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ABSTRACT: The viscosity of polymer solutions is important for both polymer
synthesis and recycling. Polymerization reactions can become hampered by
diffusional limitations once a viscosity threshold is reached, and viscous solutions
complicate the cleaning steps during the dissolution−precipitation technique.
Available experimental data is limited, which is more severe for green solvents,
justifying dedicated viscosity data recording and interpretation. In this work, a
systematic study is therefore performed on the viscosity of polystyrene solutions,
considering different concentrations, temperatures, and conventional and green
solvents. The results show that for the shear rate range of 1−1000 s−1, the
solutions with concentrations between 5 and 39 wt % display mainly Newtonian
behavior, which is further confirmed by the applicability of the segment-based Eyring-NRTL and Eyring-mNRF models. Moreover,
multivariate data analysis successfully predicts the viscosity of polystyrene solutions under different conditions. This approach will
facilitate future data recording for other polymer−solvent combinations while minimizing experimental effort.

1. INTRODUCTION
The viscosity of polymer solutions is an important parameter
in many processes, such as solution/bulk polymerization,1−3 as
well as polymer recycling, especially in the field of solvent-
based recycling.4 In solution polymerization, the viscosity can
go significantly up at higher monomer conversions so that
chemical phenomena are disturbed by diffusional limitations.2

The same is true for solvent-based recycling purposes.
Solvent-based techniques can be categorized into two

groups: solid−liquid extraction techniques and dissolution−
precipitation technique.5,6 In the dissolution−precipitation
technique, which is the focus of the present work, the polymer
is dissolved in a suitable solvent, followed by one or more
separation processes, e.g., filtration or centrifugation, to
remove the contaminants. Finally, the addition of an
antisolvent induces precipitation of the polymer.4 One of the
advantages is the selective dissolution of polymers, especially
important for multilayer materials recycling. For example, with
the solvent-targeted recovery and precipitation (STRAP)
strategy, Walker et al.7 recovered PE, ethylene vinyl alcohol,
and PET from a postindustrial multilayer film. One of the
crucial factors for the economic balance of the dissolution−
precipitation technique is the concentration of the polymer
solution. Low concentrated solutions lead to less viscous
solutions but require high amounts of both solvent and
antisolvent. The recommended polymer concentration for
dissolution-based recycling is between 5 and 20 wt %,8 and the
ratio of antisolvent/solvent is within 3:1 to 15:1.9 This means
that for 1 kg of the polymer, 4−19 kg of solvent and a range of

12−285 kg of antisolvent are necessary.4 These high amounts
of solvent increase the overall process cost and lower the
sustainability character. On the other hand, a highly
concentrated solution leads to very viscous solutions, which
are difficult to handle during cleaning steps such as filtration.

Polymer solutions can also be characterized by three main
regimes: a dilute, semi-dilute, and concentrated regime.4 In
diluted solutions, the polymer chains behave as isolated hard
spheres.10 It has been reported that typically polymer solutions
are in this regime for (mass) concentrations lower than 5 wt
%.11,12 The semi-dilute region can be subdivided into
unentangled semi-dilute and entangled semi-dilute regimes
(Figure 1a).11,13,14 In unentangled semi-dilute regime, the
polymer chains are more tightly packed compared to the dilute
regime, and in contact with each other, but there are no
significant polymer chain entanglements.11,13 The entangled
semi-dilute regime is then characterized by the presence of
polymer chain entanglements,11,13 which considerably in-
creases the viscosity of polymer solutions. In the concentrated
regime, polymer chain entanglements dominate,10,15 and these
entanglements are also shear-dependent.16 By plotting the
dynamic viscosity as a function of polymer concentration on a

Received: April 28, 2022
Revised: June 27, 2022
Accepted: July 1, 2022
Published: July 14, 2022

Articlepubs.acs.org/IECR

© 2022 The Authors. Published by
American Chemical Society

10999
https://doi.org/10.1021/acs.iecr.2c01487

Ind. Eng. Chem. Res. 2022, 61, 10999−11011

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rita+Kol"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pieter+Nachtergaele"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tobias+De+Somer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dagmar+R.+D%E2%80%99hooge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dimitris+S.+Achilias"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+De+Meester"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+De+Meester"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.iecr.2c01487&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c01487?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c01487?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c01487?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c01487?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c01487?fig=abs1&ref=pdf
https://pubs.acs.org/toc/iecred/61/30?ref=pdf
https://pubs.acs.org/toc/iecred/61/30?ref=pdf
https://pubs.acs.org/toc/iecred/61/30?ref=pdf
https://pubs.acs.org/toc/iecred/61/30?ref=pdf
pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.iecr.2c01487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IECR?ref=pdf
https://pubs.acs.org/IECR?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


log−log scale, the critical concentrations that define the
transition from one regime to another can be determined,11,17

where c* is the (first) critical concentration, ce is the
entanglement concentration, and c** is a second critical
concentration (Figure 1a).10,13,17

The knowledge and prediction of the rheology of polymer
solutions thus play an important role for the optimization of
polymerization and solvent-based recycling processes. The
rheology of polymer solutions is inherently complex, as it
depends on several factors, including the concentration of the
polymer in solution, the average molar mass of the polymer,
temperature, pressure, interaction of the solvent with the
polymer, and polymer properties, such as configuration,
dispersity, and branching level, among others.4 The viscosity
flow curve of polymer solutions, similar to that of polymer
melts, displays typically three regions (Figure 1b): (i) a lower
Newtonian region at low shear rates, characterized by the zero-
shear viscosity or Newtonian viscosity, η0, (ii) a shear-thinning
region, and (iii) an upper Newtonian region, characterized by
the infinite shear viscosity, η∞, which is difficult to reach
experimentally.18,19 Similar to polymer melts, as the shear rate
increases, the (linear) polymer chains start to align in the shear
field and at very high shear rates; the chains are essentially
aligned, resulting in much lower (dynamic) viscosities.4,19

Several models have been proposed to describe the different
regions of the viscosity flow curve of polymer solutions. These
models are typically divided into Newtonian and non-
Newtonian models. The (simplified) Newtonian models are
a combination of Eyring’s theory and local composition models
to account for nonlinearity.4 The non-Newtonian models are
empirical models proposed to describe the influence of shear
rate on viscosity.12 A frequently applied non-Newtonian model
is the Ostwald−de Waele power-law model, which is able to
describe the shear-thinning region. Other models, such as the
Carreau and Cross model, can incorporate both the zero-shear
and infinite shear viscosity, which make these models more
suitable to predict the complete viscosity curve of polymer
solutions.16 The application of these models in the field of
solvent-based recycling can facilitate the competitiveness of
this recycling route due to the importance of the viscosity of
polymer solutions for the overall process. Yet, many of these
models require dedicated experimental data recording of the
different polymer−solvent combinations. For some polymer

solutions in conventional organic solvents, the Newtonian
viscosity is reported in the literature, for example, for
polystyrene (PS) for different solvents (e.g., styrene, toluene,
and ethylbenzene) and concentrations,20,21 for poly(ethylene
glycol) solutions,22 poly(vinyl chloride) solutions,23 and low-
density polyethylene solutions at high temperatures and
pressures.24,25

This dependency on extensive experimental data recording
is a drawback for the direct application of common viscosity
models. As an alternative, statistical approaches based on
existing data can be used that can significantly reduce the need
for new data and facilitate the developments in this field. For
example, multivariate data analysis (MVA) has been applied in
several sectors to reduce the dimensionality of data to simplify
visualization and interpretation.26 In MVA techniques, high-
dimensionality data is reduced to low-dimensional data using
linear combinations. These linear combinations are called
principal components in the case of principal components
analysis (PCA)27 or latent variables in the case of partial least-
squares (PLS) regression.26 MVA has been applied to predict
the viscosity and rheology of materials in different fields, e.g.,
for the prediction of the viscosity of crude oil,28 the rheological
behavior of fermentation broths29 and pectin solutions,30 and
the rheological properties of polyacrylamide solutions,31

among others.32−34

A key aspect is the selection of the solvent range, bearing in
mind that there is a growing interest in shifting from
“conventional” organic solvents to “green” solvents. Conven-
tional solvents have high volatility, flammability, and toxicity.35

For example, organic solvents such as toluene and benzene are
good solvents for polystyrene, but these solvents may limit the
further application of recycled plastic, e.g., in food packaging.36

Additionally, some “green” solvents such as limonene have the
advantage of minimizing molecular degradation during the
recycling process,36 which is an important factor to promote
closed-loop recycling of plastics. Currently, production
volumes of many green solvents are still low, but several
strategies are being studied to increase the production volume
of limonene for large-scale applicability.37−43 For many of
these “green” solvents, no data is available on polymer solution
viscosity, at least to our knowledge, hampering the use of
models for proper design of recycling processes. Furthermore,
solvent selection can be studied theoretically a priori based on

Figure 1. (a) Concentration regimes of polymer solutions. Blue colored circles represent the solution, and the red chains represent the polymer
chains. Reprinted from Structural Study of a Polymer-Surfactant System in Dilute and Entangled Regime: Effect of High Concentrations of
Surfactant and Polymer Molecular Weight, 1199, Aferni, A., Guettari, M., Kamli, M., Tajouri, T., Ponton, A., J. Mol. Struct., 127052, Copyright
(2020), with permission from Elsevier; (b) Typical viscosity flow curve of polymer solutions displaying shear-thinning. The different colors
represent polymer chains, and γ̇c is the shear rate defining the transition to shear-thinning. Reprinted from Kol et al.4
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the Hansen solubility parameters, molecular dynamics
simulations, and combined quantum chemical and statistical
mechanical approach called the conductor-like screening
model (COSMOS-RS).7,44

The objective of the present work is therefore to understand
the viscosity flow curve of polystyrene solutions in nonpolar,
polar protic, and polar aprotic solvents, addressing several
temperatures and concentrations, which are important
parameters for the dissolution−precipitation technique. Next
to the conventional solvents n-butyl acetate, o-xylene,
tetrahydrofuran, anisole, cyclohexanol, and 2-propanol, two
“green” solvents, (R)-(+)-limonene and geranyl acetate, are
included in this assessment. The typical viscosity models are
applied to analyze which of them are the most promising for
solvent-based recycling. Furthermore, an MVA-based model is
developed, and the prediction of the viscosity of polystyrene
solutions with this new model is evaluated.

2. MATERIALS AND METHODS
2.1. Materials. Polystyrene pellets (Styron 634-71) were

purchased from Resinex. As provided by the supplier, the mass
average molar mass, Mw, is 265 000 g·mol−1, and the dispersity
of the molar mass distribution, Đ, is 2.65. Five solvents were
chosen to study the influence of the solvent type on the
rheology of the polymer solutions. The choice of the solvents
was based on their properties, such as molecular structure,
melting and boiling point, viscosity, and toxicity. These
solvents include n-butyl acetate (99% purity, Alfa Aesar), o-
xylene (99% purity, Alfa Aesar), tetrahydrofuran (99% purity,
Sigma-Aldrich, Merck), anisole (99% purity, Sigma-Aldrich,
Merck), cyclohexanol (99% purity, Chem-Lab), and 2-
propanol (99.8% purity, Chem-Lab). Two “green” solvents,
(R)-(+)-limonene (93% purity, Sigma-Aldrich, Merck) and
geranyl acetate (90% purity, Sigma-Aldrich, Merck) are
included as well. The solvents were used as-received, without
any purification.

2.2. Screening of Solvents toward Sufficient Polymer
Solubility. The first screening of suitable solvents for
polystyrene was done theoretically, based on reported Hansen
solubility parameters (HSP).44 To apply the HSP analysis, the
relative energy difference (RED) value was calculated

(Supporting Information, Section 1). The RED number
indicates the affinity between the polymer and the solvent. A
RED value smaller than 1 indicates that the polymer and
solvent have a high affinity, meaning that the solvent will likely
dissolve the polymer.44 Table 1 summarizes the solvent
classifications, properties, HSP, and the calculated Ra and
RED values. The RED values are all below 1, except for the
alcohols, indicating that the polymer should dissolve in these
solvents. By plotting δP vs δH in Figure 2, it follows that most
solvents are within the Hansen sphere, Ro, which means that
the solvents will likely dissolve PS.

To validate these results, an experimental screening was
performed, which showed that all solvents dissolve polystyrene
at room temperature (RT), apart from the alcohols (Table 1).
In the case of ester (n-butyl acetate), the solutions are cloudy
at room temperature. Based on these results, the final solvent
choice for the analysis of viscosity is o-xylene, n-butyl acetate,
tetrahydrofuran (THF), limonene, geranyl acetate, and anisole.

2.3. Solubility Determination. After the screening of the
solvents, the solubility of polystyrene in the solvents o-xylene,
n-butyl acetate, THF, limonene, geranyl acetate, and anisole
was determined. Solutions were prepared by adding a known
amount of solvent to a known amount of excess solute
(polymer).45 The samples were left sealed at room temper-
ature for 1 week before measuring the concentration of the

Table 1. Summary of the Solvent Properties and Hansen Solubility Parameters Reported at 25 °C, as well as the Final
Experimental Findingsa

dolvent classification
MP
[°C]

BP
[°C]

MM
[g·mol−1]

δD
[MPa1/2]

δP
[MPa1/2]

δH
[MPa1/2]

Ra
[MPa1/2] RED

experimental screening at RT:
dissolved?

o-xylene aromatic
(nonpolar)

−24 144 106.17 17.8 1.0 3.1 8.6 0.7 yes

n-butyl acetate ester (aprotic) −78 126 116.16 15.8 3.7 6.3 11.4 0.9 yesb

THF ether (polar
aprotic)

−108 65 72.11 17.8 5.7 8.0 7.9 0.6 yes

(R)-
(+)-limonene

terpene
(nonpolar)

−74 178 136.24 17.2 1.8 4.3 9.1 0.7 yes

geranyl acetate terpenoid
(aprotic)

<25 238 196.29 15.8 2.3 5.7 11.6 0.9 yes

cyclohexanol alcohol (polar
protic)

26 161 100.16 17.4 4.1 13.5 12.2 1.0 no

2-propanol alcohol (polar
protic)

−88 82 60.10 15.8 6.1 16.4 16.4 1.3 no

anisole ether (polar
aprotic)

−37 154 108.14 17.8 4.1 6.7 7.6 0.6 yes

aAbbreviations: BP�boiling point, MP�melting point, MM�molar mass, Ra�distance in Hansen space, RED�relative energy difference value,
RT�room temperature. Greek symbols: δD is the dispersion cohesion (solubility) parameter, δH is the hydrogen bonding cohesion (solubility)
parameter, and δP is the polar cohesion (solubility) parameter. bCloudy solution at RT and 40 °C and transparent solution obtained at 50 °C.

Figure 2. δP vs δH for polystyrene. Abbreviation: HS: Hansen sphere
(2D projection).
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obtained saturated solution with thermogravimetric analysis
(TGA).45 This TGA was conducted in a Netsch TG 209 F3
Tarsus thermogravimeter, and the measurements were carried
out under a constant flow of dry nitrogen (N2) at a rate of 20
mL·min−1. The temperature profile was as follows: increase of
temperature from 25 to 700 °C with a heating rate of 10 °C·
min−1. To ensure reproducibility, the measurement was
performed three times for each sample. The error associated
with the determination of polymer concentration with TGA
was calculated, being less than 0.3 wt % (Supporting
Information, Section 2).

2.4. Rheology. 2.4.1. Solvents. An Ubbelohde capillary
viscometer (Schott Instruments-CT 1450) was used to
measure the kinematic viscosity of the solvents at different
temperatures (20, 25, 40, and 50 °C). The capillary with the
number 0C, which is suitable for samples with a kinematic
viscosity range between 0.5−3 mm2·s−1, was used for all
solvents at all temperatures. To convert the kinematic viscosity
to dynamic viscosity, the density of the solvents was measured
with a pycnometer at the four different temperatures. The
calibration of the pycnometer was performed at each
temperature with distilled water. The pycnometer was left
for 3 min in the thermostatic bath (Schott Instruments-CT
1450) at the desired temperature and then weighted using an
analytical balance (Precisa-XR 205SM-DR, d = 0.01/0.1 mg).
To ensure reproducibility, the measurements with the
viscometer and pycnometer were carried out three times
each, and the mean values together with the standard deviation
are reported (Supporting Spreadsheet, Sheet 1).
2.4.2. Polystyrene Melt. Disk samples of pure polystyrene

were prepared using a hot press Fontjne Holland. A mold with
25 mm circles was used. Before pressing, the samples were left
on the hot press at 230 °C for 5 min to ensure the melting of
the polymer, and then the samples were pressed under a
pressure of 50 kN for 5 min. The viscosity of the polymer melt
was measured using an Anton Paar rheometer MCR 702
Multidrive equipped with a CTD 600 MDR chamber. A 0.25
mm parallel plate geometry was used with a gap of 1 mm. The
viscosity was measured at temperatures between 200 and 310
°C in a shear rate range between 0.01 and 30 s−1. The
measurements were carried out three times to ensure
reproducibility, and all mean values are reported in the
Supporting Spreadsheet (Sheet 1).
2.4.3. Polymer Solutions. Polystyrene was dissolved in the

different solvents at concentrations ranging from 5 to 39 wt %
at room temperature, depending on the solubility. Prior to the
viscosity measurements, the solutions were placed in a heating
bath at the temperature of the viscosity determination and
stirred with a magnetic stirrer for a minimum of 5 min before
the measurements. The viscosity of the polymer solutions was
measured using a rotational rheometer (Anton Paar
Rheometer MCR 702 Multidrive) with a 0.5 mm parallel
plate geometry and a 0.5 mm gap. The viscosities were
measured at different temperatures, namely 25, 40, and 50 °C,
in a shear rate range between 1 and 1000 s−1. To prevent
solvent boiling and polymer degradation, temperatures higher
than 50 °C were avoided,46 and the same set of temperatures
was then applied on all solutions. A solvent trap was used to
prevent solvent evaporation during the measurement. For PS/
THF solutions, the measurement of the viscosity was only
possible at 20 °C due to the high volatility of the solvent. A
transient test, i.e., measurement of the viscosity over time at a
fixed shear rate, was also performed to better understand the

steady-state behavior of the samples at different shear rates. All
experiments were performed three times to ensure reprodu-
cibility, and the mean value is reported with the standard
deviation in the Supporting Spreadsheet (Sheets 2−7).

2.5. Modeling. 2.5.1. Newtonian Viscosity Models. The
Newtonian viscosity models proposed in the literature
applicable to polymer solutions are summarized in Table S2
of the Supporting Information. A more detailed analysis of
these models can be found in Kol et al.4 The segment-based
Eyring-NRTL, Eyring-Wilson, Eyring-NRF, and modified-NRF
are based on Eyring’s theory and local composition models,4

whereas the polymer mixture viscosity model is based on the
ideal linear mixing rule for polymer solutions and the nonideal
mixing effect is described by a symmetric and anti-symmetric
binary parameter.1,4

The Newtonian viscosity models require the viscosity of the
pure components as input. This study is based on binary
mixtures, the pure components being the solvent and the
polymer. If the viscosity of the pure components is unavailable,
it can be either treated as an adjustable parameter or, in the
case of polymer melts, it can be obtained using a modified
Mark−Houwink equation:1,4,47−50

= [ ]M M e E R T T( / ) / (1/ 1/ )0 ref w w,ref ref (1)

where η0 is the Newtonian viscosity [Pa·s], ηref is a reference
viscosity [Pa·s], Mw is the mass average molar mass [g·mol−1],
Mw,ref is the mass average molar mass of reference [g·mol−1], Eη
is the activation energy of viscous flow [J·mol−1], R is the gas
constant [J·K−1·mol−1], T is the temperature [K], and Tref is
the reference temperature [K].

For the solvents, the viscosity can be taken from literature or
experimentally determined. In this work, the viscosity of the
solvents was experimentally determined at different temper-
atures, and the viscosity of the polymer melt at low
temperatures (25−50 °C) was estimated using the modified
Mark−Houwink equation, following the methodology pro-
posed by Song et al.1 This extrapolation is physically not
realistic, but the goal is to minimize the number of adjustable
parameters in the model and avoid overfitting.

The model parameters in the Newtonian viscosity models
were regressed by minimizing the sum of squares (SSE)

=
=

SSE (log( ) log( ) )
i

n

i i
1

0,
exp

0,
cal 2

(2)

where η0,i
exp is the experimental Newtonian viscosity value and

η0,i
cal is the calculated value.
The evaluation of the performance of the model was done

by analyzing the average relative error (ARE), absolute average
relative deviation (AARD), Theil’s inequality coefficient
(TIC), chi-squared test (Chi), and hybrid fractional error
function (HYBRID). The respective functions can be found in
the Supporting Information (Table S3). The modeling was
performed by nonlinear regression using an in-house-made
script in R based on the Flexible Modeling Environment
(FME) package. The SSE was minimized by the ModFit
function in combination with a pseudorandom-search
algorithm for parameter regression.
2.5.2. Multivariate Data Analysis. Multivariate analysis

(MVA) techniques were applied to gain further insight into the
effect of solvent properties, temperature, and concentration on
the viscosity of polymer solutions. The MVA techniques were
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applied following the systematic multivariate analysis (sMVA)
strategy.26

First, an exploratory principal component analysis (PCA)
was performed on the main experimental data. The data
contains the Newtonian viscosity of PS solutions for six
solvents (geranyl acetate, limonene, o-xylene, n-butyl acetate,
THF, and anisole), with concentrations between 5 and 39 wt
% and temperatures between 20 and 50 °C at a shear rate of 10
s−1, except for PS/n-butyl acetate, with data for 5 and 8 wt % at
40 °C at 19 s−1. Based on this PCA analysis, a list of
independent variables is selected for regression analysis.

Second, a partial least-squares (PLS) regression model is
built and used to predict the viscosity of PS solutions. PLS
considers the covariance between the independent variables
and the dependent variables and is the most commonly used
multivariate analysis technique for regression.51 The depend-
ent variable, which the model attempts to predict, is the natural
logarithm of the viscosity of PS solutions. The independent
variables are a selection of solvent properties (e.g., solvent
viscosity), properties regarding the affinity between the
polymer and the solvent (e.g., RED), temperature, and
concentration of the polymer in the solution. The model is
validated using an external data set from literature. The
validation data set contains PS solutions in styrene with
concentrations between 6 and 32% at 30 °C.20

The number of valuable latent variables (LV) to include in a
PCA or PLS model depends on the complexity of the relation
between the dependent and independent variables and the
signal-to-noise ratio. Cross-validation (CV, Venetian blinds)
was used to detect possible overfitting. CV is a model
validation technique indicating how well the model would
perform on new data by evaluating the model performance for
different calibration−validation splits.52 The root-mean-square
error of cross-validation (RMSECV) and the cross-validated
coefficient of determination (RCV

2) were used for selecting the
number of principal components (PCs) or latent variables
(LVs) used in the model.53 The root-mean-square error of
prediction (RMSEP) is employed for evaluating the model
performance.54 The RMSEP summarizes the overall error of
the model for predicting the viscosity of PS solutions of a new
solvent. The coefficient of determination R2 and RMSE
functions can be found in the Supporting Information (Table
S3). Because PCA and PLS models are not scale-invariant, the
data was mean-centered, and all variables were scaled to unit
variance before analysis.55 For comparison, the PLS regression
results are compared to regression via multiple linear
regression (MLR) using polymer concentration, temperature,
and/or solvent density as input variables. The analyses were
performed using the Eigenvector PLS_Toolbox 8.6.2 for
MATLAB (R2018a).

3. RESULTS AND DISCUSSION
3.1. Solubility Limits of Polymer Solutions. To

determine the maximal concentration of the solutions for
reliable viscosity measurements, thermogravimetric analysis
(TGA) curves of several polymer solutions were compared to
the TGA curve of pure polystyrene (Supporting Information,
Section 4). The solubility values of polystyrene in the different
solvents are reported in Table 2. The results show that the
solubility depends on the solvent, with n-butyl acetate having
the highest solubility value of 62.7 wt %, followed by THF,
anisole, o-xylene, limonene, and geranyl acetate. Note that with
the solubility determination method, i.e., adding an excess

amount of polymer and measuring the concentration of the
clearly saturated viscous solution, the regime of concentrated
polymer solutions is reached, where entanglements are present.
In this work, the goal is to determine the viscosity of
polystyrene solutions at different (mass) concentrations,
regardless of the regime, but still, it is important to ensure
that the solution is below the solubility value and no
undissolved polymer pellets are present during the viscosity
measurements.

3.2. Viscosity of the Pure Solvent and the Polymer.
The viscosity of the pure solvents was determined to input
them in the Newtonian viscosity models for the solutions. The
dynamic (Newtonian) viscosity and the density of the solvents
are present in the Supporting Spreadsheet (Sheet 1). n-Butyl
acetate has the lowest dynamic viscosity at 25, 40, and 50 °C,
followed by o-xylene, limonene, anisole, and geranyl acetate.

The viscosity curve of pure polystyrene melt (200−310 °C)
displays mainly Newtonian behavior in the studied shear rate
range of 0.01 and 30 s−1 (Supporting Spreadsheet, Sheet 1).
The Newtonian behavior is followed by shear-thinning
behavior at higher shear rates. The critical shear rate, i.e., the
shear rate that characterizes the transition from Newtonian to
non-Newtonian behavior, shifts to higher shear rates as the
temperature increases, which is coherent with the literature.12

For the modeling, the Newtonian viscosity at 0.01 s−1 was
used.

3.3. Viscosity of Polymer Solutions. 3.3.1. Influence of
Concentration. The viscosity curves of the studied polymer
solutions at 25°C are presented in Figure 3. The results show
that the higher the polymer concentration (but below the
solubility limit), the higher the viscosity of the solution. This is
an expected result, since the higher the concentration of the
polymer solution, the more polymer chains are present in
solution, which increases the resistance to the flow. The results
show that the polymer solutions display mainly Newtonian
behavior in the studied shear rate range of 1−1000 s−1. Only at
higher concentrations, e.g., at 30 wt % for PS/o-xylene solution
and PS/limonene, 25 wt % for PS/n-butyl acetate, and 21 wt %
for PS/geranyl acetate and PS/anisole, the viscosity curve
starts to display non-Newtonian behavior. At a molecular level,
long polymer chains in concentrated solutions interpenetrate
extensively, which results in chain entanglements and
topological constraints. This limits the polymer motion and
consequently affects the flow properties by increasing the
viscosity and resulting in shear-thinning behavior.56,57 The flow
curve at higher temperatures displayed the same behavior and

Table 2. Solubility Limit of Polystyrene in the Different
Solvents at Room Temperature and Entanglement
Concentrations, ce

PS solubility limit
[wt %]

entanglement concentration
[wt %]

temperature

solution 20 °C 25 °C 40 °C 50 °C
PS/o-xylene 53.9 ± 1.0 13.9 14.1 14.6
PS/n-butyl

acetate
62.7 ± 1.2 13.6 13.5 13.4

PS/THF 57.0 ± 0.2 13.0
PS/limonene 47.1 ± 0.4 13.6 13.5 13.3
PS/geranyl

acetate
40.9 ± 0.1 12.8 12.9 13.0

PS/anisole 58.5 ± 0.7 13.9 13.8 14.0
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Figure 3. Influence of concentration on the viscosity of the polymer solutions�(a) PS/o-xylene solution at 25 °C; (b) PS/n-butyl acetate at 25 °C;
(c) PS/THF at 20 °C; (d) PS/limonene at 25 °C; (e) PS/geranyl acetate at 25 °C, and (f) PS/anisole at 25 °C.

Figure 4. Newtonian viscosity, fixed at 10 s−1*, as a function of concentration at different temperatures and solvents�(a) PS/o-xylene, (b) PS/n-
butyl acetate, (c) PS/limonene, (d) PS/geranyl acetate, (e) PS/anisole, and (f) PS/THF. *Except for PS/n-butyl acetate 5 and 8 wt % at 40 °C,
which instead is 19 s−1.
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can be found in the Supporting Spreadsheet (Sheets 2−7).
These results are relevant for solvent-based recycling,
especially for solid−liquid separation processes, where
expected shear rate ranges are 10−4−10 s−1 for colloidal
filtration and 1−100 s−1 for the belt filter press.58

A transient test was performed as well to study the steady-
state behavior of the solutions. In fact, for low concentration,
the viscosity is only stable above 10 s−1, and for high
concentration, only up to 300 s−1 on average. Further
information can be found in the Supporting Information
(Figures S11−S23).
3.3.2. Influence of Temperature. The influence of temper-

ature on the shear-thinning behavior of highly concentrated
solutions of polystyrene (>30 wt %) shows that higher
temperatures decrease the viscosity and the shear-thinning
behavior of the polymer solutions as the critical shear rate
moves to higher shear rates (Supporting Information, Figure
S24).

Furthermore, the flow behavior of lower concentrated
polymer solutions, i.e., from 5 to 20 wt % displays mainly
Newtonian behavior in the studied shear rate range. Figure 4
displays the Newtonian viscosity as a function of concentration
at different temperatures. Above a certain concentration,
between 13 and 15 wt % on average, the Newtonian viscosity
even increases drastically and follows a power-law behavior.
This concentration is referred to as entanglement concen-
tration ce and defines the transition from a semi-dilute
unentangled to a semi-dilute entangled regime.10,13,15 The
entanglement concentration can be determined by plotting the
Newtonian viscosity against the concentration on log−log
scale.10,15 From the dilute to the semi-dilute unentangled
regime, the viscosity curve changes from a linear (exponent
typically 1)59 to a power-law behavior, with an exponent higher
than one.60 From the semi-dilute unentangled regime on, the
exponent of the power-law behavior is known to keep
increasing, e.g., an exponent of 4 was reported for
polyelectrolyte solutions.61 For all polymer−solvent combina-
tions (Supporting Information, Figures S25−S40), the
viscosity curve changes from a power law (exponent around
2) to a power-law behavior with a higher exponent (around 5).
The dilute regime is not reached because this study focuses on
the recommended concentrations for polymer solutions for the
dissolution−precipitation technique (>5 wt %).8 The critical
concentrations are in the range of 12.8−14.6 wt % and vary
only slightly with temperature, as illustrated in Table 2.

Recalling that the recommended concentration for dis-
solution-based recycling is between 5 and 20 wt %,8 these
results show that for concentrations higher than 15 wt %, the
solutions enter the entangled semi-dilute regime, which might
complicate cleaning steps during solvent-based recycling due
to the drastic increase in viscosity. For example, for the PS/
geranyl acetate case at 25 °C (Supporting Information, Figure
S25), the viscosity of the 15 wt % is approximately four times
the viscosity of the 10 wt % solution. It has been shown in a
previous work by Kol et al.4 that for the dissolution−
precipitation technique during the first cleaning steps, i.e.,
filtration of the polymer solution for removal of additives, an
increase in polymer solution viscosity leads to a significant
increase of the necessary pressure drop (to obtain the same
flow rate). It can be also observed in Table 2 that o-xylene and
anisole lead to the highest entanglement concentration,
meaning that it is possible to dissolve a higher amount of
polymer before entering the entangled region. Nonetheless, the

following results show that o-xylene results in a lower solution
viscosity than anisole, and therefore, o-xylene can be used to
maximize polymer concentration while minimizing the
viscosity of the solution. Moreover, PS/limonene shows
potential as an alternative to a conventional solvent, as it
leads to a similar solution viscosity to o-xylene while its
entanglement concentration does not significantly differ from
o-xylene (0.3 wt % difference at 25 °C).
3.3.3. Influence of Solvent Type. The influence of the

solvent on the polymer solution viscosity is presented in Figure
5 for 5 wt % solutions at 25 °C. The general trend shows that

geranyl acetate leads to the highest viscosities, followed by
anisole, o-xylene, limonene, and n-butyl acetate at all
temperatures and concentrations (Supporting Information,
Figure S41). There is more of a direct relationship between the
viscosity of the solvent and the viscosity of the solution rather
more than the solvent type and solvation capacity. Polystyrene
is a nonpolar polymer, meaning that the solvation capacity of
nonpolar solvents is higher compared to polar ones. By
comparing geranyl acetate (aprotic), o-xylene (nonpolar), and
n-butyl acetate (aprotic), one observes that geranyl acetate,
which leads to the highest viscosity of the solution, is also the
solvent that has the highest viscosity (2.263 mPa·s at 25 °C).
o-Xylene, a nonpolar solvent, leads, on the other hand, to a
higher polymer solution viscosity than n-butyl acetate, which is
a polar aprotic solvent. Looking at the viscosities of the pure
solvents, o-xylene has a higher viscosity than n-butyl acetate,
namely, 0.756 and 0.682 mPa·s at 25 °C, respectively
(Spreadsheet File, Sheet 1). Thus, the viscosity of the solvent
seems to have a higher influence on the viscosity of the
solution compared to the solvent type and solvation capacity.

Overall, it can be concluded that the experimental data set
for polymer solutions is dominated by Newtonian behavior,
explaining the emphasis on Newtonian models in what follows.

3.4. From Experimental Data to Newtonian Viscosity
Models. The Newtonian viscosities of the pure components
are input for the Newtonian models involving dissolved
polymers, and the results can be found in the Supporting
Spreadsheet (Sheet 1). The models presented in Table S2 of
the Supporting Information were applied to the different
polymer solutions under different conditions, and these are the
segment-based Eyring-NRTL (NRTL), segment-based Eyring-
Wilson (Wilson), segment-based modified-NRF (mNRF),
segment-based Eyring-NRF (NRF), and the polymer mixture
viscosity model (PMV). For all models and polymer solutions,
the experimentally determined viscosity of the pure compo-
nents, solvent, and polymer, was used. In the Wilson model,
the parameter that represents the effective coordination

Figure 5. Influence of solvent type on the viscosity of flow curve for 5
wt % solution at 25 °C as an example. Abbreviations: G: geranyl
acetate, A: anisole, X: o-xylene, L: limonene, and BA: n-butyl acetate.
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number in the system, CWilson, was fixed to 10.48 The
nonrandom factor of mNRF model, Z, was set to 8.50

The results are presented in Figure 6 for PS/o-xylene at 25
°C. The other results can be found in the Supporting
Information (Figures S42−S56). Generally, the models that
best describe the viscosity of the different polymer solutions
are the NRTL and mNRF models. This can be deduced from
the performance indicators that show that these two models
present the lowest values for all performance indicators
(Supporting Information, Table S5). Looking at the obtained
parameters (Supporting Information, Table S4) and focusing
on the NRTL and mNRF models, the parameters vary with
temperature and solvent type. For example, for the solution
PS/geranyl acetate at 25 °C, the NRTL binary parameters,
τNRTL are 147 and 44.2, and, at 50 °C, the parameters increase
to 838 and 47.4, respectively. Therefore, these models are not
suited to broader extrapolation and thus to other polymer−
solvent systems and experimental conditions.

3.5. Strength of Multivariate Analysis. 3.5.1. Explor-
atory and Regression Analysis. The first two principal
components (PCs) were retained in the developed PCA
model for exploratory analysis. The selected PCA model
captures 58% of the variability in the data set, with the first and
second PC capturing 38 and 20% of the variability (Figure 7).
In a biplot, the scores of samples and loadings of variables are
superimposed in one figure. The scores of samples can be used
to inspect the relation between them. The scores show a clear
grouping by solvent type. This was expected, as most of the
included variables are properties of the solvent. However, there
is no distinct grouping observed by solvent classification, e.g., a

grouping of all solutions in aprotic solvents. The loading of an
original variable for a PC measures how much that variable
contributes to that PC. The loadings for PC1 and PC2 were
used to investigate how the original variables correlate to one
another. If the relative positions of the variables in the scatter
plot are close, this indicates that these variables might be
correlated. This is the situation for the solvent properties molar
mass (MM)/viscosity and boiling point (BP)/melting point
(MP) and for properties regarding the affinity between the
polymer and solvent, being RED/Ra and P/H. On the loadings
plot, the viscosity of the solution is found most related to the
polymer concentration. This indicates the importance of
concentration for predicting the viscosity of polymer solutions.
RED/Ra are found in the opposite quadrant of viscosity,
indicating a negative correlation.

Based on the exploratory PCA analysis, eight independent
variables were included upon building a partial least-squares
(PLS) regression model to predict the viscosity of PS
solutions. The variables in the model are solvent viscosity,
density, melting point (MP), RED, polar cohesion (solubility)
parameter, polymer concentration, and temperature. The first
two latent variables (LVs) were retained in the PLS model.
The selected PLS model captures 99% of the variability in
viscosity of the different polymer solutions, with the first and
second LV capturing 95 and 4% of the variability in viscosity
based on respectively 10 and 32% of the variability in the
independent variables. The final equation of the model
includes all of these variables

Figure 6. Fitting of the Newtonian models to PS/o-xylene solution at 25 °C (a) along with the corresponding performance indicators. (b)
Newtonian viscosity fixed at 10 s−1. The model SBNRF was excluded from the graph due to its large deviation.

Figure 7. PCA biplot for polystyrene/solvent cases visualizing the relationship between samples and variables in the PC1-PC2 space.
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where η0 is the Newtonian viscosity of the solution [Pa·s], ηs is
the solvent viscosity [mPa·s], ρs is the density of the solvent
[kg·m−3], MP is the melting point of the solvent [°C], RED is
the relative energy difference from the HSP, P is the polar
cohesion (solubility) parameter from HSP [MPa1/2], MM is
the molar mass of the solvent [g·mol−1], c is the concentration
[wt %], T is temperature [°C], and ε is the error [Pa·s].

Figure 8c shows the relative regression coefficients of the
independent variables in the model. The polymer concen-

tration has the largest regression coefficient and has a positive
contribution to the prediction of viscosity. Solvent viscosity,
density, and MP each have a similar positive contribution.
RED and polar cohesion (solubility) parameters have a
marginal negative contribution. Finally, the temperature also
has a negative contribution. The scatter plot of predicted and
measured viscosities, as shown in Figure 8a, indicates that the
model properly predicts the viscosity of samples in the
calibration data set for different concentrations and temper-
atures. The model was also tested using an external validation
data set with solutions of the nonpolar solvent styrene. The
validation results in Figure 8 show that the PLS model
accurately predicts the viscosity for styrene solutions, even
though no solutions in styrene were included in the calibration

Figure 8. Results of the PLS model predicting the viscosity of PS solutions in new solvents�(a) Scatter plot of predicted and measured viscosities
for samples in the calibration with a root-mean-square error of cross-validation (RMSECV) and the cross-validated coefficient of determination
(RCV

2), (b) scatter plot of predicted and measured viscosities for an external data set of PS solutions in the nonpolar solvent styrene with a root-
mean-square error of prediction (RMSEP), and (c) regression vector for the developed PLS model.

Table 3. Validation Results for Two PLS Models to Predict the Viscosity of PS Solutions Based on Eight or Four Input
Variables

regression coefficients

regression method Ln (ηs) ρs MP RED P M c T ε RMSECV RMSEP

LR-1 Var 0.22 −5.83 0.53 0.17
MLR-2 Var 0.22 −0.015 −5.25 0.50 0.09
MLR-2 Var 0.0061 0.23 −11.27 0.43 0.09
MLR-3 Var 0.0058 0.23 −0.013 −10.56 0.40 0.10
PLS-4 Var 0.0046 0.91 0.23 −0.012 −10.21 0.39 0.16
PLS-8 Var 0.38 0.0038 0.0055 0.69 0.01 0.0024 0.23 −0.019 −8.00 0.26 0.14
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data. The Mw and dispersity of the molar mass distribution of
polystyrene from the external data set (Mw = 160 000 g·mol−1,
Đ =1.10) also differs from the Mw of polystyrene used in the
calibration data (Mw = 265 000 g·mol−1, Đ =2.65). These
results show the potential of multivariate data modeling to
predict the viscosity of polymer solutions for different solvents
at different temperatures and concentrations. In future
research, this type of modeling can be applied to screen
solvents by predicting the viscosity of its polymer solutions at
different temperatures and concentrations without the need for
additional extensive experimental work.

Furthermore, a series of simplified models were developed
using one to four input variables and compared with the
original model (eight variables). The validation results are
given in Table 3. First, a linear regression model (LR-1 Var)
predicting the viscosity of PS solutions based on only
concentration was developed. Second, three multiple linear
regression models (MLR) were tested, including concentration
and either the variables’ temperature, solvent density, or both.
Finally, a simplified PLS model using one solvent property
(density), one property related to the affinity between the
polymer and the solvent (RED), temperature, and concen-
tration was developed. It can be noted that the error after
cross-validation for all simplified models is higher. However,
due to their simplicity, the risk of overfitting is lower, and the
simplified models may show to be more robust. Notably, the
regression coefficient of concentration varies minimally (0.22−
0.23) between the different models.
3.5.2. Comparison between Newtonian Viscosity Models.

The Newtonian viscosity models proposed in the literature are
based on the conventional liquid mixture viscosity model and
the addition of an excess term to account for nonlinearity. As
shown above, these models are able to reasonably fit the
experimental data under several conditions, including
variations in temperature, concentration, and polymer−solvent
system. However, different parameters were obtained for the
individual polymer−solvent system and conditions. This
means that the parameters are highly dependent on the
system, and thus extrapolation of the viscosity to other systems
and conditions is difficult or impossible. These models also
require experimental data as input, for example, the viscosity of
the pure components. If this data is unknown, then it can be
treated as an adjustable parameter; however, this increases the
number of adjustable parameters in the model, which can lead
to overfitting. Nonetheless, these models can be suitable to
predict the viscosity at different concentrations within one
individual polymer−solvent system, for example, to predict the
viscosity at a certain concentration that is difficult or was not
experimentally determined.

The developed PLS model shows a great potential for
predicting the viscosity of polystyrene solutions using statistical
regression techniques. The validation of the model was
performed with an external data set, which was a different
polystyrene solution in a solvent that was not used to build the
model. In addition, the polymer has a different average molar
mass and dispersity than the polymers of the calibration data.
This is very important for plastic recycling, as a typical plastic
waste stream contains polymers with different average molar
mass and dispersity. This thus poses an important advantage
compared to the conventional application of the Newtonian
viscosity models, consistent with the observation that the
Newtonian viscosity model parameters can also be highly
dependent on the average molar mass and dispersity of the

polymer.47,50 Furthermore, the PLS model does not require
additional experimental data to extrapolate the viscosity to
other polymer−solvent systems and experimental conditions,
provided the initial training set is sufficiently large. Only the
properties of the polymer−solvent system, such as temper-
ature, polymer concentration, and solvent properties, are
required, which simplifies the extrapolation, as shown above. In
future research, the use of MVA for predicting the viscosity of
other polymers should be studied and validated for polymer
solutions of the same type but with other molar mass
distribution and for other polymers besides PS to confirm its
general applicability.

Hence, upon comparing both approaches, it can be stated
that the prediction of the viscosity with the Newtonian
viscosity models for solvent-based recycling has some
limitations, especially due to the complexity of the plastic
waste streams. MVA, on the other hand, has shown to be a
promising alternative able to predict the viscosity of
polystyrene solutions regardless of the experimental conditions
and polymer−solvent system properties. This is relevant in
solvent-based recycling, where different solvents and anti-
solvents are used in several steps of the process. Moreover, for
the selective dissolution of polymers, where different
experimental conditions and polymer−solvent systems are in
play, MVA could simplify the prediction of several polymer
solutions’ viscosity for the optimization of the process.

4. CONCLUSIONS
A systematic analysis of the rheological behavior of polymer
solutions under different conditions has been performed. The
results show that polystyrene solutions at different conditions
of temperature, concentration, and solvent type, show mainly
Newtonian behavior in the studied shear rate range of 1−1000
s−1. High concentrations of polymer lead to more viscous
solutions, whereas an increase in temperature decreases the
viscosity of the solutions. It has also been shown that the
solvent type and properties influence the viscosity of polymer
solutions, with n-butyl acetate leading to the lowest solution
viscosity and geranyl acetate to the highest at all temperatures
(25−50 °C) and concentrations (5−39 wt %) studied. The
entanglement concentration of all polymer solutions was
determined, being in the range of 12.8−14.6 wt %. Above this
concentration, the polymer solutions enter an entangled semi-
dilute regime, where polymer entanglements start to form,
leading to a drastic increase in viscosity. Furthermore,
limonene shows potential as an alternative to a conventional
solvent, as it leads to a similar solution viscosity to o-xylene.

The Newtonian viscosity of the polymer solutions was
described with Newtonian viscosity models from the literature,
and a partial least-squares regression model was considered to
predict the viscosity of the polymer solutions. The segment-
based Eyring-NRTL and modified-NRF are the models that
best describe the Newtonian viscosity of polymer solutions
under different conditions. However, it has been shown that
the obtained model parameters are highly dependent on the
system and thus extrapolation of the viscosity to other systems
and conditions is difficult or impossible. To overcome this, a
multivariate data analysis was performed as well. The results
show that the developed partial least-squares regression model
can reasonably predict the viscosity of polymer solutions
regardless of the experimental conditions and polymer−solvent
system properties. This is especially relevant in solvent-based
recycling techniques for plastic waste streams, where the waste
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composition is variable and complex, and several solvents are
used in different steps of the cleaning process. In future
research, it is interesting to apply and validate these models to
other polymers solutions beyond the polystyrene reference
polymer choice. In addition, a hybrid approach could be
investigated, combining both physical and statistical modeling,
to further improve the predictive power and general
applicability of the developed models.
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