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Dissolution/precipitation recycling is an environmentally friendly solution that could be potentially imple-
mented for ABS recycling. In this paper, a set of useful calorimetric, spectroscopic, and rheological techniques
and methods are presented to monitor in-situ the dissolution of the ABS matrix: poly(styrene-acrylonitrile) (SAN).
In line with the Hansen solubility parameters, methyl ethyl ketone (MEK) has been selected to be a suitable

solvent for SAN dissolution. Thermodynamic and kinetic aspects of the dissolution process were investigated by
using calorimetry and in-situ ATR-FTIR spectroscopy. Through an isoconversional method, the effective activa-
tion energy and the main steps involved in the dissolution process were determined. A rheological character-
ization of the solution SAN-MEK was also performed to provide further information on the rheological behavior.

1. Introduction

Imagine a world without plastic sounds unrealistic today since
plastic is the most widespread and used material in everyday life. The
global plastic demand is expected to double before 2050 [1] which
implies that the planet will hold more than 33 billion tonnes of plastic in
the near future [2]. Recycling could significantly prevent the release of
polymers into the environment and consequently reduce microplastic
pollution. Although recycling is the more reasonable way forward, out of
a total of 460 million tons of plastics produced every year only about 9 %
gets recycled [3]. Inadequate post-consumer plastic disposal, costs, and
technological limitations in the recycling process mainly give such low
figures. As a result, only few thermoplastics are efficiently recycled
including polyolefins, poly (ethylene terephthalate), and polystyrene
[4].

ABS (acrylonitrile-butadiene-styrene) is a thermoplastic amorphous
terpolymer well-known to be highly versatile, durable, and tailorable to
a large range of applications including automotive, construction, elec-
tronics, toys, and others. From a structural point of view, ABS is
composed of rubber particles, usually polybutadiene (PBR) or a buta-
diene copolymer, dispersed in a thermoplastic matrix of styrene and
acrylonitrile copolymer (SAN). The global ABS market is expected to
reach USD 46.88 Billion by 2027 [5], which means that ABS recycling
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will become a necessary eco-friendly practice to minimize waste and
reduce the environmental impact. Currently, there are limited techno-
logical solutions to efficiently recycling end-of-life ABS products [6].
Mechanical recycling of waste ABS is the first-choice method for closed-
loop recycling in the automotive industry [7]. Nevertheless, degradation
during the polymer lifetime and thermo-degradation due to the
reprocessing strongly affect the number of possible recycling cycles [8].

The dissolution/precipitation technology is one type of physical
recycling and an environmentally friendly approach that allows recov-
ering polymers from the formulated plastics. The recovered polymers
have a quality comparable to the virgin ones [9]. Such technology can
convert ABS waste into almost pure SAN with the advantage of removing
unwanted additives from the waste products [10]. Lu et al. [11], re-
ported a dissolution/precipitation recycling process for post-consumer
plastic toys. Acetone and water were selected respectively as solvent
and antisolvent to recycle SAN. The solvent selection is a crucial aspect
of the dissolution process. Therefore, a mixture of solvents might effi-
ciently separate polymer blends such as polycarbonate and ABS from
waste electrical and electronic equipment (WEEE) [12]. Switchable
solvents were employed to separate organophosphates flame retardants
from commercial PC/ABS blends. [13] In the same line, CreaSolv® were
employed to remove inorganic colour pigments (titanium dioxide,
chromium oxide, iron oxide) from ABS [14]. Polymer fractionation
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model (PFM) based on Hansen solubility parameters (HSP) allows to
identify potential ‘strong’ or ‘weak’ solvents for a given polymer [15].
Although the Hansen method is suitable for setting solvents able to
dissolve polymers in chemical recycling process [16], such parameters
do not give further information about the kinetic and thermodynamic
driving forces.

Various phenomenological models were proposed to explain the
dissolution of glassy polymers including external mass transfer, stress
relaxation, Fickian equations, continuum framework, etc. [17]. To
support the phenomenological models, experimental techniques were
set up to monitor the dissolution process including ellipsometry [18],
nuclear magnetic resonance [19], FT-IR imaging, differential refrac-
tometry, optical microscopy etc. [17]. These techniques provide mainly
information about the structure of the different layers (gel, solvent, and
bulk), swelling behaviour, and dissolution rate. However, an in-situ
monitoring of the microscopic interaction between polymer—solvent
remains a challenge.

In view of ABS recycling, we propose a new approach for monitoring
the in-situ dissolution of the main ABS component: SAN. A screening of
different commercial solvents was performed based on the Hansen
method and boiling point. Butanone (MEK) was selected to be the most
suitable solvent for this study. Calorimetric and spectroscopic analysis
(ATR-FTIR) have been used to follow in-situ the dissolution process.
Advanced isoconversional analysis performed under isothermal condi-
tions reveals the main steps of dissolution and associated activation
barriers. A rheological study of the SAN-MEK solutions was also con-
ducted to complete the characterization.

2. Material and methods
2.1. Materials

SAN was supplied by Trinseo NL: density (1.08 g.mL™'), molecular
weight (M, = 90,000 g.mol’l). The glass transition temperature (Tg) of
SAN measured by DSC was about 105 °C. Methyl-Ethyl Ketone (MEK)
was analytical grade and was purchased from Honeywell Riedel de
Haén.

2.2. Rheological measurements

Rheological measurements were conducted by rotational rheometer
Thermo Scientific HAAKE MARS with 35 mm parallel plate geometry
and 0.5 mm gap. Viscosity of SAN/MEK solution (concentration 6, 8, 10,
12, 14, 16, 18, 20, and 22 %w/v) was measured at 30 °C with a shear
rate ranging from 10 to 1000 s~ 1. Frequency sweep of SAN/MEK solu-
tion (concentration 8, 12, 18, 22 %w/v) were conducted in a range of
frequency between 0.1 and 100 Hz with 25 % amplitude. The amplitude
value was determined from a prior stress-sweep experiment to identify
the linear viscoelastic region (LVR) profiles.

2.3. In-situ ATR-FTIR analysis

The dissolution process was investigated using in-situ ATR-FTIR. A
Bruker TENSOR 27 spectrophotometer equipped with a diamond crystal
was used in ATR mode to conduct 64 scans from 4000 to 600 cm ™,
accumulated with a resolution of 4 em ™. A device composed of a sealed
cylindrical cell in Teflon was designed to monitor the band changes
function of the temperature (30, 40, and 50 °C). The background was
performed without solvent and by taking attention to place the SAN
pellets (100 mg) around the diamond of ATR. MEK (0.5 mL) was injected
in the cell at t = 0 min. The spectra were recorded every 2 min in a static
mode. Over time, the characteristic bands associated with the SAN
appeared which indicate the polymer dissolution at the given temper-
ature. MEK was used to record blank spectra at the different tempera-
tures (30, 40, and 50 °C). Finally, the blank spectra were subtracted to
sample spectra.
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2.4. Reactive calorimeter (C80)

The dissolution of the mixture SAN/MEK (concentration 20 % w/v)
was monitored by using a C80 Calvet type calorimeter (Setaram). This
apparatus operates with two cells symmetrically placed in a calorimetric
block (sample and reference). Temperature and enthalpy calibrations
were performed by using indium, and Wood’s metal. The heat flow
associated to the static dissolution process has been monitored at
different isothermal temperature T = 30, 40, 50, and 60 °C. The sample
collection was recorded for 250 min (the time needed for the heat flow
signal to return to the baseline). The reference cell was empty during the
heat flow signal acquisition. Blank curves were recorded at the different
temperature (T = 30, 40, 50, and 60 °C) by using only MEK. The sample
and the blank curves were then subtracted to erase the influence of the
solvent.

3. Theoretical part
3.1. Hansen theory

The Hansen solubility parameter (HSP) model is based on three
different types of interaction: dispersion force (64), hydrogen bonding
(6n), and dipole-dipole forces (5p). Such parameters allow to define a 3D
space characterized by a sphere. According to the model, the centre of
the sphere has the HSPs of the polymer, while the radius Ry is named the
interaction radius. In the Hansen space, the “distance” R, between
polymer and solvent is evaluated as follows:

R2 = 4(6pp — 6p5)° + (8pp — 8p5)° + (Sup — Ous)” )

where parameters with the subscript “s” and “p” denoted the solvent and
polymer, respectively. The relative energy difference (RED) defined as
follows:

R,
D=-2 2
RE Ro (2)
According with this definition: RED < 1 indicates high affinity be-
tween the polymer and solvent, whereas for RED > 1 the energy dif-
ference increases leading to low affinity between the polymer and

solvent. Partial dissolution is possible in boundary condition (RED = 1).

3.2. Estimation enthalpy of mixing (AHpiy) from Flory-Huggins (FH)
model

According to the FH model, the free energy of mixing (AGpniy) is given
by the following equation:

AGpiy = kT[N1In(@1) + Noln(@) + y1,N1@2 ] 3)

where k is the Boltzmann constant, T the absolute temperature in Kel-
vins, N3, and N are the number of moles of solvent and polymer, ¢; and
(2 the volume fraction of solvent and polymer, and y;» is the FH inter-
action parameters. In FH lattice model, each site is occupied by one
molecule of solvent or by one monomer unit of the macromolecules.
According to this definition the total number (N) of sites is:

N =N; +1N, 4

where r is the number of segments in the polymer chain, and it is the
ratio between the molar volume of the polymer and the solvent. Thus,
the volume fractions are defined as:

N,

SN ©

D1

Do =1-2 (6)

Since the thermodynamics equation of the free energy is given by:
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AGmix = AHmix — TASmix @)
where AHyiy, ASmix, are respectively the enthalpy and entropy of mixing,
and T is the absolute temperature. The enthalpic and entropic terms can
be extrapolated by the Eq. (3) resulting in:

AHpie = RTy,m @2 (8)
ASmix = — RmIng; + nalngs) )

with R the gas constant obtained by multiplying the Avogadro’s number
N4 and k. Hence, n; and ny correspond to the mole of solvent and
polymer in the system.

3.3. Estimation of the Flory-Huggins interaction parameter from Hansen
parameters

The FH interaction parameter for a given solvent and polymer can be
estimated by using Hansen solubility parameters:

1
~(Bp — Ous)” (10)

1
~(6pp — 6ps)" + 7

X2 = ﬂ (6pp — 51).5)2 +4(

RT
where v is the molar volume of the solvent, R the gas constant and T the
absolute temperature. Hansen parameters with the subscript “s” and “p”
denoted the solvent and polymer, respectively. This equation is an
extension of the Hildebrand’s method which includes dipolar or
hydrogen bonding interactions [20]. § is a constant and is generally
equal to 1 when dispersion forces dominate over polar and hydrogen
bonding [21].

3.4. Kinetics and isoconversional method

The general form of the basic rate equation to kinetic analysis of the
condensed phase processes is usually written as [22]:

G k(@) = aexp( )@ an

where « is the extent of conversion of the reactant to products, t is the
time, T is the absolute temperature, k(T) is the effective rate coefficient,
which is assumed to obey an Arrhenius law dependency, f(a) is the
differential form of the mathematical function that describes the reac-
tion model representing the reaction mechanism, E is the activation
energy, A is the pre-exponential factor and R is the gas constant. A list of
common reaction models is found elsewhere [23].

A key parameter to follow the course of a chemical reaction or of a
physical transformation is the extent of conversion a. This parameter
can easily be obtained from calorimetric data either isothermal or
nonisothermal from Eq. (2):

P /L T 12
& (dH/dv), dt Q

In this equation, (dH/dt); represents the heat flux measured by the
calorimeter at time i (t;). t; and t, correspond respectively to the time of
the first and last integration bounds of the calorimetric signal. Iso-
conversional method have been found to be very efficient for elucidation
of complex multi-step processes [24,25,26,27].

The simplest isoconversional method is the Friedman’s method
represented by Eq. (13) which is obtained after linearization of Eq. (11)
[28]:

da E,
In[—) =In[A 1
n(F) -] - a3

The subscript a indicates that the computations are performed for a
constant value of a and the subscript i correspond to the i temperature
program used.
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The advanced non-linear isoconversional method (NLN) used in this
study is based on Vyazovkin’s equations [29,30,31] and is expressed by
Egs. (14) and (15) that have been derived from the basic rate Eq. (11):

J[E,, Ti(t,
14
=55 et s

i=1  j#i

t

JIE., T(t)] = / exp {R’T%) } dt as)

ta-Aa

where E, is the effective activation energy. The E, value is determined as
the value that minimizes the function ®(E,). This non-linear kinetic
method (NLN) is applied to different temperature programs Tj(t) and
was implemented in an internally generated software [27,32,33].

The computations yield the values of effective activation energy E, as
a function of extent of conversion a evaluated without assumption on
the reaction mechanism. It was shown that E,-dependencies allow for
meaningful mechanistic analyses and for understanding multi-step
processes [23,34,35].

4. Results and discussions

Suitable solvents for SAN dissolution were predicted theoretically
based on the HSP model. According with Hansen [15], HSPs for SAN and
a list of some good solvents are presented in Table 1. For such systems
the RED has been calculated according to Egs. (1), and (2) (Table 1).

The relative position of the HSPs of the solvents compared to the
HSPs of the SAN (i.e. center of the sphere) can be visually spotted in a 3D
Hansen space representation (Fig. 1).

According to Fig. 1, MEK and acetone are closer to the center of the
sphere with RED respectively of 0.6, and 0.49. In addition to the relative
position in the sphere, the boiling temperature has been considered for
the selection of the solvent. Since kinetic and thermodynamic aspects of
the dissolution will be studied in this paper, low boiling solvents are less
recommended for such purposes as investigations should be done on a
sufficiently large temperature range. Among the commercial solvents
presented in Table 1, MEK fulfils both parameters (low RED, and rela-
tively high boiling temperature). MEK that is boiling around 80 °C al-
lows investigating the dissolution on a temperature range of about
60 °C.

4.1. Thermal analysis

The SAN dissolution was monitored in-situ by means of calorimetry.
The sample cell of the instrument is vertically divided in two compart-
ments separated by a Teflon membrane. SAN is placed on the bottom of
the cell, and MEK on the top. The dissolution takes place once the
separating membrane is broken, and the solvent comes in contact with
SAN (schema inset of Fig. 2). Although the heat flow signal is monitored
from the beginning of the experiment, the dissolution process started
one minute later once the membrane was pierced. The enthalpy

Table 1
HSPs and boiling point for SAN and some commercial solvents, RED evaluation
according with Egs. (1), and (2).

Solubility parameters

(MPa'’?)

84 5p ou RED Boiling T (°C)
SAN 16.6 9.8 7.6 — —
Acetone 15.5 104 7 0.49 56
MEK 16 9 5.1 0.60 80
Acrylonitrile 16 128 6.8 0.69 77
Tetrahydrofuran (THF) 16.8 5.7 8 0.86 66
Ethyl acetate 158 53 7.2 1 77
Dichloromethane (DCM) 18.2 6.3 6.1 1.04 40
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Fig. 1. Hansen solubility sphere for SAN along with some good and partially
good solvents.

associated to the dissolution process is exothermic and defined as the
enthalpy of dissolution (AHgss) (Fig. 2).

AHgiss measured at 30, 40, 50, 60 °C corresponds to 33, 30, 24, and
20.5 J.g~ !, respectively. Since AHy;; is an extensive function of state, it
might be described by the sum of two enthalpic contributions [36,37]:

AHgiss = AHyansition + AHmi_xing (16)

According to Eq. (16), the dissolution in glassy polymer involves two
steps: firstly, a phase change of the polymer is observed from the solid to
the rubbery state. The enthalpic contribution associated to this step is
given by AHgansition- Such enthalpy term is always exothermic because
the sign of the cohesive energy in polymers is negative [38]. As the
solvent interacts with the glassy polymer during dissolution, the con-
strained polymer chains gain flexibility. This transformation from a
glassy to a more rubbery state releases excess enthalpy, resulting in heat
generation and enthalpy relaxation. The enthalpic contribution related
to the polymer-solvent interactions is associated to the term AHpmixing
(Eq. (8)). Since the dissolution of SAN in MEK is not an ideal solution
(AHpix # 0), the Gibbs free energy change (AGp;y) is given by Eq. (7).
Thermodynamics requires that for spontaneous dissolution of polymers,
AGnix should be negative. In dissolution process, ASny is positive due to
an increase of the entropy of the polymer chains under the influence of
the solvent. To promote dissolution AHp,;, should be smaller than the
term T ASp;y. Strictly speaking, the mixing will be favoured when AHp;,
is minimized which entails that p s ~ p,p, op s = Jp,p, and Jp,s = &pp. The
estimation of AGy;, (Eq. (3)) for the system SAN/MEK shows a negative

0.025
21
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o £
2 00154 5!
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T T T T
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concave curve as a function of the volume fraction ¢, which suggest a
spontaneous process. This effect is more pronounced by increasing the
temperature from 25 °C to 60 °C as shown in Fig. S1.

x12 can be calculated (Eq. (10)) by using the Hansen parameters
defined at room temperature (Table 1). 1 for the mixture SAN/MEK is
equal to 0.077 at 25 °C. For the system SAN/MEK (concentration 20 %)
the theoretical AH,;, was calculated around 1.63 J.g™! (per gram of
polymer) (Eq. (8)), whereas the variation of AH,;;, as function of ¢, is
presented in Fig. S2. Thus, the enthalpic contribution AHp,;y is negligible
in comparison with AHyqpsition in the measured AH gjg;.

As observed in Fig. 2b, the AHg; linearly decreases as a function of
the temperature. It should be noted that AHg ;s (from 20.5 to 33 J. g’l) is
ten to twenty times larger than the theoretical AH, of 1.63 J.g™ L. So,
according to Eq. (16), the main enthalpic contribution of AHy is
AHyansition- Below the Ty of SAN (105 °C) the reduced intermolecular
distance among the polymer chains prevents them to reach an equilib-
rium conformation. Hence, the glassy polymer possesses an excess of
enthalpy due to ‘frozen-in’ oscillation modes. During the polymer
dissolution, the frozen-in modes relaxe and AHgqnsiion iS released
[38,39]. The mobility of the chains is more and more constrained with
the decreasing of the temperature which suggests higher AHgnsition at
lower temperature [39]. If a dissolution process was theoretically per-
formed at temperature around the T of the SAN (105 °C), then the
AHggnsition Will be expected to be almost zero since the polymer molec-
ular chains are already in their flexible state. From the linear fit in inset
Fig. 2, the extrapolated value of AHg; at 105 °C is around 1.3 J.g ™.
Thus, this residual enthalpy could be fairly associated to AHp,;, which
was theoretically calculated around 1.63 J.g~!. Moreover, it can
observed that the AHqpsition and AHp;, are both exothermic.

According to Eq. (13), the integration of the calorimetric curves
(Fig. 1) gives the relative extent of conversion (@) (Inset of Fig. 3).
Generally, an overall increase in the rate of solubility/diffusion/
permeation is observed by increasing the temperature.

The variation of the effective activation energy (E,) was computed by
using the isoconversional methods (Friedman and NLN). In Fig. 3, E, is
plotted as function of extent of conversion, a. A good agreement be-
tween the two methods is observed. Each E, variation is associated with
a change in the dissolution process. The quasi-constant value of E, be-
tween 10 and 70 % indicates that the dissolution is mainly dominated by
a single-step process, while the relatively low values (i.e. between 10
and 30 kJ/mol) of E, indicate that the dissolution rate is mostly gov-
erned by a diffusion control. An increase of E, at the end of the process
was also observed. As reported earlier [40], the apparent activation
energy for diffusion is larger in the rubbery state than in the glassy state.
Thus, the E, increase observed for a > 0.7 is consistent with the pro-
gressive transition from a glassy to a rubbery state during dissolution.

341
321
301
28
26

AHy/ J.g7

24 4 L 2

AHyes = 46.31 - 0.433*T

224
R?=0.988

20

T T T T T T T

30 35 40 45 50 55 60
Temperature / °C

Fig. 2. (a) SAN dissolution thermograms at different temperature: black line (T = 30 °C), red line (T = 50 °C), and blue line (T = 60 °C). Inset: scheme C80 cell;

AHygss versus temperature (filled blue diamond), and linear fit (dash red line).
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Fig. 3. Variation of the apparent activation energy (E,) with extent conversion
(), called E,-dependencies for NLN method (diamond) and Friedman method
(cross). Inset: Extent conversion () vs. time (t) for three temperatures T = 30,
50 and 60 °C.

4.2. Real-time ATR-FTIR analysis

The dissolution of SAN into MEK was monitored in real-time mode
by ATR-FTIR at different temperature (i.e. 30, 40, and 50 °C). To follow
up the dissolution, the intensity changes of the bands attributed to SAN
were considered. The sealed device that was adapted to our ATR-FTIR is
not fully hermetic so the if vapor pressure of the solvent is too high, we
might consider some solvent evaporation close to the boiling point of the
solvent. It explains why we have limited our experiments to a maximum
temperature of 50 °C where no solvent evaporation was noticed. The
bands corresponding to SAN are shown in Fig. 4. In particular, the bands
at 3027, 2923, and 2855 cm~! are associated to the aromatic and
aliphatic C—H stretching. The peak at 2238 cm™! is the C=N stretching
in acrylonitrile. The bands peaking at 1583 and 1493 cm ™! belong to the
ring mode of styrene, while the scissoring mode of CH, in styrene is
found at 1452 cm ™. The bands at 702 and 755 cm ™! are attributed to
the C—H deformation (out-of-plane) in styrene [41,42].

The band selected for monitoring the SAN dissolution should not

702

2238 1452

2855 755

1493
2923 ¥

1583

3027 .

Absorbance (a.u.)

— MEK
—— SAN140

| M

A\
—\\T

T T T T T T T T
3500 3000 2000 1500 1000 500
wavenumber (cm™)

Fig. 4. ATR-FTIR spectra of SAN (red line), and MEK (black line).
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overlap with the band of MEK and should be sufficiently intense.
Therefore, as shown on FTIR spectra of MEK and SAN (Fig. 4), the C—H
deformation (out-of-plane) band of styrene at 702 cm ™! satisfies both
conditions.

A typical evolution of the selected characteristic band during the
dissolution process is shown in Fig. 5a. Similar trends were observed for
the other SAN bands including 755, 2238, 1493 em ! (data not shown).
The band related to C—H deformation of the styrene moieties in the
dissolved SAN appears two minutes after the beginning of the static
dissolution process. This could indicate that for the mixture SAN/MEK,
the swollen layer into the pellet is very thin and promptly disappears
under the effect of the solvent. Similar results were reported for PAN in
DMSO and DMF [43].

The normalized intensities of the band 702 ecm™! are shown in
Fig. 5b. The dissolution process proceeds faster by increasing the tem-
perature from 30 to 50 °C. Furthermore, a plateau is reached after 64,
48, and 40 min respectively at 30, 40, and 50 °C. At the plateau, the
formation of a compact gel layer is observed as the experiment is per-
formed in a static mode. Moreover, the relatively large density differ-
ence between SAN (1.08 g.mL’l) and MEK (0.805 g.mL’l) promotes the
deposition of this gel layer on the bottom of the cell thus closer to the
diamond crystal in the ATR-FTIR set-up. Beyond the plateau, the in-
tensity of the band starts decreasing over the time for all the tested
temperatures. Since the band intensity change correlates with a SAN
concentration change in the gel layer, the intensity decrease reflects a
diffusion of the polymer chains from the gel layer into the global
volume.

An extent of conversion for the gel layer formation can be estimated
from the intensity curves versus time. If we consider the curves up to the
plateau, then aprr=I702 (t)/I7;02 max. The effective activation energy
(EE™ for the gel formation was calculated with the isoconversional
method (Fig. S3). The resulting EETIR was estimated around 15 kJ.mol !
which agrees nicely with the quasi-constant value ES®° calculated be-
tween 10 and 70 % of conversion (Fig. S3).

As shown in Fig. 6, the conversion curves obtained by calorimetry
(acsp) and FTIR (appr) at T = 50 °C are different. The apyr reaches full
conversion faster than acgp (Fig. 6). The difference between calorimetry
and FTIR data can be explained by the different meanings of the ‘con-
version’. A global conversion was measured by calorimetry whereas
only a relative extent of conversion (i.e. formation of the gel layer) was
obtained by using ATR-FTIR. As highlighted in Fig. 6, the full conversion
(arrir = 1) in FTIR corresponds to acgp = 0.86. It is worth noting that
acgo = 0.86 is associated with the increase of E, values. Accordingly, the
increase of E, values for aggp > 0.86 can be attributed to the diffusion of
SAN chains from the gel layer to the global volume of the polymer so-
lution. This agrees well with previous works where it was shown that an
increase of E, is associated to a control by diffusion of long chain seg-
ments [24,34,44,45]. The rate of dissolution is then mostly controlled by
the diffusion of small solvent molecules (a¢gyp < 0.86) — marked by low
values of E, while it becomes controlled by diffusion of long polymer
chains in the being the rate-limiting step for the dissolution in this case.

The carbonyl band shift of MEK was also monitored during the
dissolution of SAN (Fig. S4) at 30 °C. A redshift of the band 1712 em ™!
was observed during dissolution compared the neat solvent at the same
temperature. The shift is probably due to the formation of polar-polar
interactions between the nitrile group of SAN and the carbonyl group
of MEK. Similar results were reported in a solution of polyacrylonitrile in
dimethyl formamide [46]. A plateau was observed after 60 min of
dissolution. This agrees with the results of the intensity change shown in
Fig. 5b.

4.3. Rheological measurements
The rheological behavior of the polymer solutions is essential for

understanding and optimizing the solvent-based recycling processes.
The viscosity as a function of the shear rate was measured for different
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concentrations. As shown in Fig. 7a, the viscosity of the SAN solution
globally increases as a function of the polymer concentration. The low
concentrated solutions have a Newtonian behavior at low shear 10-100
s1. A non-Newtonian behavior appears for a concentration higher than
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10 % w/v and a shear rate >100 s~.. An increase of the concentration
entails the formation of entanglements among the polymer chains and it
leads to a reduced mobility marked by a higher viscosity and a shear-
thinning behavior [47].

The Newtonian viscosity (1o) was plotted as function of the polymer
concentration. As displayed in Fig. 7b, two characteristic variations
were observed for 7 as a function of concentration. The 7y changes
follow a power-law behavior: exponent around 2 for concentration be-
tween 6 and 14 %, and exponent around 5 for concentration between 16
and 22 %, respectively. This result highlights the transition from a semi-
diluted to a semi-diluted entangled regime as previously reported for
polystyrene solutions [46]. The transition is defined by the entangle-
ment concentrations, c,, which was estimated at around 15.5 %w/v.
This change of regime is interesting as such change should also appear
during the progress of dissolution in calorimetry or spectroscopy as the
SAN concentration in MEK should progressively pass from 0 %w/v at the
beginning of the dissolution to 20 % w/v (i.e. the maximum concen-
tration when all the SAN is dissolved). Therefore, the changes associated
with a semi-diluted to a semi-diluted entangled regime occurring at
15.5 %w/v could correspond to the point where a gel formation is
observed in FTIR experiments. The gel layer would be caused by this
progressive modification of the viscoelastic behavior, in particular in
absence of shear, (i.e. no agitation in FTIR). This change in the regime is
also consistent with the progressively larger energy barrier for SAN
diffusion in the solvent obtained at the end of the calorimetric experi-
ments (for @ > 0.7 in Fig. 3).

For recycling purposes, this change of regime is important for setting
the initial conditions for dissolution of e.g. waste ABS. Indeed,
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Fig. 7. (a) Viscosity versus shear rate at T = 30 °C for the different SAN concentration (6, 8, 10, 12, 14, 16, 18, 20, 22 %w/v); (b) Newtonian viscosity (red triangle),
fixed at 10 s’l, versus concentration at 30 °C, and power law fitting (dash black line).
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depending on the initial solvent ratio, it might end up with a concen-
tration of SAN in MEK that could be above or below this threshold of
15.5 %w/v. Being in the semi-diluted regime (i.e. concentration below
15.5 %) would be helpful to ensure that the solution can be relatively
easily pumped from the reactor and transferred to filtration devices for
removing the non-dissolved contents (i.e. polybutadiene rubber parti-
cles, additives, colorants, etc.) from the SAN solution. On the contrary,
higher concentrations will favor the formation of gel layer as observed
for instance in the FTIR measurement (20 %w/v).

The variation of the storage modulus (G') and the loss modulus (G")
as a function of angular frequency is shown in Fig. 8. A similar trend is
observed for the four concentrations tested (8, 12, 18, and 22 % w/v). In
the low frequency region, a liquid-like behavior is observed (G' < G"),
whereas at higher o, G’ surpasses G rather corresponding to a solid-like
behavior. The angular frequency at which the moduli G' and G’ crossover
is denoted as wross. The relaxation time, tg, is calculated as the reciprocal
of the angular frequency wcross.

tg = ! a7)

@cross

tr is the longest relaxation time and it represents the time taken by the
polymer chains to disentangle.

As observed in Fig. 8, tg decreases exponentially with increasing the
concentration. A similar trend was already reported for polyacrylonitrile
solutions in dimethylformamide [48].

The rheological behaviour of the system can be in part described by
the Maxwell model over a frequency range. According to the Maxwell
model, the storage modulus (G), and the loss modulus (G") are given by
the following equations:

‘ Go(a)tR)z
G == 18
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Gy is the plateau modulus, and it corresponds to the high-frequency G
plateau.

As shown in Fig. 9, it is interesting to note that for the angular fre-
quency range from 0.01 to 200 rad.s~! both moduli increase with the
angular frequency without reaching the maximum value of the plateau
(Go) as expected by the model.
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5. Conclusion

Based on the HSP, MEK has been selected as suitable solvent for the
SAN dissolution. This paper correlates the in-situ dissolution of SAN in
MEK by correlating data obtained from calorimetry and FTIR spectros-
copy. More insights were given on the thermodynamic and kinetic fea-
tures of this dissolution. From a thermodynamic standpoint, the major
enthalpic contribution in the dissolution comes from the enthalpic
relaxation to pass from the glassy state to the rubbery state (AHansition)
since, in comparison, the AHpiving was much lower. From a kinetic
standpoint, the dissolution is mainly governed by a single step process
with an increase of the E, at high conversion values corresponding to a
control by diffusion. In-situ dissolution with ATR-FTIR spectroscopy
allows to highlight that the dissolution proceeds quite fast with the
appearance of the first SAN chains only two minutes after the beginning
of the experiment. The band intensity increased until a plateau which
corresponds with a gel layer formation. From the correlation between
the results obtained from calorimetry and ATR-FTIR spectroscopy, we
propose that the increase of the E, at the end of the dissolution process
could be associated to the diffusion of the SAN chains in the global
volume of solution. Viscosity measurements on SAN solutions in MEK
allowed to determine a transition between a semi-diluted and a semi-
diluted entangled regime at about 15.5 %w/v. Moreover, frequency
sweep experiments pointed out a linear variation of the G, and G
moduli function of the frequency which deviates from the Maxwell
model after the crossing point (G' = G"). Overall, this work paves the way
to further investigations on plastic dissolution for physical recycling
purpose. It might be that the enthalpic contribution, the activation
barrier, and the viscosity regime might vary from a solvent to another. In
the proper choice of solvent, these complementary features might guide
the solvent selection. Moreover, the understanding of the temperature-
dependance of such process both from a thermodynamic and kinetic
standpoint is crucial for the design of the experiments and to foresee the
upscaling of the process.
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