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ABSTRACT

This study presents experiments and modeling of batch distillation for the separation of
styrene monomer from polystyrene pyrolysis oil. The bottoms obtained from the batch
distillation was further fractionated applying a short-path distillation unit to study the
separation efficiency of styrene from the polystyrene pyrolysis oil. GC-FID and GCMS were
applied for the composition analysis of the polystyrene pyrolysis oil, distillate, and bottom
fractions. Styrene monomer was obtained with a purity of 99.9 wt% from the batch dis-
tillation. The batch distillation was modeled employing the NRTL-RK thermodynamic
model. A good agreement was achieved for the purity of styrene between the experi-
mental analysis and model prediction. Additionally, a continuous distillation column was
modeled for the scale-up of the process. Furthermore, viscosities and densities of the
bottoms fraction were measured at the temperature range of 298-348 K.
© 2023 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical
Engineers. This is an open access article under the CC BY license (http://creative-

commons.org/licenses/by/4.0/).

1. Introduction

valorization of plastic waste to produce chemicals and fuel
can fulfill energy demand and provide economic and en-
vironmental benefits.

The low recycling rates and increasing production of plastics
have resulted in accumulation of discarded plastics in land-
fills (Barnes et al., 2009) and oceans (Jambeck et al., 2015), and
requires development of new and efficient technologies for
waste recycling (Qureshi et al.,, 2020; Rahimi and Garcia,
2017). On the other hand, global warming and the current
energy shortage have directed research efforts to finding al-
ternative and sustainable energy sources. Traditionally pro-
duced from petroleum by-products, plastic polymers are rich
in hydrocarbons (Hopewell et al, 2009). Moreover,

Abbreviations:PS, polystyrene
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Even though plastics recycling symbol was initiated 40
years ago, only 14% of plastic packaging is collected for re-
cycling globally, and the recycling rate for plastics is much
lower than for plastics packaging (Ellen MacArthur
Foundation, 2017). In Europe, 10% of plastic waste is recycled
by applying mechanical recycling routes (Qureshi et al,
2020). Therefore, the chemical recycling of waste plastics via
pyrolysis is gaining interest these days due to the need for
recycling of the high share of plastics which cannot be me-
chanically recycled. Chemical recycling technologies (Grause
et al,, 2011) can possibly play an important role in the tran-
sition towards a circular economy (Qureshi et al., 2020). The
closed loop recycling of materials (Qureshi et al., 2020) as well
as hydrocarbons with excellent fuel properties (Sharma et al,,

0263-8762/©® 2023 The Author(s). Published by Elsevier Ltd on behalf of Institution of Chemical Engineers. This is an open access article
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Nomenclature

Abbreviations

aMS alpha-Methylstyrene

CAS Chemical Abstracts Service Registry Number
exp experimental

FID Flame Ionization Detector
GC Gas Chromatography
HETP Height Equivalent Theoretical Plate
lit literature

MS Mass Spectroscopy

ppm parts per million

rpm rotations per minute

VLE Vapor-Liquid Equilibrium
wt weight

Symbols

F flowrate

g gram

mbar millibar

mL milliliter

mm millimeter

P pressure (mbar)

T temperature (K)

W Watt

2014) can be achieved. In addition, if pure monomer could be
recovered through chemical recycling, the price of polymers
could be decoupled from the oil prices (Rahimi and
Garcig, 2017).

Liu and co-authors (Liu et al., 2000) have studied pyrolysis
of polystyrene waste in a fluidized bed reactor to obtain
styrene monomer and gasoline fraction. The yield of styrene
from the pyrolysis was 78.7 wt%. Styrene monomer was ob-
tained with a purity of 99.6 wt% from the vacuum distillation
of pyrolysis oil. In addition, Liu and co-authors have dis-
cussed about the recycling of the bottoms fraction to the
pyrolysis reactor to increase the yield of styrene and aro-
matics in the pyrolysis oil.

Within these contexts, this study presents the purification
of polystyrene pyrolysis oil to polymerization grade styrene
by employing distillation to obtain styrene monomer which
could be re-polymerized in the production of latex or other
polymers. Styrene monomer was obtained with the purity of
99.9 wt% from the batch distillation of polystyrene (PS) pyr-
olysis oil. The predicted purity of styrene from the batch
distillation model was comparable with the experimental
analysis. Additionally, a continuous distillation was modeled
for scale-up of the process. The binary interaction para-
meters for styrene + toluene/a-methylstyrene were adopted
from the previous VLE work (Dahal et al., 2023) and applied to
improve the distillation model. In addition, the physical
properties of the bottoms fraction were measured which can
be employed for the design of the pumps.

This work outlines the separation of styrene monomer
from polystyrene pyrolysis oil where polymerization grade
styrene was achieved with higher purity (99.9 wt%) than in
the literature (99.6 wt%) (Liu et al., 2000). Additionally, this
research is a comprehensive study for the fractionation of
polystyrene pyrolysis oil which includes phase equilibria and

distillation combined with the physical properties of the
bottoms fraction.

2. Experimental

This section details about the experimental procedure ap-
plied for the purification of polystyrene pyrolysis oil.

2.1. Pyrolysis

This research was initiated by applying pure polystyrene (PS)
as a feedstock for pyrolysis to obtain a better understanding
of the system at the beginning. The model feedstock was
processed with a modular extruder for homogenization and
densification. The homogenized polystyrene feedstock was
pyrolyzed under various conditions: (1-8) second/s of re-
sidence time and a 450-550 °C range of temperature. The PS
pyrolysis oil was obtained with a styrene content of 71.5 wt%
at a pyrolysis temperature of 550 °C. The pyrolysis was per-
formed at VTT Technical Research Center of Finland Ltd.

2.2. Materials

PS pyrolysis oil was characterized by employing Gas
Chromatograph Mass Spectrometer (GCMS). Thereafter, the
retention time of PS pyrolysis oil components in Gas
Chromatograph (GC) equipped with Flame Ionization
Detector (FID) were determined by applying the pure com-
ponents provided in Table 1. 2,4-trimethyl-1-pentene and
2,2,4-trimethyl-2-pentene were employed for the distillation
column characterization. 4-tert-Butylcatechol was adopted
as a polymerization inhibitor during distillation of the PS
pyrolysis oil. 1,2-Diphenylethane (bibenzyl) was applied as
the styrene dimer model component.

2.3. Fractionation

The separation of pure styrene monomer from the PS pyr-
olysis oil was studied at Aalto University by applying batch
distillation. The styrene content in the bottoms fraction after
batch distillation was 39.5 wt% as presented in Table 2.
Therefore, the bottoms fraction from the batch distillation of
PS pyrolysis oil was further fractionated by applying a short-
path distillation (SPD) unit. The objective of the SPD was to
study the separation of most of the styrene from the PS
pyrolysis oil.

2.3.1. Batch distillation column

The batch distillation column consists of a two-section set-
up with the structured packing (MONTZ type A3-1000) in-
ternals specification given as 1000 m%m? specific surface,
80 mm height and 25.2 mm diameter. The upper and the
lower sections of the column included 14 and 7 pieces of
packing, respectively. Both the upper and lower sections
were comprised of a DN25 diameter silver coated column
(NORMAG GmbH, Ilmenau, Germany) with vacuum isolation,
sight stripes, and outer expansion bellows. The total heights
of the upper and the lower sections of the column were
1330 mm with a packing height of 1120 mm and 690 mm with
a packing height of 560 mm, respectively. The heating mantle
(ITA Instruments) was applied for the reboiler. A round



CHEMICAL ENGINEERING RESEARCH AND DESIGN 195 (2023) 65-75

67

Table 1 - List of the materials and their specifications.

Component/CAS number

PS pyrolysis oil components
Acetone/67-64-1

Benzene/71-43-2
Ethylbenzene/100-41-4
a-Methylstyrene/98-83-9
Phenylacetylene/536-74-3
2-Propenyl benzene/300-57-2
Styrene/100-42-5
Toluene/108-88-3
o-Xylene/95-47-6
p-Xylene/106-42-3
m-Xylene/108-38-3

Dimer model component
1,2-Diphenylethane/103-29-7
Components for distillation column characterization
2,2,4-trimethyl-1-pentene/107-39-1
2,2,4-trimethyl-2-pentene/107-40-4
Polymerization inhibitor
4-tert-butylcatechol/98-29-3

Supplier/Purity

VWR Chemicals/ > 99.9%

Sigma-Aldrich/ > 99.9%

Sigma-Aldrich/ > 99.0%

Sigma-Aldrich/ 99%, 15 ppm* p-tert-butylcatechol®
Sigma-Aldrich/ 98.0%

Sigma-Aldrich/ > 98.0%

Sigma-Aldrich/ > 99.9%, 10-15 ppm* 4-tert-butylcatechol®
VWR Chemicals/ > 99.95%

Sigma-Aldrich/ > 99.0%

Sigma-Aldrich/ > 99.0%

Sigma-Aldrich/ > 99.0%

Sigma-Aldrich/ 99%

Sigma-Aldrich/ 99%
Sigma-Aldrich/ 99%

Sigma-Aldrich/ > 99%

* Parts per million.
& Inhibitor content according to supplier.

bottom reboiler flask was kept inside a polycarbonate box
provided with nitrogen purging for safety. The distillation
column was placed inside a six-meter-high polycarbonate
cabin equipped with ventilation.

The Pt-100 temperature probes were applied to measure
temperatures of the reboiler, the condenser and the middle
section of the column. The pressure transducer was located
at the top of the condenser. The thermometer probes and the
pressure transducer were wired to National Instruments
cRIO-9045 connected to a computer with National

Instruments LabVIEW software. The masses were measured
with an electronic balance (OHAUS AX8201) and the un-
certainty of the measured mass was 0.1 g. The uncertainty in
measured temperatures were 0.2 K for the bottom and 0.3 K
for the distillate, and 0.1 kPa for the pressure measurement.

2.3.2.  Short-path distillation unit

The bottoms obtained from the batch distillation was further
fractionated by applying a KDL1 laboratory-scale short-path
distillation unit (UIC GmbH, Alzenau-Hoerstein, Germany).

Table 2 - Gas chromatography analysis of the PS pyrolysis oil, distillates and the bottoms obtained from the

experimental batch distillation.

components composition (mass fraction)

PS pyrolysis oil distillate fractions bottoms

1st 2nd 3rd 4th Sth

Lighter
Acetone 1.43E-05 1.80E-04 0 0 0 0 0
Benzene 3.97E-06 5.00E-05 0 0 0 0 0
Toluene 5.93E-03 7.39E-02 2.25E-04 2.3E-04 0 0 0
Ethylbenzene 1.51E-03 1.10E-02 3.05E-03 1.66E-03 7.8E-04 2.7E-04 0
p-Xylene 5.87E-05 1.70E-04 0 1.0E-04 2.1E-04 2.0E-05 0
o-Xylene 4.10E-05 2.40E-04 3.0E-05 7.0E-05 5.0E-04 3.0E-05 0
m-Xylene 1.17E-04 4.20E-04 6.0E-05 2.30E-04 2.9E-04 5.0E-04 0
2-propenylbenzene 1.59E-06 2.00E-05 0 0 0 0 0
Phenylacetylene 3.89E-05 1.10E-04 8.0E-05 7.0E-05 7.0E-05 6.0E-05 0
Cumene 1.02E-05 0 0 3.0E-05 3.0E-05 3.0E-05 0
Styrene 0.7159 0.9137 0.9941 0.9974 0.9985 0.9994 0.3951
Heavies
a-Methyl styrene 1.06E-02 0 0 0 0 0 2.31E-02
p-Methyl styrene 9.07E-04 0 0 0 0 0 1.24E-03
3 butenyl benzene 8.03E-04 0 0 0 0 0 1.41E-03
1 H-Indene 3.38E-03 0 0 0 0 0 7.38E-03
Divinylbenzene isomers 2.05E-03 0 0 0 0 0 2.04E-03
Dimers 0.1811 0 0 0 0 0 0.3965
Heavier fraction 0.0776 0 0 0 0 0 0.1694

u(wdistillate) = 0.00004, u(wbottoms) = 0.004.
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The operating principle of the short-path distillation unit
adopted in this work is as similar as presented by Kim and co-
authors (Kim et al., 2021). The evaporator was made up of
borosilicate glass with an evaporation surface area of 0.017 m?
and equipped with motor-driven roller wiper to create a thin
film of liquid on the inner wall by centrifugal force. The
temperatures of the feed tank and the evaporator were
maintained by a jacket circulated with hot oil (FG heat transfer
fluid, Petro-Canada Lubricants). A vacuum system was con-
nected to maintain the operating pressure within the system.
The pressure of the system was adjusted using a pressure-
regulating valve for air. The pressure readings were taken
using a vacuum gauge (DCP 3000 Vacuubrand). The water-
cooled condenser allowed the vapor to condense as distillate,
and non-volatiles were collected as bottoms residue. A liquid
nitrogen trap served as a protection for the vacuum system by
condensing the vapor leaving the condenser.

2.4. Batch distillation column characterization

The experimental work began with a determination of the
number of theoretical stages, the height equivalent of theo-
retical plates, the pressure drop, the heat losses of the
column and the column hold-up.

2.4.1. Number of theoretical stages

A gravimetric mixture of 2,2,4-trimethyl-1-pentene (TM1P)
and 2,2,4-trimethyl-2-pentene (TM2P) was distilled under
atmospheric pressure and total reflux conditions until a
steady state temperature profile was established in the
column. Thereafter, the samples from distillate and bottoms
were taken and analyzed by GC. Then, the number of theo-
retical stages (24 + 1 stages) was graphically determined by
applying the McCabe-Thiele method (Seader et al., 2008).
Next, the height equivalent theoretical plate (HETP) was
calculated by employing the number of theoretical stages (24)
and the total packing height (1680 mm), which is equal to
69 + 2 mm.

2.4.2. Pressure drop

The pressure drop of the column was determined by heating
a mixture of TM1P and TM2P at atmospheric pressure. The
pressures were measured by the pressure sensors located at
the bottom (reboiler), the middle section, and the top of the
column. The calculated pressure drop from the top to the
bottom of the column was 0.9 + 0.1 mbar.

This pressure drop is not precisely transferable to other
experiments because the density of the vapor phase at the
atmospheric pressure is appr. 10 times larger than in the
vacuum. However, the F-factor for the TM1P + TM2P mixture
and the polystyrene pyrolysis oil mixture was compared.
Firstly, the F-factor was calculated applying Eq. (1). Secondly,
the calculated F-factors were applied in the pressure drop
correlation for the Montz packing A3-1000 to obtain the
pressure drop. The pressure drop for the pyrolysis oil dis-
tillations was 0.6 mbar/m at the top part of the column and 1
mbar/m at the lower part of the column. This shows that the
pressure drop is comparable to the representative pressure
drop measurement of the TM1P + TM2P mixture.

F  factor = wg* /o (1)

where wg is the superficial velocity (m/s) and pg is the gas
density (kg/m?®).

2.4.3. Heat losses
The heat loss in the column was also determined using the
mixture of TM1P and TM2P. Two separate experiments were
conducted by applying a) a reboiler flask insulated with fi-
berglass cloth and b) a reboiler flask without insulation. The
power of the reboiler was adjusted to 320 W for the reboiler
flask without insulation and to 400 W for the insulated re-
boiler flask. The mixture was heated under total reflux until a
constant temperature profile (100°C) was observed. Then,
the mass of the distillate under zero reflux within the time
interval of 15, 30, 45 and 60 s was measured. Thereafter, the
power required to vaporize the distillate was calculated ap-
plying Eq. (2).

n
P = Tt AHygp )
where P is power (J/s), n is moles of distillate (mol), t is time
(s), and AHygp is heat of vaporization (J/mol) of TM1P. The
calculated power was compared to the power output of the
reboiler and the heat losses were calculated as: 61 + 5% of
reboiler output for the insulated reboiler and 80 + 1% of re-
boiler output for the reboiler without insulation.

The approximate enthalpy change of the mixture from
liquid to vapor can be calculated using the mole fraction and
the pure component enthalpy of vaporization. In this ex-
periment, the mole fraction of TM1P was 0.506 in the reboiler
and 0.914 in the distillate. If the pure TM1P enthalpy of va-
porization at 100 °C is compared with the approximate en-
thalpy change, the percent difference in the reboiler and the
distillate is 2% and 0.4% respectively. This minor difference is
assumed to have a minimal effect in the distillation column
characterization. Therefore, only the heat of vaporization of
TM1P was applied in Eq. (2) to calculate the power required to
vaporize the distillate.

From the calculation, it can be observed that the heat
losses are large. However, the total height of the column is
approximately 4 m, and the surface area of the column, the
spherical glass joints and the conical glass joints are large.
The transmission of this calculated heat loss to pyrolysis oil
distillation is reasonable because the distillation of poly-
styrene pyrolysis oil was started at a temperature below
100°C and approached 110°C at the end. The average heat
loss along the time scale of the polystyrene pyrolysis oil
distillation is comparable to the steady temperature of the
TM1P + TM2P mixture.

2.4.4. Column hold-up

The batch distillation column hold-up experiment was per-
formed (at 95 mbar) by employing two components with a
substantial difference in boiling points: toluene and ethyl-
benzene. During the experiment, ethylbenzene was loaded
into the flask and boiled under total reflux until a constant
temperature profile was formed in the column. Then, toluene
was added in small amounts through a capillary placed next
to the reflux rate controller at the top of the column. Toluene
was added until the whole top section of the column (14
packings) was wetted with it. This was observed when the
thermometer reading between the two sections reached the
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boiling point of pure toluene. The mass of the toluene added
to the top section (14 packings) of the column was 46.1g.
Thus, the column hold-up calculated was 3.3 + 0.2 g for 80-
mm length piece of packing.

Furthermore, the liquid hold-up of a single packing
(Montz Type A3-1000) was determined employing toluene.
Initially, a single packing was weighed (dry mass), and the
packing was completely submerged into pure toluene. The
submerged packing was lifted with a tweezer and placed in
an empty decanter glass. The mass of the packing was
weighed (wet mass). The procedure was followed quickly
because toluene could evaporate rapidly during the mea-
surements. Four experimental repetition was performed at
the room temperature and the ambient pressure. Afterwards,
the single packing hold-up was determined from the dry and
wet masses of the single packing. The calculated single
packing hold-up was 3.5 + 0.2 g/packing. It can be noticed
that the single packing hold-up (3.5 g/packing) is slightly
higher than the batch distillation column hold-up (3.3¢g/
packing). However, the single packing hold-up was de-
termined at ambient conditions whereas the batch distilla-
tion column hold-up measurement was carried out at
different temperature-pressure conditions (95 mbar). The
difference in the viscosities of toluene at these two different
conditions could possibly result in such a difference.

Next, the viscosity and the surface tension of toluene,
ethylbenzene and styrene was calculated applying the DIPPR
correlation (Design Institute for Physical Properties, 2005)
and plotted as a function of temperature 25-125 °C. The re-
lative deviations of the viscosity of styrene from the viscosity
of toluene and ethylbenzene were 10% and 3%, respectively.
Similarly, the relative deviations of the surface tension of
styrene from the surface tension of toluene and ethylben-
zene were 13% and 8%, respectively. These differences were
assumed to have a minor effect on the column character-
ization. Hence, the column hold-up measurements em-
ploying toluene and ethylbenzene is relatable for other
components of the polystyrene pyrolysis oil.

2.5. Experimental distillation runs

This section details the experimental conditions applied
during the batch and the short-path distillations.

2.5.1. Batch distillation

The PS pyrolysis oil distillation was carried out in the batch
mode under vacuum at 99 + 2 mbar of the condenser pres-
sure. The reboiler flask was insulated with a fiberglass cloth
and the reboiler was operated at the power of 160 W. 4-tert-
Butylcatechol was added to the PS pyrolysis oil batch prior to
the distillation and to each distillate collector in the con-
centration of 10 ppm to inhibit the polymerization of styrene.
Five distillate fractions were taken. The reflux ratio was set to
three for the first distillate fraction and then to one for the
other four fractions.

About 60 mL of the distillate was planned to obtain at an
interval of 3045 min from the batch distillation experiments.
The low boiling components were separated from the first
two distillate fractions. Thereafter, it was possible to get pure
styrene monomer in the later distillate fractions. After the
collection of distillates in the distillate collector flask, the

distillate collector flask was detached from the batch dis-
tillation column. The distillate was poured into a glass bottle
and the mass of the distillate was weighed. Thereafter, the
distillate collector flask was connected back to the distilla-
tion column. All five distillate fractions were collected ap-
plying the same procedure. However, the batch distillation
run was stopped at a bottom temperature of 100-120°C to
minimize the risk of polymerization.

2.5.2. Short-path distillation

The short-path distillation (SPD) was initiated with a test
distillation using toluene to estimate the heat transfer ca-
pacity. The operational conditions (T=70°C, P=270 mbar)
were specified using the vapor pressure curve of toluene
from the DIPPR correlation (Design Institute for Physical
Properties, 2005). Based on the test distillation, the calculated
heat transfer capacity of the SPD unit was 0.38 W/K. It was
assumed that the heat transfer for the actual sample dis-
tillation is the same as in the test distillation.

The distillation of the bottoms obtained from the batch
distillation was carried out at 80 mbar, and 110°C of eva-
poration temperature. The rotational speed of roller wiper
was set to 106 rpm and the condensation temperature was
26 °C. The feed flow was kept at 0.31 mL/min. Prior to the
short-path distillation, 4-tert-butylcatechol was added to the
bottoms (0.002 g) and the distillate collection flasks (0.001 g)
to avoid polymerization.

2.6. Characterization

The characterization techniques employed for the distillate
and the bottom fractions is presented in the following sec-
tions.

2.6.1. GC analysis

All the distillate and the bottoms fraction obtained from the
batch distillation and the SPD were taken into vials and
analyzed directly after the completion of experiments. The
toluene present in the PS pyrolysis oil was separated from
the distillates and no remains were left in the bottom frac-
tion (Table 2). Therefore, toluene was applied as an internal
standard (solvent) for the analysis of bottoms fraction. The
heavy components that cannot be detected from the GC was
quantified applying the mass of internal standard. However,
the distillate fractions were analyzed without an addition of
solvent because the distillate fractions mainly consist of pure
styrene.

Agilent 6850 GC equipped with FID was employed for the
quantitative analysis of the distilled fractions. The analysis
of the components is based on the method of peak area, and
priorly determined retention times for the pure components.
GC settings applied for the analysis of the bottoms (method I)
and the distillates (method II) is illustrated in Appendix Table
A-1. Further, Shimadzu GCMS-QP2010 SE was employed for
the identification of the components in the distillate and the
bottoms fractions. The runs in the GCMS instrument were
made by applying the same capillary column and GC settings
(Appendix Table A-1) as adopted for the Agilent 6850 GC. The
identified peaks were compared with the MS of the compo-
nents provided in the Pyrolysis-GC/MS data book (Tsuge
et al,, 2011) as well.
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2.6.2. Density & viscosity

A DMA 5000M density meter (Anton Paar GmbH, Graz,
Austria) was adopted for the density measurements of the
bottoms fraction. The temperature uncertainty of the density
meter provided by the manufacturer was 0.1K. The ex-
panded uncertainty of the density measurement was esti-
mated to be 0.3kgm™ at the 95% level (Baird et al., 2017).
Further, a Brookfield LVDVE230 rotational viscometer was
applied to measure viscosities of the bottoms fraction. The
temperature was controlled employing a Lauda water bath (u
(T) =0.2K). The temperature was let to stabilize for 30 min
before recoding the viscosity value at every temperature
change. The uncertainty includes the standard uncertainty
of the viscometer (10%) and the uncertainty in measurement
repeatability. Then, the expanded uncertainty was calculated
employing the method as described in earlier work (Dahal
et al., 2021).

2.7. Laboratory saftey

The polystyrene pyrolysis oil components are hazardous,
and some are carcinogenic, therefore; precautions were ap-
plied during the experimental work to avoid human damage
or any kind of contamination in the laboratory premises. The
distillation apparatus was placed inside a polycarbonate ca-
binet with a ventilation system and a nitrogen purging to the
reboiler cabinet. The powered air-purifying respirator was
adopted while handling the pyrolysis oil and performing
distillations. In addition to these, the safety guidelines pro-
vided in the safety data sheet for handling styrene and its
waste was followed.

3. Batch distillation modeling

The batch distillation was modeled using the Non-Random
Two-Liquid (NRTL) (Renon and Prausnitz, 1968) activity
coefficient model and Redlich-Kwong (RK) equation of state
for the vapor phase fugacity (Redlich and Kwong, 1949) in
Aspen Plus version 11. The vapor phase fugacity coefficients
and the Poynting correction were included in the model even
though both the values were very close to one in this case.
The pure component properties were retrieved with the
Aspen Plus from the NIST Thermo Data Engine database
version 10.2. The PS pyrolysis oil composition provided in
Table 2 was applied as a feed in the simulation. Further, the
heavier components were lumped as heavy and designated
as styrene trimer which is non-volatile. The binary para-
meters for every component pair in Table 2 were taken from
the Aspen Plus Databank (APV110 VLE-RK). In addition, the
binary interaction parameters for styrene + «MS and toluene
+ styrene were adopted from the previous work (Dahal et al.,
2023). The batch distillation column was assumed to consist
of 24 theoretical stages based on the earlier column analysis
(Section 2.4.1). The experimentally determined operational
specifications such as the holdup, the reboiler duty, the heat
loss, the pressure, the reflux ratio, the operating steps, and
the masses of the feed and the distillates were employed in
the batch model. The heat loss was specified as a side duty.
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Fig. 1 - Purity of styrene in five distillate fractions: (o) exp
and (—) from the batch model.
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Fig. 2 — Reboiler temperature and the batch distillation time
profile: (o) exp distillate fraction and (—) from the batch
model.

4, Results

This section summarizes the results from the experimental
batch distillation and the batch distillation model. The results
from the GC analysis and the short-path distillation are
detailed. The measured physical properties of the bottom
fraction are provided in the Supporting Information.

4.1. Batch distillation

Table 2 presents the GC analysis of the PS pyrolysis oil, the
distillates and the bottoms obtained from the batch distilla-
tion. The low boiling fractions such as acetone and benzene
were present only in the first distillate fraction. Styrene was
obtained with the purity of 0.9994 in mass fraction in the fifth
distillate fraction. Further, the bottoms fraction consists of
styrene and heavies only. The experimentally determined
purity of styrene in five distillate fractions agree well with
the calculated one from the batch model in Fig. 1. The mass
fraction of styrene in the bottoms from the experimental
analysis and predicted from the model were 0.395 and 0.442,
respectively. Furthermore, the experimental temperature
and the time profiles are comparable with the calculated
ones in Fig. 2.
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Table 3 - The masses (g) of the feed, distillates, bottoms

and the loss amount measured in the experimental

Table 5 - The masses (g) of the feed, distillate, bottoms
and the loss amount measured in the experimental

batch distillation of PS pyrolysis oil.

feed distillates bottoms loss

1st 2nd 3rd 4th Sth

5522 438 466 899 736 248 252.4 211

The uncertainty of measured mass is 0.1 g.

Table 4 - Gas chromatograph analysis of the distillate
and the bottom fractions of the short-path distillation.

components composition (mass fraction)
distillate bottoms
Styrene 0.7775 0.0631
Heavies
a-Methyl styrene 0.0472 0.0031
p-Methyl styrene 0.0025 -
3 butenyl benzene 0.0029 0.0002
1H-Indene 0.0148 0.0014
Divinylbenzene isomers 0.0054 0.0004
Dimers 0.1443 0.5725
Heavier fractions - 0.3597

U(Waistilate) = 0-004, U(Wyottoms) = 0.004.

Table 3 presents the measured masses of the feed, the
distillates, and the bottoms during the experimental batch
distillation. In Table 3, the loss amount is a residual hold-up
of the batch distillation column. This residual hold-up is
equal to 30% of the total column hold-up (in Section 2.4.4)
during the operation.

4.2. Short-path distillation

The feed for the short-path distillation is the bottoms ob-
tained from the batch distillation and the composition is
presented in Table 2. Table 4 presents the GC analysis of the
distillate and the bottoms obtained from the short-path
distillation. The masses of the feed, the distillate and the
bottoms measured in the short-path distillation are pre-
sented in Table 5. The loss amount in Table 5 is a residue in
the short-path distillation unit which was not recovered.

As there is no reflux in the short-path distillation, it is
difficult to obtain a pure styrene monomer with this method.
However, the motive of the short-path distillation was to
investigate the separation of residual styrene from the hea-
vier but potentially close-boiling pyrolysis oil fractions. The
short residence time and the low pressures were required for
the polystyrene pyrolysis oil distillation due to potential side
reactions, and the system can undergo polymerization.
These conditions were achievable in the SPD unit.

The concentration of styrene in the bottoms after the
short-path distillation was only 6wt% as presented in
Table 4. Apart from the lighter components, a-methylstyrene
(«MS) seems a possible component from the heavier end to
affect the purity of styrene during the separation which is
observed from Table 4. Therefore, the VLE of styrene +aMS

short-path distillation.

feed distillate bottoms loss
35 13.4 19.9 1.7

The uncertainty of measured mass is 0.1g.

was measured in our previous work (Dahal et al., 2023) and
the parameters were adopted for the distillation column
modeling in this work as mentioned in the Section 1.
Overall, the batch distillation and the short-path distilla-
tion of the PS pyrolysis oil exhibits that the separation of
most of the styrene from the PS pyrolysis oil is achievable.
The overall loss of the styrene from the initial PS pyrolysis oil
was only 0.3wt%. Thus, the distillation seems an efficient
separation method for the purification of PS pyrolysis oil.

5. Continuous distillation column modeling

This section proposes a process scheme and discusses the
model predictions for the separation of styrene monomer
from the PS pyrolysis oil.

5.1. Model input

A distillation column was modeled applying an equilibrium
stage model which is based on the MESH (Material,
Equilibrium, Summation and Heat balance) (Seader et al., 2008).
The RadFrac model available in the Aspen Plus V11 was
adopted to simulate the distillation column. Further, the NRTL-
RK thermodynamic model was employed in the modeling, and
the binary parameters were taken from databank (APV110
VLE-RK) for every component pair in Table 2. The binary in-
teraction parameters for styrene +aMS and toluene + styrene
was adopted from the previous work (Dahal et al., 2023).
Firstly, a reasonable number of stages were selected, and
some preliminary tests with a side draw and a feed location
was made. The selected column configuration allows suffi-
cient separation between the lighter components and the
styrene side draw at the top of the column, the separation of
styrene product from the dimers and the heavier components
between the side draw and the feed, and the recovery of
styrene from the heavy bottom product below the feed point.
The stages are numbered top to bottom in the simulation.
After the preliminary tests, a distillation column was
configured. The distillation column was assumed to consist
of 50 equilibrium stages with three outgoing streams: a dis-
tillate, a bottom and a side stream as shown in Fig. 3. The
condenser pressure was set to 50 mbar to keep the column
temperature lower and minimize the risk of styrene poly-
merization. A similar pressure was applied in the distillation
column design for the separation of styrene and ethylben-
zene by Jongmans and co-authors (Jongmans et al., 2012).
The saturated liquid feed was fed to the distillation column
with the feed composition provided in Table 2. The PS pyr-
olysis oil was fed at the stage 35 and pure styrene side stream
was located at the stage 10. The purity of styrene in the side
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Fig. 3 - Process scheme of the distillation column with the flowrates along with the temperatures of the streams for the
separation of pure styrene monomer from the polystyrene pyrolysis oil.
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Fig. 5 - Liquid composition profile from simulation as a
function of equilibrium stages for (—) toluene, (—) styrene,
(—) dimer, () heavier fraction or trimer and (—) a-
methylstyrene.

stream was set to 0.996 and the recovery of styrene in the
bottoms was kept 0.01 in mass fraction. The liquid side
stream and the reflux rates were allowed to vary as ad-
justable variables between the upper and the lower bounds
in the column specifications during the simulation.

5.2. Simulation results

From the process scheme in Fig. 3, the lighter and the heavier
components than styrene were obtained from the distillate
and the bottom streams, respectively. Similarly, the pure
styrene was recovered from the side stream. The temperature
profile and the composition profile of a few selected key
components of the PS pyrolysis oil is displayed in Figs. 4 and 5,
respectively. Fig. 4 shows that the bottoms temperature in-
creases steeply as the low boiling fractions and styrene are
distilled, and the high boiling fraction increases in the
bottoms.

Fig. 5 illustrates that toluene is one of the key components
obtained from the distillate. This distillate could be further
purified to aromatic streams; however, a feasibility study
needs to be carried out before the separation as the distillate
is a small stream of close boiling components. Fig. 5 also
shows a sharp separation between the styrene and its oli-
gomers. Due to this reason, styrene can be acquired with a
high purity.

The bottoms fraction consists of styrene oligomers in Fig. 5;
therefore, the bottoms stream could be recycled back to the
pyrolysis unit to increase the styrene content in the PS pyr-
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olysis oil. However, the separation of the lighter aromatics
than oligomers (Table 2) is required before recycling the bot-
toms stream into the pyrolysis unit due to obvious reasons.
Firstly, even after further pyrolysis these lighter aromatics do
not contribute to increase the styrene content in the pyrolysis
oil. Secondly, as the lighter fractions increases there are
chances of having these lighter fractions in the pure styrene
stream which will affect the purity of styrene. Further, aMS
seems to be a potential component from the heavier fraction
to affect the purity of styrene during the separation as implied
in Fig. 5. This was also observed from the short-path distilla-
tion results in Section 4.2.

Therefore, it would be suitable from the process optimi-
zation viewpoint to leave a small fraction of styrene in the
bottom due to various reasons as follows:

i. This helps to keep the temperature of the bottoms lower
and minimize the risk of polymerization.

ii. The presence of styrene in the bottoms lowers the den-
sity of the bottoms and makes it easily pumpable as the
dimer and the trimer range components have higher
densities and are solid at room temperature.

iii. It would decrease the probability of having oMS or any
other aromatics lighter than oligomers as an impurity in
the pure styrene stream.

6. Discussion
6.1. Polystyrene pyrolysis products

The GC analysis from this work shows that the pyrolysis of
PS yields dominating components: styrene, dimer, and
trimer in Table 2. A similar analysis was provided in the lit-
erature (Scott et al., 1990; Onwudili et al., 2009; Scheirs and
Kaminsky, 2006). Besides styrene monomer and oligomers,
other aromatics have also been identified as the PS pyrolysis
oil components in this work in Table 2 as well as in the lit-
erature (Liu et al., 2000; Onwudili et al., 2009). This shows that
the components present in the PS pyrolysis oil (Table 2) can
be divided into four categories which are i) the aromatics
lighter than styrene, ii) styrene, iii) the aromatics lighter than
styrene oligomers and iv) the styrene oligomers.

Based on these product types, the degradation scheme of
polystyrene can be proposed such that the larger molecules
degrade to styrene and its oligomers. The other aromatics are
the reaction products formed during the pyrolysis. However,
in this work the reaction scheme of polystyrene during the
pyrolysis was not a part of the study. The proposed de-
gradation scheme of polystyrene is a preliminary idea based
on the products analyzed in the PS pyrolysis oil.

The proposed degradation scheme of polystyrene was
compared with the reaction schemes presented in the lit-
erature to acquire a better understanding. A similar reaction
scheme have been studied in the earlier publications where
the main type of reaction is the cleavage of larger molecules

to its monomeric units (Hua et al., 2022) and the reaction of
styrene itself to various end products (Onwudili et al., 2009;
Hua et al., 2022).

7. Conclusions

This work presents the distillation column characterization
and the experimental batch distillation for the purification of
pure styrene monomer from the polystyrene pyrolysis oil.
The distillation column was firstly characterized with the
known systems to obtain information about the number of
theoretical stages, the height equivalent theoretical plate,
the heat losses, the pressure drop and the column hold-up.
Thereafter, the distillation of the polystyrene pyrolysis oil
was performed in a batch mode, and five distillate fractions
were obtained. From the GC analysis, the mass fraction of
styrene in the distillate fraction was 0.9994. However, it was
necessary to stop distillation at bottoms temperature of
100-120°C due to the risk of polymerization. The bottoms
fraction from the batch distillation was further fractionated
using a short-path distillation unit to study the separation of
most of the styrene from the polystyrene pyrolysis oil.
Additionally, the viscosities and the densities of the bottom
fractions were measured at the temperature range of
298-348 K.

A batch distillation was modeled applying the experi-
mental conditions. The model predictions agree well with
the experimental temperature and time profile.
Furthermore, a process scheme was proposed to enable a
continuous distillation for real size unit. The simulation
model suggests that it is possible to obtain a high-purity
stream from the pyrolyzed polystyrene plastics by using a
single-distillation column with a side-draw for the main
styrene product.
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Appendix

see Table A1.

Table A1 - Settings for Agilent 6850 gas chromatograph.

GC name Agilent 6850
Column
Type Capillary

Model number

Column coating material

Agilent 19091 N-216E
HP-INNOWax Polyethylene Glycol

Nominal length/m 60
Nominal diameter/pm 320
Nominal film 0.5
thickness/pm
Detector
Type FID
Temperature/K 573.15
Method I II
Inlet
Mode Split Split
Temperature/K 548.15 523.15
Pressure/kPa 92.0 52.0
Split ratio 50:1 100:1
Gas type He He
Total flow/mL.min* 84.5 68.8
Split flow/mL.min" 80.4 65.7
Oven
Initial/K 313.15 348.15
Hold time/min 1 23
-Ramp:
Ramp rate/C.min™" to 30-523.15 ramp 1.3-373.15, then
Final temperature/K ramp 4.4-493.15
Run time/min 33 1st ramp: 42.23, 2nd
ramp: 69.50
Post run
T/K 523.15 493.15
Run time/min 5 5

Appendix A. Supporting information

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.cherd.2023.05.039.
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