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A B S T R A C T

The dissolution behaviour of poly(styrene-co-acrylonitrile) (SAN) was examined across a broad temperature 
range to identify the governing thermodynamic and kinetic factors. Two high-boiling solvents with contrasting 
affinities for SAN, namely diethyl succinate (DS, RED = 0.69) and triethyl citrate (TC, RED = 1.37), were selected 
to study dissolution below and above the SAN glass transition temperature (Tg ≈ 105 ◦C). Isothermal mixing 
calorimetry (30–150 ◦C) showed complete SAN dissolution in DS above 45 ◦C, with exothermic dissolution 
enthalpies decreasing from 20 J g⁻¹ at 45 ◦C to 6 J g⁻¹ at 120 ◦C, the latter reflecting polymer–solvent interactions 
once the glassy-rubbery transition no longer contributes. In TC, SAN did not dissolve at 30 ◦C and was only 
partially dissolved up to 80 ◦C; complete dissolution occurred only above Tg, with an enthalpy of ~6 J g⁻¹ at 120 
◦C. ATR-FTIR monitoring revealed strong effects of solvent quality and temperature on induction time. SAN 
chains appeared in solution after 480 s in DS but after ~5000 s in TC at 45 ◦C, evidencing significant segmental- 
relaxation limitation in TC. Above Tg, induction times sharply decreased to 120 s in DS and 360 s in TC at 120 ◦C. 
Isoconversional kinetic analysis showed that dissolution in DS above Tg is diffusion-controlled, with low acti
vation energies (6–15 kJ mol⁻¹). Below Tg, SAN dissolution transitions from segmental-relaxation-controlled 
(increasing to 41 kJ mol⁻¹) to diffusion-controlled at higher conversion. Dissolution in TC below Tg exhibited 
even stronger relaxation control, with Ea reaching 116 kJ mol⁻¹ .

1. Introduction

Acrylonitrile-butadiene-styrene (ABS) is widely used in household 
applications, electrical and electronic equipment, toys, and automotive 
industry amongst others. It is considered the most used engineering 
plastic [1]. Therefore, developing an effective recycling strategy for this 
material is of significant importance. ABS is made of a poly 
(styrene-co-acrylonitrile) (SAN) matrix which contains dispersed 
polybutadiene-based rubber particles (PBR).

Various studies [2–4] investigated how ABS behaves during me
chanical recycling particularly when the material is subjected to 
re-extrusion cycles. It was noticed post-reprocessing colour change [2], 
impact [3] and fracture [4] resistance properties losses. The decrease in 

mechanical performances was attributed to chain scissions in SAN and 
PBR crosslinking under reprocessing.

Indeed, mechanical recycling is a simple, cheap, and very low energy 
intensive recycling method. In mechanical recycling, plastic parts are 
shredded, sometimes then recompounded with new polymers or addi
tives, and new products are made. Due to the accumulation of con
taminations and degradation of the polymers and additives, in most 
cases, mechanical recycling leads to down-cycling: the demands placed 
upon the new product are less challenging than the ones on the waste 
source. Mechanical recycling has been around for a while, but the 
technology has limits. One needs access to high-purity waste streams, 
and it’s not a true infinite loop recycling technique due to the down
cycling in each step [1].
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In chemical recycling on another hand, plastic waste is reduced to 
basic chemicals, such as monomers or pyrolysis oil [1]. This is often a 
very energy intensive process, sometimes even more energy intensive 
than the production of virgin polymers [5]. However, a wide variety of 
plastic waste can be accepted [6].

In physical recycling, the plastic waste is dissolved in a solvent [7,8]. 
In particular, the physical recycling of a plastic material via the 
dissolution-precipitation technique enables the recovery of polymers 
with virgin-like competitive properties [9]. This also enables the isola
tion and purification of the polymer matrix from the unwanted additives 
or contaminants and allows the re-use of some additives [10]. These 
non-polymeric components can be removed via various filtration tech
niques [11], the solvent is then evaporated, and the pure polymer re
mains [7,8]. The advantages are that the filtration can be very selective, 
the polymer should not suffer degradation unless it undergoes heating 
[8], and the polymer chains remain intact, all while keeping the energy 
footprint limited [1]. Physical recycling is a relatively new technique but 
has garnered a lot of interest recently [12]. The low energy intensity, 
combined with the wide variety of waste it can accept [7], makes it a 
very promising technology [8].

Physical recycling is therefore suitable for the recycling of highly 
formulated plastics such as ABS. At the moment, there are several 
commercial companies working at or towards kiloton scale. Well-known 
successful physical recycling was performed by CreaSolv®SB process 
[13] (CreaCycle Gmbh company) for the separation of ABS and high 
impact polystyrene (HIPS) from unwanted non-dissolved components, 
contaminants and brominated flame-retardants [14]. Polystyrene 
packaging waste were recycled and recovered free of additives through 
UpSolv’s process (ex Polystyvert), using of cymene as a solvent and an 
anti-solvent [15–17]. PureCycle [18] elaborated a 
dissolution-precipitation technology which enabled the recovery of 
virgin-like recycled polypropylene from post-consumer and 
post-industrial polypropylene waste. The dissolution was performed in 
supercritical butane, contaminants such as pigments, fillers, dirt and 
polymers were separated out, and the recycled polymer was recovered 
through precipitation via decompression. The recycled polypropylene 
can be used for packaging applications. Trinseo developed the 
dissolution-based recycling of post-consumer polystyrene [19,20], 
which was recovered free of impurities such as other polymers, dust and 
metal after filtration. This technology enabled the commercialisation of 
a food-grade polystyrene containing 30 % of recycled polystyrene and a 
18 % decrease in the carbon footprint of the material compared to the 
virgin counterpart. Trinseo also developed a dissolution technology for 
the recycling of polycarbonate from mixed (with plastics, metal or glass) 
end-of-life materials [21,22]. The polycarbonate was dissolved in the 
solvent, whereas the non-polycarbonate fractions were filtered out and 
can be re-engaged in further recycling processes. The recycled poly
carbonate can be re-compounded and a significant reduction in the 
carbon footprint of the recycled polycarbonate was observed compared 
to the virgin’s one.

To this day, there are few studies on the physical recycling of ABS 
[23]. A recent one [24] reports the successful recovery of ABS from toy 
waste and the probable elimination of antioxidants, heat stabilizers, 
plasticizers and fluoro-compounds using an acetone/water solvent sys
tem for the dissolution-precipitation process. The loss of additives led to 
a slight drop in thermo-mechanical properties as the recovered SAN-rich 
phase material was not re-formulated after recycling. Another study 
[25] aimed at investigating the mechanical properties of a 
post-consumer ABS which underwent several dissolution/recovering 
cycles in acetone, sometimes followed by reprocessing. Even though the 
purpose was not to remove additives, some of them inevitably dissolved 
in the solvent, which induced the degradation of the recovered ABS, 
causing a decrease in the thermo-mechanical properties. Both SAN 
matrix and PBR were affected under reprocessing. Post-production ABS 
was dissolved in acetone and CreaSolv®SB solvent formulation and then 
filtered or centrifuged in order to eliminate inorganic pigments [11]. 

The removal ratio was above 80 % except for centrifuged CreaSolv®SB 
solutions. In another investigation, a phosphate flame-retardant was 
successfully removed from a PC/ABS resin [26] employing N, 
N-dimethylcyclohexylamine (DMCHA) as a solvent. This process 
enabled the recovery of the components with a high degree of purity.

Thus far, the process of polymer dissolution has been characterized 
and monitored with the help of techniques such as FTIR imaging [27]; 
optical microscopy and differential refractometry [28], interferometry 
[29,30], ellipsometry [31], steady-state fluorescence [32] and nuclear 
magnetic resonance (NMR) [33]. These techniques allow the investi
gation of swelling and dissolution mechanisms and rates. However, the 
in-situ monitoring of ABS and or SAN dissolution has not been exten
sively investigated. Only one previous work in our team [34] demon
strated that correlating data from calorimetry and FTIR experiments 
enabled to identify the thermodynamic and kinetic determining steps 
during SAN dissolution. From a thermodynamic standpoint, the disso
lution of SAN is governed by the glassy to rubbery transition before 
having the proper chain dissolution. This is associated with an increase 
of the activation energy at the end of the process. However, the 
methyl-ethyl-ketone (MEK) is a low-boiling point solvent, thus limiting 
the temperature range for dissolution.

The novelty of this research is that a special emphasis is made on the 
temperature dependence of the dissolution process of SAN on a partic
ularly large temperature domain (~120 ◦C), i.e. spanning from 30 ◦C to 
150 ◦C. This is much larger compared to previous investigations that 
usually employ either a single temperature (ambient temperature, Lu 
et al. [24]) or a very narrow temperature range (25 ◦C to 40 ◦C for 
Arostegui et al. [25] or from 30 to 60 ◦C for Melilli et al. [34]). It is 
particularly important to determine how this dependence is affected by 
positioning the dissolution process below or above the glass transition 
temperature of SAN (Tg ~ 105 ◦C). Therefore, we have used in this 
paper, solvents with a relatively high boiling point to monitor the 
dissolution process for temperatures above the glass transition of SAN. 
Thus, the comparison of the SAN dissolution in a large temperature 
domain would allow to determine the difference in dissolution dynamics 
especially below and above the glass transition of SAN. For this purpose, 
high boiling point solvents, relative to the glass transition temperature 
of SAN, should be employed. For practical application and relevance in a 
dissolution process, the boiling point should also not be too high, as the 
solvent will need to be evaporated at some point. Moreover, the like
liness of the solvent - i.e., good or less good solvent (from the perspective 
of the Hansen solubility parameter) towards SAN dissolution – is 
impacted by the temperature at which the dissolution occurs. This study 
aims to understand these aspects which are important in the perspective 
of having tuned conditions for SAN dissolution. This will pave the way 
for optimizing conditions for ABS physical recycling. Two different 
solvents namely diethyl succinate (DS) and triethyl citrate (TC) were 
employed to monitor in situ the SAN dissolution with mixing calorimetry 
and FTIR spectroscopy. These solvents were chosen for their distinct 
positions within (good solvent) and outside (poor solvent) the SAN’s 
Hansen sphere. This should allow to take the description and compre
hension of the thermodynamic and kinetic determining steps of SAN 
dissolution one step further.

2. Materials

SAN pellets (poly(styrene-co-acrylonitrile), Mw = 90000 g/mol, 
3.8 × 2.7 × 2.1 mm) and pieces (10 ×7.5 ×4.08 mm and 
10 ×7.5 ×1.36 mm) were supplied by Trinseo NL. Diethyl succinate 
(purity ≥ 99 %) and triethyl citrate (purity ≥ 99 %) were purchased 
from Sigma-Aldrich and used as received.
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3. Methods

3.1. Reaction calorimetry

The calorimetric monitoring of SAN dissolution in both the solvents 
(ratio 20 %w/v SAN in solvent) was performed in a Setaram C80 Calvet 
calorimeter whose temperature and heat flow calibrations were per
formed with indium and wood alloy standards. After placing polymer 
pellets or pieces (one piece of 4.08 mm thickness or three pieces of 
1.36 mm thickness) in the bottom mixing cell, solvent was poured in the 
top cell, the two of them being separated by a Teflon membrane. The 
whole system is hermetic and placed in the calorimeter. A reference cell 
is empty because no matter the solvent nor the temperature (even the 
high ones), no solvent effect was observed. Before launching an exper
iment, equilibration of the apparatus at the setting temperature was 
made until stabilization of the baseline. A metal rod with a pointy end 
was used to perforate the membrane. Isothermal SAN dissolution ex
periments were performed in different solvents at several temperatures 
for a duration of 15 h. The heat flow measurement started one minute 
before perforating the membrane to ensure that the whole phenomenon 
was recorded. The heat flow (mW) was recorded as a function of time 
and was normalized to the sample mass. The overall enthalpy of disso
lution ΔHdiss (J/g) was calculated after integration of the heat flow 
curves using a horizontal right baseline on the STARe software. The 
precision on the enthalpies is of ±1 % according to Setaram’s specifi
cation, and variability observed on replicates are in the same range. The 
extent of conversion αCAL was calculated as follows: 

αCAL(t) = ΔH(t) / ΔHtot                                                                  (1)

3.2. Fourier-transformed infrared spectroscopy

The dissolution monitoring (concentration 20 %w/v SAN in solvent) 
was carried out on a Thermo Scientific Nicolet iS20 spectrometer 
equipped with a PIKE Gladi ATR component and a heating plate 
controlled by a PIKE Temperature Controller. Measurements and air 
background were recorded with a 4 cm− 1 resolution and 64 scans. The 
dissolution was followed isothermally during 10 h for temperatures set 
between 30 ◦C and 120 ◦C, with a spectrum recorded every 2 min. First, 
the air background was recorded, then the solvent was injected after a 2- 
minute time-lapse.

The system used to monitor the dissolution by FTIR is presented 
Fig. 1. The SAN pellets were placed around the crystal so that bands 
associated with SAN are not detected before the proper dissolution 
starts. The system is hermetically sealed with a Teflon cylinder, a device 
allowing the solvent injection and pressure is applied through the ATR 
screw and tip.

The extent of conversion, αFTIR, was then calculated based on the 
band related to the aromatic C-H out-of-plane bending vibrations δ(C-H) 

= 703 cm− 1 of the styrene moieties. The spectra were treated with 
OMNIC 9 software. The function “atmosphere suppression” was applied 
to the full spectra. An automatic baseline correction was applied to 
facilitate the calculation of the αFTIR. The formula used is: 

αFTIR(t) = [I(t) – Imin] / [Imax – Imin]                                                (2)

where I(t) is the band intensity on a spectrum at time t, Imax the maximal 
intensity recorded and Imin the minimal intensity (generally very close to 
0). The intensities of the first recorded spectra were compared to that of 
the solvent at the same wavenumber. The noise was calculated in a 
wavenumbers range not presenting any band, through the correspond
ing function on the software. The signal-to-noise ratio was taken around 
2 (which is below 3, the commonly used value), in order to ensure the 
detection of the very beginning of the phenomenon. These manipula
tions allowed to certify which was the first spectrum of a series that 
presented a band δ(C-H) = 703 cm− 1.

3.3. Differential scanning calorimetry

The identification of the glass transition behaviour was conducted 
with a Mettler Toledo DSC823 equipped with a HSS 8 + sensor. SAN 
pellets were introduced in triethyl citrate (20 %w/v SAN in TC, 15 h, 30 
◦C), then removed, excess of solvent was absorbed on a tissue, and a 
pellet was placed in a 100 µL aluminium crucible.

3.4. Thermogravimetric analysis (TGA)

The thermogravimetric analysis was used to calculate the percentage 
of completion of the dissolution for uncomplete dissolution in TC. Five 
SAN pellets (of about 17 mg each) were placed in five different vials, 
soaked with triethyl citrate (20 %w/v SAN in TC, 10 h, 45 ◦C), then 
taken out, excess of solvent was absorbed on a tissue, and the pellets 
were introduced in 70 µL alumina pans. The measurements were per
formed in a TGA 2 apparatus from Mettler-Toledo. The temperature 
ramp started from 25 ◦C to 600 ◦C with a heating rate of 10 ◦C/min, 
under a 60 mL/min air flow. The percentage of completion was calcu
lated by subtracting the remaining SAN mass obtained after TC removal 
in TGA to the initial mass of the swollen pellet (TC+SAN) and dividing 
the result by the mass of the pellet before dissolution, followed by a 
multiplication by 100.

3.5. Optical microscopy

Microscopy images were taken using a ZEISS Axio Scope.A1 polar
ized light optical microscopy (POM) apparatus in reflection mode under 
a x10 zoom. The capture, treatment and analysis of the images were 
performed with Zen software. The SAN pellets were soaked in TC with 
methylene blue at 30 ◦C and 60 ◦C, overnight and for 20 mins 
respectively.

4. Theoretical section

4.1. Dissolution theory

The dissolution of a glassy polymer starts with the adsorption and the 
diffusion of the solvent in the bulk, which leads to the swelling of the 
polymer and the formation of a swollen layer where the polymer is still 
in the glassy state [28] (Fig. 2). Concomitantly, the polymer 
glassy-rubbery transition is induced by plasticization and results in the 
formation of a gel-like layer. Consequently, a gel-like swollen layer is 
formed. Once a critical concentration value of solvent in the polymer is 
reached, chain disentanglement can start. Those disentangled chains 
diffuse through a diffusion boundary layer (DBL) in the solvent. The 
swelling process continues as the disentanglement proceeds, until the 
bulk layer is completely transformed into a swollen layer. Dissolution Fig. 1. Assembly for FTIR dissolution monitoring.
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ends when all disentangled chains have diffused in the solvent [28,35].
The dissolution mechanism is limited either by the disentanglements 

or the diffusion of macromolecules [35]. It may also be controlled by the 
solvent diffusion rate and the swelling capacity, which depends on the 
size of the solvent molecule. The larger the solvent molecules, the more 
difficult it is for them to penetrate the polymer, thus slowing down the 
diffusion rate [36].

The overall enthalpic contribution for the dissolution of an amor
phous glassy polymer is written as followed: 

ΔHdissolution = ΔHtransition + ΔHinteraction + ΔHmixing                         (3)

with ΔHtransition associated with the chain relaxation during the glassy- 
rubbery transition [37], ΔHinteraction is referring to the new 
polymer-solvent interactions, and ΔHmixing corresponds to the macro
molecule disentanglement and rearrangement of conformation [38].

4.2. Hansen theory

The polymer solubility in solvents may be predicted according to the 
Hansen model [39], which takes into account the dispersive forces, the 
polar cohesive forces and the hydrogen bonding, characterized by δD, δP, 
and δH components, respectively [28].

The solubility parameter distance is described as follows: 

R2
a = 4 (δD,2 − δD,1)

2
+ (δP,2 − δP,1)

2
+ (δH,2 − δH,1)

2 (4) 

With 1 and 2 being the notations for solvent and polymer contribu
tions, respectively.

The relative energy difference (RED) is calculated as follows: 

RED =
Ra

R0
(5) 

with R0 the sphere interaction radius related to the polymer. If RED < 1, 
the solvent is in the Hansen sphere and solvent-polymer interactions are 
favourable enough to promote the dissolution, contrary to a RED 
exceeding 1.

Based on the Hansen solubility parameters found in the literature, 
the Hansen sphere of the SAN was plotted together with the Hansen 
coordinates of two solvents (Figure S1). The sphere interaction radius of 
the SAN is R0 = 4.80 [39]. Diethyl succinate (DS) is located within the 
SAN sphere and can be considered as a good solvent for SAN dissolution. 
This solvent has a RED close to that of the MEK (RED = 0.60). Diethyl 
succinate is then expected to have similar dissolution power. On the 
other hand, triethyl citrate (TC) is outside the SAN sphere and was 
selected as a poor solvent for SAN dissolution. It was used to broaden the 
scope of the study. When conducting thermodynamic studies, particu
larly above the glass transition temperature of SAN (Tg = 107 ◦C), 
high-boiling solvents should be selected. All chosen solvents meet this 
criterion. In general, increasing temperature induces a widening of the 
solubility sphere and a decrease in HSP. δH is the most impacted 

parameter. Consequently, when increasing temperature, alcoholic sol
vents’ ability to dissolve polymers with lower HSP is heightened. Thus, 
poor solvents may become good solvents at higher temperatures. [39]
The RED values at 25 ◦C, determined through Eqs. (1) and (2), and the 
boiling temperature of the selected solvents are gathered in Table 1
along with the RED values at 120 ◦C. Those latter were calculated ac
cording to Equations [39] (S1), (S2) and (S3) which were reported in 
supporting information. The recalculated HSP of the SAN and the sol
vents were reported in Table S1.

4.3. Isoconversional kinetics

Kinetic processes occurring in condensed phases may be investigated 
using the corresponding general form for the rate equation formulated 
as [41]: 

dα
dt

= k(T)f(α) = Aexp
(

−
Ea
RT

)

f(α) (6) 

with α the extent of conversion, t the time, k(T) the rate constant which 
follows the Arrhenius law, f(α) the model of the reaction standing for the 
reaction mechanism, A the pre-exponential factor, Ea the activation 
energy, R the universal gas constant, and T the absolute temperature. 
Multiple kinetic models were developed and reported in the literature 
[42].

Chemical processes and physical transformations may be studied 
through isothermal and non-isothermal calorimetric measurements. To 
get an insight on the progression of the phenomenon, the extent of 
conversion may be calculated from the recorded data using Eq. (7): 

αi =

∫ ti
t1
(dH/dt)idt

∫ t2
t1
(dH/dt)idt

≡
Hi

Q
(7) 

With (dH/dt)i being the heat flow recorded by the calorimeter at 
time i (ti). Lower and upper integration limits are respectively set at time 
t1 and t2 on the calorimetric signal. The reaction rate (dα/dt) can be 
obtained by calculating the derivative of Eq. (7).

Friedman method is part of the earliest proposed isoconversional 
kinetic methods and is described with the Eq. (8) which ensues from Eq. 
(6) linearization [43]: 

ln
(

dα
dt

)

α,i
= ln[Aαf(α) ] − Ea

RTα,i
(8) 

where the index i designates the temperature used by the program and α 
stipulates that computations are carried out for a constant value of the 
extent of conversion.

Herein, the advanced non-linear isoconversional method (NLN) 
established by Vyazovkin [44–46] was used. The corresponding equa
tions are derived from Eq. (6) and written as follows: 

Φ(Ea) =
∑n

i=1

∑n

j∕=i

J[Ea,Ti(tα)]

J
[
Ea,Tj(tα)

] (9) 

Fig. 2. Polymer dissolution mechanism through a diffusion boundary layer 
(DBL) and enthalpic contributions in case of an amorphous glassy polymer.

Table 1 
SAN and solvents Hansen solubility parameters at 25 ◦C, RED at 25 ◦C and 120 
◦C and solvents boiling temperatures.

Hansen solubility 
parameters (MPa1/2)

​ δD (25 
◦C)

δP (25 
◦C)

δH (25 
◦C)

RED 
(25 ◦C)

RED 
(120 ◦C)

B.T 
(◦C)

SAN [39] 16.6 9.8 7.6 ​ ​ ​
Diethyl succinate 

(DS) [40]
16.2 6.8 8.7 0.69 0.79 218

Triethyl citrate 
(TC) [39]

16.5 4.9 12 1.37 2.00 294
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where the function J[Eα,Ti(tα)] is expressed as: 

J[Ea,T(tα) ] ≡

∫ tα

tα − Δα
exp

[
− Ea

RT(t)

]

dt (10) 

This NLN method uses a series of temperature programs Ti(t) and was 
executed using a internally generated software [47–49]. Φ(Ea) is mini
mized for each value of α and a dependency of the effective activation 
energy (Ea) on the extent of conversion (α) may be plotted. This method 
does not require any assumptions about the reaction mechanism. The 
resulting Ea dependencies enable meaningful mechanistic analyses and 
improve the knowledge on multiple-step processes [42,50,51]. In most 
cases, Ea computations via NLN and Friedman methods provide similar 
results. Then Ea variations may be attributed to rate-determining step 
changes over the studied process.

The rate constant kα(t) dependency on α is computed according to Eq. 
(11), using previously calculated Ea and Aα variations: 

kα(t) = Aαexp
(

−
Ea

RT

)

(11) 

Next step is the calculation of the reaction model function f(α)α 
following the equation: 

f(α)α =
(dα/dt)α

kα
(12) 

5. Results and discussion

The dissolution of SAN was monitored in both diethyl succinate and 
triethyl citrate by reaction calorimetry. Calorimetric experiments were 
performed below and above the glass transition temperature of SAN (Tg 
= 105 ◦C, see Figure S2) to study the influence of the polymer state on its 
dissolution. Isothermal temperatures ranging from 30 ◦C to 150 ◦C were 
chosen, and the respective extents of conversion αCAL(t) are plotted 
against time in Figure S3 for the dissolution of SAN in DS. As expected, 
the higher the temperature, the faster the dissolution. To compare the 
phenomenon below and above Tg, the heat flow curves recorded at 45 ◦C 
and 120 ◦C are presented respectively in (Fig. 3 (a)) and (Fig. 3 (b)). The 
obtained dissolution enthalpies after integration of the heat flow curves 
are summarized in Fig. 4.

The total enthalpic contribution (independently of the solvent) is 
exothermic over the whole range of temperature, which is consistent 
with the literature [52].

The higher the enthalpy of dissolution is, the more efficient the 
solvent is [38]. Here in, the enthalpy values correlate with the HSP 
predicted affinities of the solvents for the polymer. As shown in Fig. 4, 
the good solvent (DS) presents higher values of enthalpy compared to TC 
when the dissolution occurs below the Tg of SAN.

First, complete dissolution was observed for the SAN/DS system 

(20 %w/v) for temperatures higher than 45 ◦C. The absolute value of the 
enthalpic contribution of SAN dissolution in diethyl succinate is of 20 J/ 
g at 45 ◦C and progressively decreases when temperature increases to 
reach about 6 J/g at 120 ◦C. This is coherent with the fact that the |ΔHTg|

decreases when the temperature tends towards the Tg of SAN. |ΔHTg|is 
expected to be about 0 J/g when T ≥ Tg. Above Tg, ΔHdissolution = 6 J/g, 
in accordance with the fact that ΔHTg is not predominant and that the 
dissolution at least is not governed by the glassy-rubbery transition. 
Then, the total enthalpy measured above Tg is attributed to ΔHinteraction 
+ ΔHmixing = 6 J/g. It confirms that below Tg, the heat released during 
dissolution is then predominated by ΔHtransition that should be around 
14 J/g.

Conversely, the dissolution of SAN in TC (20 %w/v) does not occur 
after 20 h at 30 ◦C. Indeed, when monitoring the dissolution by FTIR, no 
band attributed to SAN appears on the spectrum (Figure S4). This im
plies that no macromolecules diffused in solution and that the polymer 
did not dissolve. The dissolution process could be observed via inter
ferometry [30]. Herein, no gel-like layer could be seen besides the bulk 
when observing the pellet by microscopy after soaking (Figure S5 (a)), 
whereas the gel-like layer was observed when the pellet was previously 
dissolved in TC at 60 ◦C (Figure S5 (b)). This is supported by the calo
rimetry. The total measured enthalpic contribution of the SAN in TC, 
(after 15 h at 30 ◦C) is only 1 J/g (Fig. 4), which leads to the conclusion 
that the polymer did not undergo a complete glassy-rubbery transition 
(as for SAN in DS) and consequently no dissolution. However, the 
occurrence of some swelling and solvent penetration after 15 h of 
dissolution at 30 ◦C can be deduced from the DSC scan (Figure S2). 
Indeed, a glass transition of a swollen layer of SAN appeared in the DSC 

Fig. 3. Heat flow curves for the dissolution of SAN (20 %w/v polymer in solvent, 15 h) at (a) 45 ◦C in diethyl succinate (DS) (black line) and in triethyl citrate 
(orange dash line) and (b) 120 ◦C in diethyl succinate (DS) (black line) and in triethyl citrate (orange dash line).

Fig. 4. Enthalpies associated with the dissolution of SAN (at 30, 45, 60, 80 and 
120, 135 and 150 ◦C) in diethyl succinate (black) and triethyl citrate (orange). 
After 15 h, no dissolution (triangle), partial dissolution (cross) or complete 
dissolution (round) were observed.
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scan just below the glass transition of the bulk SAN. Moreover, the 
solvent that was used to soak the pellets before the DSC measurement 
was analysed in FTIR. No band associated to SAN polymer was observed, 
confirming that no dissolution occurred. So, the polymer did undergo a 
partial swelling via diffusion of some TC but not leading to a rubbery 
state at 30 ◦C allowing for chain disentanglement and solubilisation. 
This confirms that the transition from the glassy to the rubbery state 
limits the dissolution. It is in accordance with the dissolution mechanism 
described in the literature which depicts the progressive formation of 
swollen and gel-like layers, as the glassy bulk layer is progressively 
disappearing [28].

When performing SAN dissolution in TC at 45 ◦C, 60 ◦C and 80 ◦C, 
the polymer is partly dissolved (Fig. 4) and the enthalpic contribution 
increases to 4 J/g. At 120 ◦C, above the Tg(SAN), the dissolution in TC is 
complete and the enthalpy is in the same order of magnitude (~ 6 J/g) 
as for DS (Fig. 4). Considering the ± 1 % precision interval, no signifi
cant drop in the global enthalpy is observed when the temperature is 
above Tg(SAN) as was the case for DS. As for dissolution in DS, ΔHTg is 
not contributing above Tg(SAN) and the measured enthalpy correspond 
to ΔHinteraction + ΔHmixing. As shown in Fig. 3(b), the heat flow curves of 
SAN dissolution - measured for temperatures above Tg - are similar for 
both TC and DS.

Also, the molar volumes of DS and TC are Vm(DS) = 167 mL/mol and 
Vm(TC) = 242 mL/mol respectively. It was reported that solvents with a 
larger molar volume imply higher free energy of mixing which reduces 
the miscibility, and thus slow down the dissolution of polymers [28,39]. 
Indeed, Papanu et al. [53] reported drastic drops of the solvent pene
tration rate in PMMA with small increase of the molar volume. Hence, 
the larger molar volume of TC could also influence its poor solvency 
below Tg(SAN).

If the dissolution step supplies an exothermic enthalpy between 
6 J⋅g− 1 (0.006 kJ⋅g− 1) and 20 J.g− 1 (0.02 kJ.g− 1), this heat can be 
partially or fully recovered to offset the external thermal energy 
required for solvent evaporation. Considering 1 kg of SAN (feedstock), 
Table 2 summarizes the estimated net external thermal energy required 
for evaporation of 5 kg of diethyl succinate (DS) or triethyl citrate (TC), 
i.e. 20 wt% of SAN in solvent, considering only latent heat (0.314 kJ.g− 1 

for DS and 0.247 kJ.g− 1 for TC) and a high-efficiency solvent recovery 
scenario (recovery rate 99.8 %). The solvent losses are assumed to be 
2 kg per metric ton of feedstock (SAN). Solvent losses consist of residual 
solvent in the product and general process losses (micro leaks). The 
calculations assume an evaporation penalty of 120 % of the ideal latent 
heat and a condenser heat recovery of 50 %, resulting in a net external 
latent requirement of 60 % of the ideal ΔHvap. Table 2 further accounts 
for a range of possible exothermic contributions from the dissolution 
process steps (range 6–20 J⋅g− 1), with heat capture efficiencies η = 0 (no 
capture), 0.5 (50 % captured), and 1.0 (100 % captured). The resulting 
ranges of net external energy (kJ and kWh) illustrate how even modest 
exothermic process heats can reduce the energy burden by ~3–13 %, 
depending on exotherm magnitude and capture efficiency. Table 2 is 
intended only to provide a rough quantitative overview of solvent re
covery operations.

The polymer dissolution in DS was also monitored by FTIR. The δ(C- 

H)styrene = 703 cm− 1 was selected as the band to be followed (Fig. 5) 
because it was the only band sufficiently intense, free of overlap or 
overshouldering from the solvent. The full spectra with inserted zooms 
can be found in the supporting information (Figure S6) as well as the 
diethyl succinate spectrum (Figure S7). SAN bands attribution was made 
based on the literature [54,55] and can be found in Table S2.

Fig. 5 depicts FTIR spectra measured during the SAN dissolution in 
DS at 45 ◦C. The intensity of the band increases over dissolution time 
until it reaches a plateau.

The associated FTIR extent of conversion is shown in Fig. 6(a) and it 
shows good correlation together with the extent of conversion obtained 
by calorimetry. The heat flow curves and the corresponding extent of 
conversion refers to an overall heat of dissolution with no distinction 
between the swelling, transition, disentanglement, and diffusion of 
polymer macromolecules in solvent. On the other hand, FTIR solely 
detects vibrations of macromolecules once they are in solution. Conse
quently, the zoom on the FTIR extent of conversion at short times (Fig. 6
(a)) highlights the time it takes for the polymer chains to begin diffusing 
in the solvent. For the first points, when intensity equals 0 (i.e induction 
period), only swelling, transition, disentanglement are proceeding. 
Then, the first macromolecules in solvent appear when intensity value 
exceeds 0.

At 45 ◦C, the diffusion of SAN in DS starts after 480 s Fig. 6(a)). 
Conversely, the time needed for SAN chains to start diffusing in TC at 45 
◦C is much longer, around 5000 s (Fig. 6(b)). Such long induction pe
riods were reported for the sorption of methanol in poly(methyl meth
acrylate) (2.5 h) [56]. This could be caused by a slow glassy-rubbery 
transition in poor solvent. The appearance of an induction period was 
already identified in the literature for the dissolution of polymers at 
temperatures below their Tg [57,58], using techniques such as refrac
tometry [59], viscometry [58], ellipsometry [60] and 
UV-spectrophotometry [61] to monitor in situ the dissolution (except for 
UV-spectrophotometry). These studies were conducted on a restricted 
temperature range. The induction period to the first detection of poly
mer chains in solvent decreases when temperature [56–58] increases 
and becomes minimal for temperatures around the Tg [57].

When increasing the temperature up to 120 ◦C (Fig. 7), that induc
tion period decreases down to 120 s for DS (Fig. 7(a)). 5-seconds-short 
induction period was reported for the dissolution of poly(oxetane) in 
its rubbery state [61]. In TC, when T > Tg(SAN) the induction period 
falls to 360 s (Fig. 7(b)), which is three times the value obtained in DS. It 
is postulated that the induction period decreases because no 
glassy-rubbery transition occurs above Tg. Moreover, it is not clear in the 
literature [36] whether the glassy-rubbery transition governs the 
dissolution or may be neglected. Herein, it is demonstrated that in the 
case of the dissolution of SAN in DS and TC, the glassy-rubbery transi
tion governs the dissolution below Tg but not above Tg.

Table 2 
Net external energy for evaporating 5 kg of DS or TC (latent heat only, 60 % net) 
with exothermic contributions of 6–20 J⋅g⁻¹ at varying capture efficiencies (η =
0, 0.5, 1.0), in kJ and kWh.

Solvent Exotherm 
(J/g)

Capture 
η

Net External 
Energy (kJ)

Net External 
Energy (kWh)

DS 6–20 0 940.8 0.2613
6–20 0.5 880.8 – 922.8 0.2447 – 0.2563
6–20 1.0 820.8 – 904.8 0.2280 – 0.2513

TC 6–20 0 740.70 0.2058
6–20 0.5 680.70 – 722.70 0.1891 – 0.2007
6–20 1.0 620.70 – 704.70 0.1724 – 0.1957

Fig. 5. FTIR spectra for the dissolution monitoring of SAN pellets in diethyl 
succinate (20 %w/v) at 45 ◦C. Zoom on the δ(C-H)styrene bands at 703 cm− 1 and 
764 cm− 1. For a better legibility, spectra were translated along Y axis.
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In isothermal calorimetry the heat flow returns to the baseline and 
becomes negligeable before dissolution completes, no matter the tem
perature. Consequently, αCAL could be considered as a relative extent of 
conversion.

SAN pellets were also dissolved in vials and taken out at different 
times to be visually observed. From this, it appeared that the dissolution 
of SAN in TC at 45 ◦C for 10 h was unfinished. The corresponding per
centage of completion after 10 h in TC was calculated from TGA mea
surements on the swollen pellets (giving the amount of remaining SAN 
mass) and it gives %completion = 21.6 %. Then, αFTIR is not absolute 
because, unfortunately, running experiments for more than 10 h is not 
feasible and dissolution is not finished yet. Complete dissolution of SAN 
in TC required 11 days to be completed at 45 ◦C, compared to only 9 h at 
120 ◦C. In DS, dissolution was complete after 14 h at 45 ◦C and 6.5 h at 
120 ◦C.

Anyway, when coupling the calorimetry with the FTIR monitoring, it 
seems possible to discriminate between good and poor solvents for the 
polymer dissolution by comparing the respective alpha. If the two ex
tents of conversion are well correlated, the solvent could be considered 
as favourable for the dissolution. In the case of a poor solvent for the 
dissolution, the slopes tend to differ (i.e. the correlation is not good). In 
fact, the enthalpic phenomenon is then only a small contribution to the 
global phenomenon. The solvent may not have enough affinity with the 
polymer to efficiently promote its dissolution. Moreover, in this study, 
the Hansen theory does not correctly predict the solvent-polymer af
finity at high temperature. Indeed, according to the calculations at 120 
◦C, the RED values increase with temperature (Table 1), whereas it was 
demonstrated that the dissolution of SAN was thermodynamically 

furthered in both DS and TC.

5.1. Isoconversional kinetic treatment of the calorimetric measurements

As shown in Fig. 8, the kinetic analysis of SAN dissolution reveals a 
multi-step process with distinct rate-limiting factors depending on 
whether dissolution occurs below or above the SAN glass transition 
temperature (Tg).

Fig. 6. Calorimetric extent of conversion αCAL(t) (brown) and FTIR extent of conversion αFTIR(t) (orange) for the dissolution of SAN at 45 ◦C in (a) diethyl succinate 
(20 %w/v) and (b) triethyl citrate (20 %w/v). Inset: zoom on the extents of conversion.

Fig. 7. Calorimetric extent of conversion αCAL(t) (black) and FTIR extent of conversion αFTIR(t) (orange) for the dissolution of SAN at 120 ◦C in (a) diethyl succinate 
(20 %w/v) and (b) triethyl citrate (20 %w/v). Insets: zoom on the extents of conversion.

Fig. 8. Variation of the effective activation energy (Ea) with the extent of 
conversion (α) for the dissolution of SAN in DS below Tg (orange), above Tg 
(black) and in TC below Tg (brown), respectively computed at 30/45/60/80 ◦C; 
120/135/150 ◦C and 45/60/70/80 ◦C.
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When a polymer is exposed to a solvent, molecular diffusion and 
chain relaxation dictate the dissolution process. In the rubbery state 
(above Tg), polymer chain mobility is high, making solvent diffusion the 
rate-limiting step. This is classified as Fickian diffusion. [62–64] The 
effective activation energy (Ea) corresponds to the variation of the 
activation energy of the total phenomenon of dissolution (which eng
lobes solvent diffusion, disentanglement and chain diffusion), for each 
value of the conversion. The activation energy (Ea) observed for SAN 
dissolution in DS above Tg (Fig. 8) falls within the range of 6–15 kJ/mol, 
aligning with typical diffusion-controlled processes. It may be associated 
with the process of small molecules diffusion. [47] Or for instance, the 
dissolution of poly(oxetane) in ethyl acetate reported a value of 
14 kJ/mol for the activation energy for the diffusion of the macromo
lecular chains through the boundary layer [61]. As detailed in Appendix 
1, the reptation regime (from the Doi-Edwards reptation equation) is not 
relevant for a 20 %wt solution of SAN in DS at 120 ◦C. The chain 
relaxation in the DS solution is rather corresponding to a disentangled 
regime (Rouse/Zimm).

For α < 0.10, a Ea decrease is observed. In chemical reactions, this 
decrease is often attributed to a catalytic effect, where the reaction 
initially proceeds slowly but becomes increasingly facilitated as the 
process advances. Similarly, in dissolution processes, we observe that 
the initial stage occurs less easily, with the rate of dissolution acceler
ating thereafter. At 0.1 < α < 0.6, a contribution from long-chain 
diffusion leads to an increase in Ea. As solvent molecules permeate the 
polymer, they create voids in the matrix, raising Ea at α > 0.60 [59]. The 
final drop in Ea from 34 to 20 kJ/mol suggests a return to solvent 
diffusion control.

For dissolution below Tg, the kinetic profile differs significantly. The 
values obtained for α < 0.85 are always higher than the values obtained 
for SAN dissolution in DS above Tg, which is consistent with the lower 
mobility below Tg. Solvent diffusion typically exhibits Ea values between 
10 and 20 kJ/mol [47]. However, SAN dissolution below Tg shows an Ea 
increase from 25 to 41 kJ/mol for 0.10 < α < 0.43, indicating a com
bination [51,65] of solvent diffusion and segmental relaxations (Fig. 8). 
This phenomenon, known as Case II diffusion, is characterized by 
macromolecular segmental relaxations limiting dissolution. [63,64,66]
Swelling activation energies for PVC dissolution in cyclohexane were 
around 36 – 56 kJ/mol [57]. Activation energies for such relaxations are 
higher than those for simple diffusion. [62] The transition from glassy to 
rubbery states, induced by solvent plasticization, is thus reflected in a 
rise in Ea. Initially, below Tg, dissolution of SAN in DS is controlled by 
segmental relaxation up to α = 0.43 (Fig. 8). Beyond this point, Ea drops 
to 29 kJ/mol, signifying a shift to solvent diffusion control, though 
segmental relaxations persist. The sharp decline to 6 kJ/mol at α > 0.80 
suggests that chain relaxations cease and dissolution is fully solvent 
diffusion-driven [47]. This aligns with enthalpic findings, where 
ΔHtransition dominates ΔHdissolution below Tg but becomes negligible 
above Tg. The obtained Ea values are also comparable to those reported 
for polymer chain disentanglement (15–60 kJ/mol). [67] However, if 
dissolution were solely controlled by chain disentanglement, Ea trends 
would be similar above and below Tg, which is not observed in Fig. 8.

Further kinetic analysis below Tg supports these conclusions. The 
function f(α)α (Figure S8) suggests Case I diffusion dominates for 
0.44 ≤ α ≤ 1, while deviations for α < 0.44 indicate an additional 
limiting process, segmental relaxation, reinforcing the Case II mecha
nism. Due to overlapping α curves, the f(α)α analysis was not feasible for 
dissolution above Tg.

In TC, SAN dissolution is partial, with Ea trends resembling those in 
DS below Tg but at higher values (Fig. 8). This is consistent with the 
lower ability of TC to dissolve the polymer chains. Ea increases from 39 
to 116 kJ/mol over 0.07 < α < 0.68, which is consistent with Case II 
diffusion (96–155 kJ/mol for PMMA in acetone-based solvents [60]). 
These elevated values indicate a stronger segmental relaxation limita
tion. Compared to DS, the broader α range of Ea increase further high
lights the dominance of segmental relaxations over solvent diffusion. 

This interpretation aligns with FTIR, and calorimetric results for SAN 
dissolution in TC at 30◦C.

For 0.68 < α < 0.90, Ea decreases from 116 to 78 kJ/mol, indicating 
a transition to solvent diffusion control. At α > 0.90, dissolution is 
entirely solvent-diffusion limited, with Ea dropping from 78 to 8 kJ/mol. 
This final Ea value is higher than in DS, likely due to incomplete disso
lution, suggesting higher temperatures would be required to reach 
process completion.

Above Tg in TC, the similarity of α curves (Fig. 9) and their cross-over 
(zoom on Fig. 9) between the different temperatures hindered the iso
conversional kinetic treatment, implying that dissolution is thermody
namically driven rather than kinetically driven (i.e. independent from 
temperature).

The dissolution rates (Figure S9) show that in DS at 120◦C, the 
maximum dissolution rate is three times that in DS at 60◦C and four 
times that in TC at 60◦C, confirming temperature effects on dissolution 
kinetics.

The influence of the thickness of SAN pieces on the Ea for the 
dissolution in DS below Tg (Fig. 10) was also investigated. The con
centration was unchanged. The computed Ea were compared to that of 
the dissolution of the pellets. The general variation of Ea with α 
remained the same. The Ea reached 50 kJ/mol at α = 0.41 for a thickness 
of 1.36 mm, and 74 kJ/mol at α = 0.45 for a thickness of 4.08 mm, 
compared to 41 kJ/mol at α = 0.43 for the pellets. Hence, it is observed 
that a higher thickness (or a lower specific surface area) induces a 
stronger limitation by the segmental relaxations and a slowing down of 
the dissolution rate, of the SAN samples.

In summary, SAN dissolution kinetics involve a transition between 
rate-limiting steps depending on temperature. Below Tg, segmental 
relaxation governs the initial phase, transitioning to solvent diffusion at 
higher α. Above Tg, dissolution is primarily diffusion-limited.

6. Conclusions

This study provides critical insights into the temperature dependence 
of SAN dissolution, laying the groundwork for advancing ABS physical 
recycling via dissolution/precipitation technologies. By enabling in situ 
monitoring of SAN dissolution, these findings offer a pathway to opti
mize polymer recovery processes.

The use of high-boiling point solvents allowed the investigation of 
SAN dissolution both below and above Tg, covering a broad temperature 
range and facilitating comparisons between good (DS) and poor (TC) 
solvents from both thermodynamic and kinetic standpoints. Calori
metric measurements revealed that the enthalpy of dissolution is pri
marily dominated by ΔHTg. When dissolution occurs above Tg, the 
absence of a glassy-rubbery transition leads to minimal segmental 

Fig. 9. Calorimetric extent of conversion αCAL(t) for the dissolution of SAN in 
triethyl citrate (20 %w/v) at 120 ◦C (black), 135 ◦C (brown) and 150 ◦C (or
ange). Inset: zoom on the extents of conversion.
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relaxation contributions, with the dominant factors being ΔHinteraction 
and ΔHmixing. This results in a shortened induction period, as observed 
through ATR-FTIR spectroscopy. The induction period represents the 
time required for polymer chains to initiate diffusion into the solvent, 
during which swelling, transition, and disentanglement occur. The 
prolonged induction period in TC below Tg is likely due to the stronger 
limiting effect of segmental relaxations.

The kinetics of SAN dissolution is a multi-step process governed by 
distinct rate-limiting steps depending on whether the polymer starts in a 
glassy or rubbery state. Above Tg, dissolution follows a diffusion-limited 
mechanism consistent with Fickian diffusion, while below Tg, it is 
controlled by both solvent diffusion and segmental relaxation, charac
teristic of Case II diffusion. The choice of solvent and temperature plays 
a crucial role in determining dissolution efficiency, with DS enabling 
faster and more complete dissolution compared to TC.

These findings offer valuable insights for enhancing polymer disso
lution methods in advanced physical recycling processes. Specifically, 
they highlight the critical importance of considering whether dissolu
tion occurs above or below the polymer's Tg, as this significantly impacts 
the dissolution kinetics. By taking these temperature-dependent differ
ences into account, recycling techniques can be optimized for greater 
efficiency and effectiveness.
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