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Featured Application: Polystyrene recycling.

Abstract: This work proposes a conceptual design for a process for recovering Polystyrene (PS)
using solvents of agro-industrial origin. The literature describes the dilution of Expanded
Polyestyrene (EPS) in limonene, followed by its insolubilization with alcohols for recovery.
However, there is no information on the solubility limit for the PS + limonene + alcohol system,
which is critical for the process design. To determine the solubility limit, we diluted the waste EPS
in D-limonene, mixed it with ethanol to form a precipitate, and used a gravimetric method to
measure the mass of the compounds. These results allowed for the conceptual design of an EPS
recycling process using a chemical process simulator, which includes a separator, a distillation
column, and auxiliary equipment such as heaters, coolers, and pumps. An empirical correlation was
obtained for the solubility limit, which enabled the design of a process for the treatment of 52 kg/s
of PS using 0.75 kg /s of ethanol and 2.4 kg / s of D-limonene once the stationary state had been
reached. The distillation column is six-stage, with a reflux ratio of 1.5 and duties of 30 000 kW and -
25 847 kW for the condenser and reboiler, respectively.

Keywords: process simulation; precipitation; recycling; circular economy; green solvents

1. Introduction

Expanded polystyrene (EPS) is a foam-like material with low density and high malleability,
making it ideal for creating a variety of shapes . It is microbe and impact-resistant, with low thermal
and electrical conductivity, making it ideal for packaging and construction [1]. Free radical vinyl
polymerization in a suspension is used to produce EPS, which is then foamed with n-pentane. Once
the styrene has reached the desired conversion point, steam heating transforms it into boiling foam,
resulting in an eightfold increase in volume. After the maturation period is complete, the molds are
filled with polymer and heated further with steam. This causes the polymer to expand and form the
final cellular foam structure. During this process, air replaces the foaming agent, accounting for
approximately 98% of the EPS volume [2]. Because of its thermal and biological stability, this material
is frequently used to make trays, cups, and disposable food packaging . Furthermore, due to its
mechanical properties, it is used as packaging for the transportation of electronic and household
appliances, as well as a structural component that provides thermal and acoustic insulation in the
construction industry [3].

Storing EPS is difficult because it takes up a large amount of space. A metric ton of waste EPS
can occupy up to 200 cubic meters. Traditional treatment methods are unsuitable for the final
arrangement of EPS, such as use as a material in sanitary landfills, because the compacting process
requires significant effort due to its configuration and mechanical strength. Some companies are now
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using thermal compacting and pellet formation to create new EPS for non-food applications [4].
Because of its low density, EPS must be compressed to reduce volume, complicating the recycling
process [5].

In the past, scientists suggested diluting EPS with fossil solvents like benzene or toluene [6-8].
However, it is important to note that these substances are hazardous to human health and the
environment [9]. Given the preceding information, it is recommended to choose a solvent with a low
environmental impact.

A viable alternative to fossil solvents is to use molecules derived from plants or microorganisms,
such as ethyl acetate or the terpene family [10,11]. Researchers have investigated several commercial
oils, including limonene, nard, violet, lavender, and orange blossom [12], star anise, eucalyptus,
thyme, and chamomile [13], as environmentally friendly solvents for EPS. Both studies successfully
recovered PS by adding alcohol but did not quantify the solubility limit. Other authors used
commercial Omega 3 to dissolve PS and precipitate it by adding alcohol [14]. Nevertheless, the study
did not provide a specific value for the solubility limit. The effect of temperature on the time it takes
for EPS to dissolve in limonene and eucalyptus oil had been investigated [9]. However, we did not
interpret these results as quantification of solubility limits. The studies aimed to characterize the
polyester produced during the dilution-precipitation process using various essential oils.

Limonene is the predominant component of citrus oils, giving them their distinct aroma.
Limonene accounts for 98% of the essential oil extracted from orange skin or peel [15]. It has long
been used in fragrances and flavorings, and it serves a variety of functions as a solvent and cleanser.
It is classified as a terpene, specifically a limonoid, and is part of a large group of functional foods
and phytonutrients known for their antioxidant properties, which protect polymer chains and
facilitate PS recycling [16]. Citrus oils are industrially produced by cold pressing the peel, steam
distilling the pulp and rinds after juice extraction, and removing terpenes from essential citrus oils
[17,18].

Ethanol, on the other hand, is a clear, rapidly evaporating liquid with a distinct odor and flavor.
Industrial applications include the production of acetaldehyde, vinegar, butadiene, ethyl chloride,
and nitrocellulose. Ethanol is widely used as a solvent in the manufacture of pharmaceuticals,
plastics, lacquers, perfumes, and cosmetics. Furthermore, it serves as a source of energy, a surgical
disinfectant, and an essential component in chemical production. It is also useful in the preservation
of both normal and abnormal biological samples.

Because of their biodegradability, these molecules are attractive for developing green chemistry
processes, as reported in the literature [19-21]. The goal of this research is to feature a chemical
process for recycling EPS by dissolving it in D-limonene and then recovering it in solid form by
insolubilizing it with ethanol [13]. We calculated the maximum amount of PS that can dissolve in a
solution of D-limonene and ethanol and expressed it as an empirical equation. Finally, we proposed
a preliminary scheme for recycling EPS, which includes determining the necessary solvents, energy
requirements, and fundamental equipment design characteristics.

2. Materials and Methods
2.1. Materials Used

This study utilized waste PS derived from laboratory material packaging. The PS was
thoroughly cleaned to eliminate any non-polystyrene particles, such as dust. The D-limonene
employed was a commercially available product from the Econoclear brand, boasting a purity level
of 99%, as stated by the manufacturer. Absolute ethanol from the Meyer brand, with a purity of 99.5%,
was utilized without undergoing any further purification procedures.

To characterize PS, we utilized the Mark-Houwink-Sakurada correlation to determine its
average molecular weight through viscosity measurements. Benzene was employed as the solvent,
and a Cannon-Fenske capillary viscometer model 9721-F59 CFOF-100, immersed in a thermostatic
bath at 298.15 K, was utilized. Once the intrinsic viscosity was determined, we referred to the
literature to obtain the necessary parameters [22].
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2.1. Solubility Limit

Various blends of EPS and D-limonene were created with precise mass ratios ranging from 5%
to 40% (w/w). These mixtures were then allowed to settle at room temperature for a period of two
days to ensure that complete dissolution occurred. In order to separate any solid particles that were
evenly distributed in the solution, the mixtures underwent centrifugation at a speed of 4500 rpm for
a duration of 10 minutes. A 3 ml sample was introduced into a test tube, and the weight of the PS
solution in the tube was measured. Ethanol was then added gradually using a burette until the cloud
point was reached [23,24]. At this moment, the weight of the added alcohol was measured. Finally,
the sample was centrifuged at 4500 rpm for 10 minutes. We evaporated the solvents by placing one
milliliter of the supernatant in a porcelain capsule. Finally, we quantified the amount of PS in the
solution using a gravimeter. The masses were determined using a VeLab model VE-204 analytical
balance, while the centrifuge employed was a clinical type DM0412S from Science Med.

2.2. Modeling of Continuous Stirred Tank (CST)

Figure 1 shows the intended application of a continuous stirred tank as a means of separation.
Enough time is supposed to be allocated to achieve equilibrium in the solution.

D
Ethanol 100%
F
Polystyrene 52 %
D-Limonene 48% E

Polystyrene
D-Limonene
Ethanol

) R

Polystyrene 100%

>

Figure 1. The suggested solubility/insolubility process's modeling scheme.

The goal is to process a mixture of PS with D-limonene, with a polymer concentration of 52%
(w/w), at a rate of 100 kg/s. The ethanol supply is intended to be fresh, and the quantity of alcohol
required to extract a minimum of 99% of the PS in the raffinate stream is computed. According to the
previously provided information, the material balances are presented as follows:

E-x3p=D 1)
E-x,p=F - xp (2)
E-xyp=D+F x):S 3)
R=F-x3p—E X1 4

where F represents the feed containing a mixture of PS and limonene, D is the incoming ethanol
stream, E corresponds to the extract, and R indicates the raffinate. The number in the subindex
corresponds to the following substances: (1) polystyrene, (2) D-limonene, and (3) ethanol. The
solubility is denoted by the symbol S and represents a ratio between the mass of PS and the weight
of the solvent mixture of ethanol with D-limonene.
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2.3. Conceptual Design and Process Simulation

After calculating the specific amount of ethanol required to recover 99% of PS, we devised a
conceptual design for a more complete procedure that encompassed the retrieval and reutilization of
solvents. The proposal entails the combination of PS and D-limonene, the introduction of ethanol, the
retrieval of PS in solid form, the preparation of the solvent stream for separation in a plate distillation
column, and ultimately, the recycling of the solvents. The PS was simulated using the Compound
Creator Wizard, which incorporated data regarding its melting point, normal boiling temperature,
and solid density. The design of the distillation column incorporated heuristic rules [25], beginning
with the simulation of a column using a short-cut method. Following that, a sensitivity analysis was
conducted to ascertain the precise number of stages and the optimal feeding plate. Ultimately, a
rigorous distillation column model was employed, utilizing the Naphtali-Sandholm simultaneous
correction method. The process simulation was conducted using DWSIM [26].

3. Results
3.1. Polystyrene Molecular Weight

Figure 2 illustrates the relationship between the concentration of PS in benzene and the
corresponding reduced viscosity (1,.4). The intrinsic viscosity ([n]) represents the intercept of the
regression line at the origin, specifically when the concentration of the solution approaches zero.
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Figure 2. Determination of intrinsic viscosity for polystyrene + benzene mixture. Intrinsic viscosity is

located when C tends to zero.

The relationship between intrinsic viscosity and average molecular weight (M,,) for the PS +
benzene system can be described by an empirical correlation [22]

log1o([n]) = —0.686 + 0.272 log,, M,, + 0.0408 log,,(M,,)? )

In this paper, the intrinsic viscosity of the analyzed sample was found to be 88.841 ml-g”,
indicating a molecular weight of 232,476 g-mol-'. This value corresponds to the expected molecular
weight for commercially available PS [2]. The Newton-Raphson method was employed to
numerically solve Eq 5.
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3.2. Solubility Limit

D-limonene is a natural solvent for PS and can be easily mixed with ethanol, regardless of the
presence of the hydroxyl group in the alcohol's structure. However, the lack of polarity in the polymer
is unsuitable for the polarity of ethanol, resulting in the precipitation of the PS and its conversion into
a solid form. This phenomenon is referred to as the solubility limit, which was assessed in this study
using gravimetric analysis. The solubility limit was determined using the equation

Mpg,¢
§= (6)

Mnix,0
where mp;, represents the remaining mass of PS after the solvent has been evaporated, and m,;;y o
is the initial mass of the mixture consisting of PS, D-limonene, and ethanol, which was placed in the
porcelain capsule before evaporation.

We establish a relationship between solubility and the ethanol composition in the solvent

mixture free of PS, using the equation
Mc,0H

X=—-"—=
(1 —wpg) "mypg

@)

here, mc,,, represents the mass of ethanol added during the insolubility experiment, wpg
represents the mass composition of PS in the mixture of PS + D-limonene before the precipitation
experiment, and m;pg represents the mass of the PS + D-limonene mixture used in the precipitation
experiment.

Figure 3 displays the empirical data regarding the maximum amount of PS that can dissolve in
the mixture of D-limonene and ethanol. It is evident that as the concentration of ethanol in the mixture
increases, the solubility of PS in D-limonene decreases. The data was adjusted to an exponential-type
equation using the least square method

S = 0.4086¢~1512X 8)

Figure 3 depicts the solubility limit, which can be utilized to recover and utilize EPS waste. By
dissolving it in D-limonene, the trapped air that makes it voluminous is eliminated. Furthermore, by
adding ethanol, the PS can be recovered as a solid. The D-limonene + ethanol mixture can then be
separated through distillation to recover the solvents.
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Figure 3. Correlation between ethanol (X) and polystyrene (S) mass in the solvent mixture. The solid
line represents the solubility limit.
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3.3. The Continuos Stirred Tank

Equations 1 — 4 were solved simultaneously using algebraic methods, with the flow of fresh
ethanol in stream D as a variable. The findings are presented in Figure 4. As the ethanol flow to the
stirred tank increases, the concentration of PS in the extract decreases, resulting in an increase in the
amount of PS recovered in the raffinate. The objective of recovering 99% of the fed PS can be
accomplished by using a 15 kg ethanol flow. However, it is important to note that regardless of the
amount of ethanol added to the polymer mixture, there will still be some PS residue present in the
extract stream due to the inherent characteristics of the process. The obtained results were utilized as
an initial step in the development of the conceptual design for the PS recovery process.
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Figure 4. The influence of ethanol in a stirred tank on the behavior of a Polystyrene (PS) composition
in extract and mass flow in raffinate. The solid line represents the flow of PS in the raffinate, while the
dashed line represents the mass composition of PS in the extract. The dotted line indicates a flow rate
of 15 kg/s of ethanol, with a recovery efficiency of 99% for solid PS in the raffinate.

3.4. Conceptual Design and Process Simulation

The thermodynamic model used for this design was the Non-Random Two Liquids (NRTL). The
binary interaction parameters for the ethanol and D-limonene mixture were adjusted based on
experimental data using the regression analysis tool included in the process simulator. The Interior
Point Optimizer (IPOPT) method was employed, and the Objective Function (OF) was [27]:

NP NC exp ycal
OF = mmzz o 9)
T

i=1 j=

Two isobaric databases for the ethanol + D-limonene mixture have been found in the literature,
one at a pressure of 40 kPa [28] and another at a pressure of 101.3 kPa [29]. The parameter values are
presented in Table 1. The Root-Mean-Square Deviation (RMSD) for the vapor composition was 0.017
at 40kPa and 0.038 at 101.3 kPa. The RMSD for temperature was 2.3 K at 40kPa and 3.7 K at 101.3 kPa.
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Table 1. Binary interaction parameters of the NRTL equation of state for ethanol (1) + D-limonene (2)

mixture.
Parameter Value
Ay 1182.40 cal/mol
Ay -48.956 cal/mol
gy 6.1E-03

The DWSIM process simulator does not have specific features for polymer processes, but it is
still possible to utilize the Compound Creator wizard for this purpose. The PS was defined by
incorporating data on the molecular weight determined in this study, he standard boiling point was
supposed to be 673.15 K, considering that polymers start to boil before decomposition [30], the
melting temperature (513.15 K) [31], and the density of the solid phase (0.92 g/cm?) [30].

The conceptual design of the process considered the results from the previous section, which
included a flow of a mixture consisting of 100 kg/s of PS (52% w/w) and D-limonene (48% w/v), as
well as a fresh ethanol feed of 15 kg/s.

The initial scheme examined consisted of a mixer to merge the feed streams and a compound
separator. The design variable for the separator was set to achieve a recovery rate of 99%. The
resulting solvent mixture consists of 75.6% w of D-limonene, 23.6% w of ethanol, and 0.8% w of PS.
A distillation column was designed using the shortcut method module, with ethanol selected as the
light key component and D-limonene as the heavy key component. A proposal was made to achieve
a recovery rate of 99.99% for the key components located in both the dome and bottom. The specified
pressure for the condenser was 206.8 kPa (30 psia), while for the reboiler it was 241.3 kPa (35 psia),
with the utilization of a total condenser. A sensitivity analysis was conducted to determine the
minimum reflux ratio (R,;,). The reflux ratio was varied from 1.2 to 20 times R,;;,. It was found that
a reflux ratio of 1.5 reduces the number of stages without impacting the quality of the distillate. The
findings are displayed in Table 2.

Table 2. Results for the separation of ethanol + D-limonene using the shortcut method for simulation
of a distillation column.

Property Value
Minimum Reflux Ratio 0.1637
Minimum Number of Stage 5.7223
Reflux Ratio 1.5
Number of Stage 7.664
Optimal Feed Stage 3.806
Reboiler Product Molar Flow (mol/s) 352.348

The final design of the distillation column was determined using the rigorous method, which
involved six equilibrium stages and feeding on plate four. After achieving convergence, the proposal
for the recirculation of solvents was presented, as depicted in Figure 5. The temperature in Stream 16
is extremely high. This is because the property dataset for PS is not sufficient. Because the amount of
PS in other currents is insignificant, this does not affect the thermodynamic properties of other
streams.

A 5% purge is suggested for the distillation column's product streams to recover materials like
residual PS in the solvents. Subsequent equipment, including pumps, heaters, and coolers, was
installed to condition the streams before each treatment. Table 3 presents a concise overview of the
main results.
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Figure 5. Process flow diagram for the conceptual design proposed in this work. Temperatures,
pressures, and flows for each stream are shown.

Table 3. Summary of principal results for the process simulated.

Property Value Property Value
Stream 1: Expanded polystyrene waste material Stream 16: Polystyrene’s Process Outlet
Mass flow (kg/s) 52.0 Mass flow (kg/s) 52.0
Mass fraction Polystyrene: 1.0 Mass fraction Polystyrene: 1.0
Temperature (K) 298.15 Temperature (K) 4501*
Pressure (kPa) 101.3 Pressure (kPa) 101.3
Stream 19: Fresh D-limonene Stream 22: D-Limonene’s Process Outlet
Mass flow (kg/s) 240 Mass flow (kg/s) 2.40

Mass fraction D-Limonene: 1.0

Temperature (K) 298.15
Pressure (kPa) 101.3
Stream 12: Fresh ethanol
Mass flow (kg/s) 0.75
Mass fraction Ethanol: 1.0
Temperature (K) 298.15
Pressure (kPa) 101.3
Stream 6: Outlet from separator
Mass flow (kg/s) 63.05

D-Limonene: 0.7621

Mass fraction Ethanol: 0.2379

Temperature (K) 298.15

Pressure (kPa) 101.3
Stream 9: Reboiler product

Mass flow (kg/s) 47.97

D-Limonene: 0.9996

Mass fraction Ethanol: 0.0004

Temperature (K) 485.78

Pressure (kPa) 241.3
Stream 10: Distillate product

Mass flow (kg/s) 15.04

D-Limonene: 0.0044
Ethanol: 0.9956
371.3
206.8

Mass fraction

Temperature (K)
Pressure (kPa)

Stream 15: Ethanol’s Process Outlet

D-Limonene: 0.9996

Mass fraction Ethanol: 0.0004

Temperature (K) 485.8
Pressure (kPa) 241.3
CL1: Material Stream Cooler
Volume (m3) 1
Pressure 101.3
Efficiency (%) 100
Outlet temperature (K) 298.15
Heat removed (kW) 6861.9
PUMP-1: Adiabatic Pump
Outlet pressure (kPa) 258.6
Efficiency (%) 75
Power required (kW) 15.84
HT-1: Material Stream Heater
Volume (m3) 1
Pressure 101.3
Efficiency (%) 100
Outlet temperature (K) 410
Heat added (kW) 30013.4
DCOL-1: Distillation Column
Condenser duty (kW) 30001.1
Reboiler duty (kW) -25847.5
Number of stages 6
Column Pressure Drop 45

(kPa)
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Property Value Property Value
Mass flow (kg/s) 0.752 Reflux ratio 1.5
. D-Limonene: 0.0044 . .
Mass fraction Ethanol: 0.9956 Estimated height (m) 5
Temperature (K) 371.3 Estimated diameter (m) 4.6
Pressure (kPa) 206.8 Tray spacing (m) 0.5

* The polystyrene output stream temperature is incorrect because the process simulator lacks needed
data. However, this does not affect the results in the other streams.

4. Conclusions

In this work, we present experimental data and empirical correlation for the solubility limit for
the mixture PS + D-limonene + ethanol. We discovered that increasing the amount of polar molecules
in the solvent resulted in the insolubilization of diluted PS. We used the experimental data from this
work on the solubility limit to conceptually design a process that treats EPS and recovers it as a solid,
ready for market reintroduction. We use D-limonene and ethanol instead of fossil solvents like
benzene or toluene because we can obtain them from agro-waste. It is necessary to supplement
experimental information on the properties of PS in order to improve the results for this material.
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