + Fsiypi + Fsgm + Fnonsm + Froly + Fwater (4)

Eqay
ky = ko, x € RT 5)
n Froy, Frota,
S Cpg = Towh o Dot o
i 7 Total; ['/Tmalv a Ji ( )
dF Ti
dS;iT _ rS[yTri — —kTCStyTl'i, (7)
Fewrei
— —kT (CTotal; X %)
Total;
dFsiypi
dS;D = rsypi = k1 Csyrii — kpi Csypi — kp2 Csypi
Fsyrig Fsiyp;
= kr( Crow, X o) = ko1 ( Crowy X 7
T( Total; Froul DI{ *Total Froy,
F .
—kDZ (CTotali X %) (8)
Total;
dF
dsIt/y'M = I'syM = kT CSlyTri +2x le CSlyDi B kM CStyM
Fsymi Fsumi
=kt (CTotal. X %) 2 ko (Cmal' . %)
Total; Total;
Fs
7kM (CTotali X F;YMI> (9)
Total;

dF NonSM
dv

Fsypi
=2 X kp (CTmali X ﬂ) + kwm (Cl'mali X

F Total;
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Table 3 Estimated best-fitting intrinsic parameters for the kinetic
model for continuous LP-HTP of PS

Parameter ko E, [kJ mol ]
kr 1.8 x 10* min™* 143.9
kpa 8.5 x 10’ min™* 102.4
koo 1.4 x 10" min* 205.4
e 1.4 x 10" min* 28.8
kpa 5.4 x 10'° mol L™! min™* 213.3
kpn 8.2 x 107 min™* 223.1
dFpq; 1 )
dVo.y = rpoly = —kpp Cpoly + 5 X kpa CNonsm
(11)
Froly. 1 F 2
= —kpp (CTmal, X ) = X kpa Crotal, X ~NonSM;
FTotal, 2 FToIal,
dFWater -0
I (12)

4.2. Estimation of intrinsic parameters and standard errors
for kinetic model

The intrinsic parameters were estimated by minimizing the
standard errors between the observed yields in Experiments 1-3
and the model-predicted yields of the five hydrocarbon species
in the kinetic model (Fig. 7). Initial estimates of the kinetic
parameters (Table S91) were obtained from the conversion data
of the five species in the 28 samples of Experiments 1-3 at
various Ty, and tz. When determining these initial estimates,
minimal conversion of the five species at 300 °C was assumed
based on literature observations.?**° The equations and the
method for finding the initial estimates are described in the ESI
(eqn (S1)—(S7) and Fig. S11 and S127).

The best-fitting parameters of k, and E, for each kinetic
constant (Fig. 7 and Table 3) were determined from the initial
estimates by using MATLAB programs of LSQNONLIN (Non-
Linear Least-Squares Fitting) and ODE45. The detailed proce-
dure for using these optimization programs can be found in the
previous batch LP-HTP study.*® The best-fitting values of the
parameters estimated from the data of Experiments 1-3 are
shown in Table 3.

As shown in Fig. 8, the model-predicted yields using the best-
fitting parameters agreed with the experimental data within

= NonsM = 2 X kp2 Csypi + knm Csigm + 2 X kpg Cpoty — kpa Cionsm”

(10)

2
'3 NonSMi>
F; Total;

Fp,
FP ly') — kpa <C1'omli X

Total;
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Fig. 8 Comparison of observed yields and model-predicted yields for (a) styrene trimer, (b) styrene dimer, (c) styrene monomer, (d) non-styrene
monomer, and (e) non-styrene poly-aromatic produced during sample collection periods in Experiments 1-3. The standard error between
model-predicted and observed yields of each species in each specific experiment is shown.

standard errors of 6%. The largest standard errors of ~6% were
observed for styrene monomer (Fig. 8(c)). The model was used
to obtain model-predicted yields expected for Experiment 4,
which are compared with the experimental results in
Section 4.3.

4.3. Testing and validation of the kinetic model with results
of Experiment 4

Experiment 4 was conducted in the smaller 4.2 L Reactor B
(Fig. S3(b)t), operated at slightly higher temperatures and

3938 | RSC Sustainability, 2025, 3, 3925-3946

shorter residence times, 0.7-0.8 min, than Experiment 2 (Table
2). Four oil samples were produced and analyzed. High oil yields
of 96-97 wt% were observed, with yields of 3-4 wt% gas and
1 wt% char (Fig. 9(a)). As observed in Experiments 1-3, the
styrene monomer yields decreased slightly with a slight increase
in tg.

Experiment 4 resulted in higher total monomer yields of 76-
78 wt% compared to those of Experiment 1 (Fig. 3), as expected
from the higher temperature. The styrene monomer yields, 45—
52 wt%, were slightly lower than those of Experiment 2,
Fig. 5(a), likely due to the slightly higher temperatures used

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Yields of oil, gas, and char in sample collection periods of Experiment 4, with temperatures, residence times, feed rates, and oil

compositions shown. (b) Detailed compositions of oils from Experiment 4. (c) Comparison of observed yields and model-predicted yields of chemical
species produced during sample collection periods in Experiment 4, with the standard error between these yields shown for each species.

(Fig. 9(a)) The styrene monomer yields again decreased with
increasing tg, and yields of non-styrene monomers and non-
styrene poly-aromatics increased (Fig. 9(b)). The trends were
consistent with those in Experiments 1-3 (Fig. 4-6). The overall
trends of increasing yields of non-styrene monomers and poly-
aromatics with increasing ¢z supported the proposed kinetic
pathways (Fig. 7). Furthermore, non-styrene monomers, such as
B-methylstyrene (golden rod, Cy), dimers, such as biphenyl and
2-methylbiphenyl (oranges, C;,-C;3), and heavy aromatics, such
as o-terphenyl (light gray, C,5) and p-terphenyl (dark gray, Cys),

© 2025 The Author(s). Published by the Royal Society of Chemistry

were observed only in Experiment 4, with the shortest t of 0.7-
0.8 min among all the experiments.

The temperature profiles and feed rates of PS and process
water for Experiment 4 (Fig. 2(b) and Table 2) were used to
independently predict the oil compositions of the 4 samples
produced (Fig. 9(a-b) and Table S10t). The best-fitting param-
eters of the developed kinetic model (Fig. 7 and Table 3) were
used to predict the oil compositions from Experiment 4 within
a 6% standard error (Fig. 9(c)). The close agreement between the
data and the model-predicted results of Experiment 4 supports
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the kinetic model and the proposed pathways. Thus, the kinetic
model is suitable for predicting oil compositions within a 6%
standard error for other operating conditions. Since Experiment
4 was conducted in a smaller reactor than Experiments 1-3, the
intrinsic kinetic parameters seem to be independent of the
equipment used. By using this verified kinetic model, condi-
tions for achieving higher yields of desired styrene monomers,
dimers, and trimers in LP-HTP processes are identified in
Section 5.
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5. Application of kinetic model for
product yield predictions

The kinetic model (Table 3) was used to identify the tempera-
ture and residence time for producing high yields of styrene
monomers, styrene dimers, and styrene trimers in continuous
LP-HTP. Simulations were conducted using various reaction
temperatures (Tya) and feed rates, which resulted in various
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Fig. 10 Surface plots for model-predicted yields of (a) styrene trimer, (b) styrene dimer, (c) styrene monomer, (d) non-styrene monomer, (e)
non-styrene poly-aromatic, (f) combined yields of styrene monomer and non-styrene monomer, (g) styrene monomer and dimer, and (h)
styrene monomer, dimer, and trimer at various volume-average temperatures (Tya) and residence times (tg).

residence times (tg). The reactor setup used in the simulations
was based on the 4.2 L Reactor B (Fig. S3(b)t), with 42 volu-
metric slices of 0.1 L representing the reactor volume in the
volumetric temperature profiles. Constant temperature profiles
were used in the simulations, ranging from 300 °C to 600 °C

© 2025 The Author(s). Published by the Royal Society of Chemistry

(Fig. S137). PS feed rates of 0.01 kg h™" to 50 kg h™" were used
with 5 wt% water loadings, or 0.0005 kg h™' to 2.5 kg h™*!
process water feed rates. The simulated residence times ranged
from 0.02 to 73.7 min at 300 °C and from 0.01 to 38.0 min at
600 °C.
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Table 4 Predicted oil compositions at various volume-average temperatures (Tya) and residence times (tg)

Styrene Styrene Styrene monomer + Non-styrene Non-styrene
Tva tr Styrene Styrene monomer monomer + dimer + trimer monomer poly-aromatic Total
Prediction point ~ [°C] [min] trimer [wt%] dimer [wt%] [wt%] dimer [wt%)] [wt%] [Wt%] [Wt%] [wt%]
* 419 2.0 1 4 72 76 77 14 10 100
Highest styrene
monomer
* 450 0.2 32 28 34 61 93 5 2 100
Highest styrene
dimer
411 1.7 5 12 67 79 85 10 5 100

Highest styrene
monomer + dimer

Surface plots were generated based on the kinetic model
predictions to show the effects of temperature (7y,) and resi-
dence time (tg) on the simulated yields (Fig. 10). The styrene
trimer yield was predicted to decrease with increasing Ty, or i
(Fig. 10(a)). This result is consistent with the data from Exper-
iments 1-4. As shown in the dark band with high-density
simulation points at Ty, of 400-420 °C, the trimer yields
decreased sharply with increasing residence times.

The styrene dimer was the intermediate species between the
styrene trimer and the styrene and non-styrene monomers. The
highest predicted yield of this intermediate species was 28%
(£6%) at 450 °C and 0.2 min (Fig. 10(b)). The maximum yield
predicted for the styrene monomer was 72% (+6%) at 419 °C
and 2.0 min (Fig. 10(c)). The peak yield was due to the
competing reaction for converting the styrene dimer to two non-
styrene monomers, and due to the conversion of styrene
monomer to non-styrene monomer (Fig. 7).

The predicted yields of the non-styrene monomer increased
with increasing Ty, and tz, as observed in the experiments
(Fig. 10(d)). Like the previous batch LP-HTP study,* the
reversible reaction equilibrium resulted in increased non-
styrene monomer yields at higher temperatures and long resi-
dence times. At 600 °C and 38.0 min, the PS was converted to
40% non-styrene monomers and 60% non-styrene poly-
aromatics. The highest non-styrene poly-aromatic yield of 68%
was predicted at a lower temperature of 405 °C and 48.0 min
(Fig. 10(e)), with ~31% non-styrene monomer and ~2% styrene
monomer. These high residence times were reached with the
lowest PS feed rate (10 g h~") used in the simulations. To reduce
the yields of these non-styrene species to =5% each, it was
predicted that lower temperatures and shorter residence times
(Tva < 500 °C, tg < 1 min) should be used.

As in the batch LP-HTP study,* if the total concentration of
hydrocarbons in the reactor decreases, the reversible reaction
equilibrium in Fig. 7 shifts to the increased production of non-
styrene monomers. In continuous LP-HTP, if the water loading
is increased to above 5 wt%, then the total concentration
decreases and the reversible reaction equilibrium shifts,
resulting in higher non-styrene monomer yields. This strategy,

3942 | RSC Sustainability, 2025, 3, 3925-3946

however, would decrease the residence time and increase the
amount of energy required for conversion.

Model simulations were used to identify conditions for
achieving high yields of valuable chemical species (Table 4). The
highest styrene monomer yield of 72% (£6%) was predicted at Ty,
of 419 °C and t; of 2.0 min (Fig. 10(c)). These conditions would
also give a combined yield of styrene monomer, dimer, and trimer
of 77%. The results of Experiment 1 at 397 °C and 2.0 min showed
a styrene monomer yield of 65 wt%, slightly lower than 72%, but
the combined yield of styrene monomer, dimer, and trimer was
88 wt%. Both processing conditions offer promising results.

The highest combined styrene and non-styrene monomer
yields of 86% were predicted at 430 °C and 1.7 min (Fig. 10(f)).
The results indicate that lower temperatures favor the conver-
sion of styrene dimers to styrene monomers instead of non-
styrene monomers. Consistent with these observations, the
highest combined styrene monomer and dimer yields of 79%
were predicted at 411 °C and 1.7 min (Fig. 10(g)). Furthermore,
a high combined yield of 93% styrene monomer, dimer, and
trimer was predicted at conditions of 450 °C and 0.2 min, which
also had the highest styrene dimer yield of 28% (Fig. 10(h) and
Table 4). These conditions, however, would result in styrene
monomer yields lower than 72%.

The results in Table 4 suggest that a multi-stage LP-HTP
process has the potential to achieve styrene monomer yields
higher than 72%. The first reactor should operate at a low
temperature and a short residence time to convert PS mostly to
styrene trimer, dimer, and monomer, while reducing the forma-
tion of non-styrene compounds. The products from the first
reactor can be separated in a distillation process into fractions of
styrene monomer and combined styrene dimer and trimer. The
styrene dimers and trimers would be converted in a second
reactor to further increase styrene monomer yields. This multi-
stage LP-HTP process has the potential to achieve high styrene
monomer yields with minimal char and gas formation.

This study is focused on the conversion of virgin PS in
continuous LP-HTP. Future research is needed to test the
treatment of post-consumer PS waste. The reactors in this
study were designed such that any non-converting

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds, specifically inorganic fillers (such as titanium
oxide or calcium carbonate), would accumulate in the solid
collector at the bottom of the reactor section for ease of
subsequent cleaning. Post-consumer PS waste also has other
compounds, such as rubbers, flame retardants, or other poly-
mers, which may be partially converted at the processing
temperatures for PS conversion, impacting the oil yields and
oil compositions. Future studies are needed to investigate how
these compounds affect the performance of continuous LP-
HTP processes.

6. Conclusions

Polystyrene (PS) waste is generated at a rate of 28 million tons
annually, yet less than 1% is recycled. Existing methods, such
as mechanical recycling, incineration, and pyrolysis, are
insufficient to address the growing problem. This study pres-
ents a novel, catalyst-free, continuous low-pressure hydro-
thermal processing (LP-HTP) method that converts PS into
valuable oils with up to 99 wt% yield and minimal char
formation (<1 wt%).

Operated at atmospheric pressure (0.1 MPa), the continuous
LP-HTP process is simpler and more cost-effective than batch
systems, which operate at higher pressures of 2-3 MPa, or
supercritical water liquefaction at over 22 MPa. Two mini-pilot
LP-HTP reactors were built and tested, showing that lower
temperatures and shorter residence times favored the produc-
tion of styrene monomer, dimer, and trimer. Yields up to
88 wt% of styrene monomer, dimer, and trimer were achieved at
397 °C and 2.0 minutes, with styrene monomer yield of 65 wt%,
while increasing temperatures and residence times increased
non-styrene monomer and poly-aromatic yields.

A kinetic model was developed based on proposed reaction
pathways and five major hydrocarbon product categories. The
intrinsic parameters of the model were estimated from the oil
compositions of the 28 samples from three experiments ob-
tained with various temperatures and residence times. The
model parameters were further verified with independent data
obtained from a fourth experiment conducted in a smaller
reactor. The model accurately predicted the product yields
within a 6% standard error.

The verified model with the temperature- and equipment-
independent parameters was then used to show how the reac-
tion temperature and residence time affect the oil composition.
Conditions of 419 °C and 2.0 minutes were identified for
maximizing styrene monomer yield (72%). Different conditions
of 450 °C and 0.2 minutes were also identified for predicting
a high combined yield (93%) of styrene monomer, dimer, and
trimer. The results demonstrated the utility of the model in
process optimization and potential scalability.

If the method is further tested with PS waste and scaled up, it
could be used to convert over 90% of the PS waste into valuable
feedstocks, such as styrene monomer, dimer, and trimer. This
technology offers a solution for PS waste management and
supports the transition to a sustainable circular hydrocarbon
economy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Abbreviation

Glossary

BTEX Benzene, toluene, ethylbenzene, and xylenes

CHP Combined heat and power

LP-HTP Low-pressure hydrothermal processing

LQSNONLIN Non-linear least-squares fitting

MATLAB Programming platform used for developing
kinetic model and determining best-fitting
intrinsic parameters

ODEA45 Ordinary differential equation solver

PAHSs Polycyclic aromatic hydrocarbons

PS Polystyrene

RPM Rotations per minute

StyTri Styrene trimer (C,,H,4)

StyDi Styrene dimer (C16Hj6)

StyM Styrene monomer (CgHjg)

NonSM Non-styrene monomer (C¢—Co)

Poly Non-styrene poly-aromatic (C1o—Cpa+)

Variables

Tva [°C] Volumetric average
temperature

tr [min] Residence time

T [°C, K] Temperature

P [MPa] Pressure

n [mol] Moles

VI[L] Volume

Reaction volume

Molar constant, 8.3145 x
10 k] K™ mol !

Mass of PS converted in
specific sample collection
period (y) of an experiment,
and total mass of PS
conversion in an experiment
(Total)

Mass of product j produced in
specific sample collection
period (y) of an experiment,
and total mass of product
produced in an experiment
(Total)

Average volumetric flow rate
of gas during specific sample
collection period (y)

Length of time for specific
sample collection period (y),
30 minutes

Atmospheric density of
ethane (C,Hg) at 25 °C
Average molar flow rate of PS
fed into reactor in specific
sample collection period (y)
Initial and final molar flow
rates of product j during
conversion in reactor

VReactor [L]
R[K] K ' mol™]

MRS Convertedy and TIPS conertedyyry [kg]

my and my, . [kg]

VAngasFlowy [L min71]

¢

v [min]

pCsz 25 °C [kg Lil]

i1
FpScopeneq, [MOIMIn™"|

F; and F; [mol min ]
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Total initial and final molar
flow rates during conversion
in reactor
Initial and final molar
concentrations of product j
during conversion in reactor
Total initial and final molar
concentrations during
conversion in reactor
Initial and final volumetric
flow rates of product j during
conversion in reactor
Total initial and final
volumetric flow rates during
conversion in reactor
First-order decomposition
reaction rate constants
Pre-exponential factors of
first-order decomposition
reaction rate constants
Second-order combination
reaction rate constant
Pre-exponential factor of
second-order combination
reaction rate constant
Eqr, Eap,, Eap,, Eam, Eapa, and  Activation energies of
E.ps [k] mol™'] reactions
j Product of conversion,
including styrene trimer,
styrene dimer, styrene
monomer, non-styrene
monomer, and non-styrene
poly-aromatic
X Reaction in kinetic model,
including T, D1, D2, M, PA,
and PB
y Identity of sample collection
period during specific
experiment

Frotal, and Frogy, [mol min ]
C; and G; [mol L]

Crotal, and Crogar, [mol L]
V; and V;, [L min ']

Virotal, and Vioay, [L min™"]

kr, kp1, kp2, ky and kpg [minil]

ko,, ko, ko,,s ko, and ko,
[min ']

kpa [L mol " min]

kopa [L mol™! min™"]
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