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Plastic waste is currently produced at an alarmingly high rate, nearing 400 Mt per year. The accumulation
of plastics in the environment is growing rapidly, yet our knowledge of their persistence is very limited.
Efficient and affordable dissolution and chemical upcycling of plastic wastes are also a significant hurdle
in the conversion of plastic polymers to value-added chemicals, and finding a suitable solvent is also a
major concern. lonic liquids (ILs) have recently demonstrated their ability to dissolve and convert poly-
ethylene terephthalate (PET) into valuable products. However, identifying an optimal IL from the large
number of anion and cation combinations possible is quite challenging. To address this issue, the
COSMO-RS (COnductor-like Screening MOdel for Real Solvents) model has emerged as a reliable com-
putational tool that can screen numerous ILs based on the different thermodynamic properties that are
needed for polymer dissolution. The current study demonstrates the dissolution behavior of plastic wastes
in ILs using the COSMO-RS model. In this study, 99 cations and 95 anions were chosen and combined to
form 9405 ILs, which were evaluated by predicting logarithmic activity coefficient (In(y)) and excess
enthalpies (HE) of typical plastic wastes (PET, polystyrene, polypropylene, and polyvinylchloride). Based on
the COSMO-RS predicted thermodynamic properties (In(y) and HE), anions such as acetate, formate, gly-
cinate, and N-methylcarbamate in combination with the cations like superbase, ammonium, and pyrroli-
dinium are predicted to be suitable solvents for plastic dissolution. The predicted In(y) and HE results are
further validated with the experimental results and the predicted thermodynamic properties and experi-
mental results are in good alignment. An excess enthalpy calculation demonstrated that strong hydrogen
bond interactions between the polymer and the IL are vital factors for efficient dissolution to occur, with
the anion and the cation of the IL having a similar effect on the process.

1. Introduction

Plastics are ubiquitous in our everyday lives, and are relatively
inexpensive materials that have been used to improve the
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quality of people’s lives through food preservation and
medical applications, among many others. However, the low
production cost and an assortment of properties available have
prompted an extreme reliance on these materials, especially
for transient applications, resulting in a global plastic accumu-
lation crisis." The high demand for plastic has resulted in a
tremendous growth in their production (over 400 MMT per
year in 2018), with limited commercial methods in place to
address the end-of-life challenges of these materials. Globally,
55% of plastic wastes end up in a landfill, while 20% are
recycled, and 25% are burned for energy recovery.”> A World
Economic Forum report predicts that oceans will contain more
plastics than fish by 2050.> The environmental consequences
of this growth are frightful, as humans and animals are
impacted in many ways.* The emergence of the coronavirus
(COVID-19) pandemic has brought a dramatic increase in the
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use of plastic materials such as masks, gloves, hand sanitizer
bottles, medical suits, and test kits, which intensifies the
problem.” Areas of importance include decreasing plastic con-
sumption, preventing microplastic leakage, separating and
processing post-consumer plastics, identifying sustainable
replacements for disposable products, and enhancing re-
cycling rates. “Breaking the Plastic Wave”, a global analysis
using first-of-its kind modelling, reports that reduction of
plastic waste flow into the ocean by 80% possibly in the next
20 years with these combined efforts. Only 2% of plastic packa-
ging in the United States is recycled in a closed-loop system, in
which goods are recycled into similar-value products.®

The most promising chemical processes for converting
polymers to their original monomers, fuels, or chemicals with
potential for upcycled applications include chemical recycling
and upcycling methods.” Developing more efficient methods
for chemical recycling or chemical upcycling of plastics has
become a critical area of research for numerous groups in
chemistry and chemical engineering. A particular area of inter-
est in this field is the discovery of novel solvents that can dis-
solve and depolymerize plastics at mild operating conditions,
with high selectivity for value-added products. High dis-
solution of plastics is a critical step in conversion and re-
cycling, but it is challenging. Success in this area could lead to
a transformation of the commercial recycling market. A wide
variety of approaches has been sought to dispose of several
hundred million metric tons of synthetic polymers.®>® These
include physical strategies,® biological degradation,'®'" and
chemical upcycling.'> Among these approaches, chemical
upcycling has gained widespread attention from both “sustain-
able society” and “green chemistry” to convert waste plastic
into valuable chemicals."*'* Over the past few decades, ionic
liquids (ILs), which are organic salts with a melting tempera-
ture lower than 100 °C, have emerged as potent solvents for
(bio)polymer dissolution and depolymerization and have
opened new opportunities for efficient (bio)polymer proces-
sing.” ILs exhibit several attractive properties such as negli-
gible vapor pressure, non-flammable, non-toxic, high thermal
and chemical stability, and its use as a catalyst for specific
reactions. A slight modification in cation and/or anion struc-
ture results in an enormous range of potential ILs encompass-
ing a wide variety of solvent properties. It has been demon-
strated that the anion of IL plays a dominant role in the dis-
solution of (bio)polymers.'*'°

Wang et al. (2009) reported the solubility of PET in 1-butyl-
3-methylimidazolium chloride ([Bmim]Cl) at 180 °C with a
solubility of 2.7 wt%."” Yue et al. (2011) conducted the glycoly-
sis of PET using several basic ILs. Among different basic ILs,
1-butyl-3-methylimidazolium hydroxyl ([Bmim]OH) showed
higher catalytic activity with 100% conversion of PET and
71.2% BHET yield at 190 °C and 2 h.'® In another study by Yue
et al. (2013) showed that the Lewis acidic IL ([Bmim]ZnCl;)
possesses high catalytic activity as compared to the neutral IL
([Bmim]Cl) in the glycolysis of PET. Significantly, the conver-
sion of PET was achieved at 100% with low catalyst ([Bmim]
ZnCl;) loading (0.16 wt%)."® Nunes et al. (2014) studied the
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depolymerization of PET in supercritical ethanol in the
presence of 1-butyl-3-methylimidazolium tetrafluoroborate
((Bmim][BF,]). The use of [Bmim][BF,] and supercritical
ethanol represented an auspicious combination for PET depo-
lymerizations with a conversion of 98 wt% from PET to diethyl-
terephthalate.”® The methanolysis of polycarbonate (PC) over
[Bmim][Cl] and [Bmim][OAc] was reported by Liu et al. (2010)
and Song et al. (2013). The process could be performed under
moderate conditions (105 or 90 °C). However, large amounts
of ILs were needed to act together as a solvent at a high
cost.”"** Wang et al (2012 and 2015) reported that the
H-bonds formed between PET-ILs and PET-EG were shown to
play a critical role in the glycolysis of PET.>>** Further, Ju et al.
(2018) investigated the microscopic degradation mechanism of
PET in 24 different ILs by density functional theory (DFT). It
has been observed that anion of IL plays a dominating role in
the depolymerization of PET by forming new H-bonds with
PET, while cations mainly attack the oxygen of carbonyl and
have a m-stacking interaction.”® Adams et al (2000) have
studied the catalytic cracking of polyethylene (PE) using
1-ethyl-3-methylimidazolium chloride-aluminum(u) chloride
((Emim]CI-AICL;) to produce light alkanes (C3-C5 gaseous
alkanes). Using ([Emim]CI-AlCl;) IL, HDPE produces 95% of
gaseous alkanes and low-volatile cyclic alkanes at 120 °C and
72 h of reaction time.*® In the computational and experimental
literature, imidazolium-based cations are the most studied ILs
for plastic (e.g., PET) dissolution.'®'**>2>27 However, the imi-
dazolium-based ILs are toxic to microbes,”® and their appli-
cation in the biodegradation of PET*® will be challenging.
There has been extensive literature on the glycolysis, amino-
lysis, alcoholysis, and hydrolysis of polyethylene terephthalate
(PET) using ILs. However, a systematic ILs screening, theore-
tical understanding, and the development of a precise solvent
for plastic has a significant potential. Fundamental under-
standing and development of a suitable and promising solvent
for plastic dissolution by computational and experimental
methods have immense potential.

Given the potential capabilities of these task-specific ILs, it
is critical to understand the thermodynamic properties (e.g.,
solubility, viscosity, and thermodynamic behavior) of neat ILs
and their solutions with plastics. However, given the very large
number of potential cations and anions to screen, it is imposs-
ible to study each possible IL anion-cation combination
experimentally. Therefore, it is necessary to build sufficiently
reliable theoretical approaches to screen the large number of
ILs for plastic dissolution. Several predictive techniques have
recently been developed and adapted for modeling the
thermodynamic properties of systems containing ILs, such as
the perturbed-chain statistical associating fluid theory
(PC-SAFT),*° group contribution methods,*' quantitative struc-
ture-property relationship,®> Monte Carlo molecular simu-
lation,*® molecular dynamics,** and COnductor-like Screening
MOdel for Real Solvents (COSMO-RS).*>*® Among these predic-
tive techniques, the COSMO-RS model is a powerful tool for
rapidly screening large numbers of ILs and has been widely
used for the screening of ILs for different research

Green Chem., 2022, 24, 4140-4152 | 4141


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1gc03464b

Open Access Article. Published on 10 May 2022. Downloaded on 12/10/2025 5:55:58 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

applications.>” *° The ability to screen ILs using predictive
methods that only require a minimal number of input para-
meters would result in significant time, cost, and effort
reductions in laboratory studies.

For plastic dissolution, ionic liquids have shown some
unique properties; but unlike ILs applications for ligno-
cellulosic biomass, its utility for plastic dissolution is just
beginning to gain attention in research. Much development
works remains to be done, but as the technical challenges
shift from fundamental scientific understanding to process-
oriented engineering exploitation, the research priorities will
be expected to evolve. Though the market for ionic liquids was
well below the expectations in the last decade, there is an
increasing number of encouraging trends. Most impressive is
the 57 implemented ionic liquid applications known to date,
which is a clear improvement compared to 13 in 2008.*" There
will be an optimistic future for ionic liquids, and “this is very
much the end of the beginning regarding ionic liquid techno-
logies, and not the beginning of the end”. It was recently con-
cluded that the ionic liquids field will soon reach maturity and
enter the megatrend mass markets as a result of a survey (25
academic and industrial leaders) conducted by Roland Kalb at
Proionic.*!

Therefore, the present study aims to utilize the capabilities
of the COSMO-RS model as an efficient tool in the screening
and designing of potential ILs for plastic (e.g., PET) dis-
solution. It is important to note that the COSMO-RS model
has not, to the best of our knowledge, been employed to study
plastic-IL systems. For the first time, the present study reports
the use of COSMO-RS model to screen the robust ILs for
plastic dissolution. In this study, 99 cations (both aromatic
and non-aromatics) and 98 anions (hydrophilic and hydro-
phobic) were screened for polyethylene terephthalate (PET) dis-
solution, thereby selecting better ion combinations based on
the activity coefficient and excess enthalpy values. Further, this
study also investigates the screening of ILs for other plastics
such as polypropylene (PP), polystyrene (PS), and polyvi-
nylchloride (PVC). Moreover, the viscosity of selected ILs has
also been predicted to identify an optimal IL.

2. Computational details

2.1. COSMO-RS calculations

The COSMO-RS calculations were carried out following mul-
tiple simulation steps. First, the geometries of all the investi-
gated plastic molecules such as polypropylene (PP), polyethyl-
ene (PE), polyvinylchloride (PVC), polyethylene terephthalate
(PET), polyurethanes (PUE), and polystyrene (PS), and ions
(anions and cations) of ionic liquids were drawn in the
Avogadro freeware software.'> Gaussian09 package was used to
optimize the geometries of investigated molecules at B3LYP
(Becke 3-parameter hybrid functional combined with the Lee-
Yang-Parr correlation) theory and 6-311+G(d, p) basis set. The
frequency calculations were also performed to verify the rea-
sonability of the optimized structures and energy minima.**™*®
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After successful geometry optimization, the next step is to
generate the COSMO file using the BVP86/TZVP/DGAL1 level of
theory and basis set.*>*®'” The combination of TZVP and
DGA1 basis sets allows the electron density to adjust spatially
to the extent appropriate to the particular molecular environ-
ment. The ideal screening charges on the molecular surface
were then computed using the same level of theory BVP86 via
the keyword “scrf = COSMORS”.*** The generated COSMO
files were then used as the input in the COSMOtherm (version
19.0.1, COSMOlogic, Leverkusen, Germany) package.’>*!
BP_TZVP_19 parametrization was used to calculate the sigma
profiles, sigma potentials, viscosity, partition coefficient of the
isolated molecules, and excess enthalpy (H*) and logarithmic
activity coefficients (In(y)) of binary mixtures.

The calculation of excess enthalpy of a mixture can be pre-
dicted by using the following eqn (1):*

Hy, = sz‘H,'E = in[H(i,mixture) — Hipure)] (1)

where, H,,* is the excess enthalpy of each molecule in the
mixture, defined as the enthalpy difference between com-
ponent i in the mixture and in the pure state.

On the other hand, excess enthalpy of a mixture is an alge-
braic sum of three contributors (eqn (2)) associated with the
electrostatic misfit, hydrogen bonding, and van der Waals
forces.

Hy® = Hy®(misfit) + Hy®(H-bond) + Hy®(vdW).  (2)

And the activity coefficient of component 7 is related to the
chemical potential y; is given as:**>?

ingr) = (Mt @

where x,° is the chemical potential of the pure component i, R
is the real gas contact, and T is the absolute temperature. More
details of COSMO-RS calculation in predicting the excess
enthalpies and activity coefficients are provided in the
COSMOtherm’s user Manual.>*

It should be mentioned that the polymeric structures can
exhibit multiple conformations. Obtaining the most stable
conformer of polymers is computationally more expensive and
time-consuming. However, there are several ways to represent
a polymer with the COSMOtherm. Only for a low degree of
polymerization it is computationally feasible to use the com-
plete molecule. To model a polymer in the COSMO-RS calcu-
lations, the end group of the polymer (e.g., PET) is deactivated
using a function called “weight string”, which allows for selec-
tively switching on/off certain atoms within a COSMOfile. The
weight string function has been widely applied to the polymer
(repeated unit) molecules in the literature. Loschen and Klamt
used a mid-trimer of polyethylene glycol as a polyethylene
glycol polymer structure.”® Further, Kahlen et al, Liu et al.,
Casas et al., and Huang et al. modeled mid-monomer of cello-
triose and mid-dimer of cellotetraose to represent the cellulose
model polymeric structure in COSMO-RS calculations to
screen the hundreds of ionic liquids.*>**® Thus, a similar

This journal is © The Royal Society of Chemistry 2022
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weight string function was used for plastic molecular simu-
lations in the COSMO-RS calculations (see Fig. S17).

2.2. Structures of ionic species

The chemical structures of anions and cations of ionic liquids
employed in this work can be seen in Tables S1 and S2,f
respectively. The COSMO files of all the cations and anions
were generated based on the procedure outlined in section 2.1.
According to Wang et al. (2012) and Mohan et al. (2018), imi-
dazolium-based and pyridinium-based ILs with functional
groups alkyl-, allyl-, hydroxyl-, ether-, and ester- have the poten-
tial capability to dissolve polymers.*>* Morpholinium-based
and pyrrolidinium-based ILs with these functional groups
were accounted based on the works of Raut et al (2015),
Kahlen et al. (2010), and Zavrel et al. (2009).°*°>°" Based on
the Kahlen et al. (2010) and Balaji et al. (2012), guanidinium
and ammonium-based cations with different functional
groups are considered.’®®® Further, the superbase-based
cations are accounted for based on the study of Kuzmina et al.
(2017), which reports that superbase-based ILs are potential
candidates for the dissolution of polymeric compounds.®® On
the other hand, Liu ef al. (2018) studied the alcoholysis of poly-
carbonate (PC) with superbase ionic liquids and reported that
99% of bisphenol A (BPA) yield and 100% of PC conversion.®*
The anions such as amino acid-based anions are considered
for the screening study based on the Ohno and Fukumoto
(2007) study.®® In this work, a total of 99 cations and 95
anions resulting in the 9405 ILs are studied for plastic
dissolution.

3. Results and discussion

3.1. Benchmarking study

The COSMO-RS model is a powerful thermodynamic tool for
the screening of solvents for polymer dissolution. Only struc-
tural information is typically required for COSMO-RS to
predict the solubility and other thermodynamic properties. In
our earlier work on lignocellulosic biomass, we have success-
fully shown the applicability of COSMO-RS predicted activity
coefficients (y) against experimental solubility of biomass com-
ponents in ILs and screened thousands of ILs for biomass
dissolution.'®*%*® However, a separate benchmark study was
also performed for plastic (i.e., PET) conversion in ILs, and the
results are depicted in Fig. 1 and 2. It is worthwhile to
mention that the COSMO-RS predicted thermodynamic pro-
perties such as activity coefficient and excess enthalpies are
critical parameters in determining the ability of a solvent on
the solute’s dissolution. The activity coefficient and excess
enthalpies are related to the solubility and interaction between
unlike species, respectively. The lower activity coefficient (y)
and excess enthalpies (H") of a solute in the solvents indicate
that solvent has a greater tendency to interact and solubilize
the solute. Fig. 1 illustrates the COSMO-RS predicted In(y)
against known experimental PET conversion data which was
taken from the literature.”” It was observed that the ILs had

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Correlation between COSMO-RS predicted excess enthalpy and
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shown lower In(y) value results in a higher conversion of PET.
On the other hand, Fig. 2 demonstrates the correlation
between COSMO-RS predicted excess enthalpy against experi-
mental PET conversion. Similar to In(y), a lower value of H®
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results in a higher conversion of PET in ILs. Results of the
above validation show a good correlation between COSMO-RS
predicted thermodynamic properties and experimental PET
conversions in ILs. Therefore, after an extensive benchmarking
study, we can now screen thousands of IL solvents for plastic
dissolutions/conversion.

3.2. Sigma profile and sigma potentials of plastics

To understand the polarity and reactivity of plastic molecules,
sigma (o)-potentials of the isolated plastic molecules were cal-
culated using the COSMO-RS model. The o-potential is a
measure of the affinity of the system to a surface of polarity o,
which provides insights into a plastic interaction with itself
and with solvent. The chemical configuration and screening
charge distribution on the PET molecule are shown in
Fig. S1.1 This screening charge distribution data was used to
determine the thermodynamic properties of investigated
plastic polymers and ILs, and the distribution plots of ¢-poten-
tials and o-profiles are presented in Fig. 3 and S2,f which were
then used to compute the intra- and intermolecular inter-
actions. The o-profiles and o-potential is divided into three
regions: H-bond acceptor (red: 6 > +0.01 e A=%), H-bond donor
(blue: ¢ < —0.01 e A=), and non-polar (green: —0.01 e A™> < 5 >
+0.01 e A™?) regions. Fig. 3 depicts the c-potentials of different
plastic substrates. On the negative side of screening charge
density (SCD: ¢ > —0.01 e A™2), the o-potential (u(c)) value of
PET and polyurethane is more negative, which implies that
PET and polyurethane have more affinity to interact with the
H-bond donor surfaces. In contrast, the u(o) value is positive
in the region of large positive screening charge density (o >
+0.01 e f&_z), which reflects PET lack of H-bond donor surfaces,
this indicates the intramolecular interaction in PET is weak,

0.9 T T . r .
4 Affinity tolinteract Inlteraction witlh AfﬁnityI to interact
0.8 4 with H-bond donor with H-bond acceptor
| non-polar fragments
0.7 H |
L - —— Polyethylene
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—61 1 —/x— Polystyrene
E 0.4 1 —s/— Polyvinyl chloride
S 034 —<— Polyurethane
~ |
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0.0
-0.1 H e .
] Hydrophilic interaction W(c) <0 -
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Fig. 3 Sigma potentials of different plastics predicted by COSMO-RS.
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which enables to interaction with hydrogen donor surfaces of
solvent. On the other hand, the p(o) of polyurethane is nega-
tive, indicating that PUE could interact with both H-bond
donor and acceptor molecules. Whereas in the case of PP, PE,
PS, and PVC, the o-potential (u(c)) values are positive in both
negative and positive screening charge densities, implying that
these plastic polymers do not participate in polar interactions,
their most favorable interactions through hydrophobic, n-=,
cation-n, and CH-x interactions.

3.3. Screening of ionic liquids

As per the standard definition, ILs can be freely combined
from organic cations and organic/inorganic anions, thereby
forming numerous candidates for plastic dissolution (or poly-
mers). It should be noted that experimental studies become
expensive and time-consuming without a screening of poten-
tial solvents. The COSMO-RS model is a thermodynamics tool
that was used to predict the useful thermodynamic properties
such as logarithmic activity coefficient In(y) and excess
enthalpy H® of binary mixtures (i.e., plastic-ILs). In the present
study, 99 cations and 95 anions comprising 9405 combi-
nations were screened for PET and ranked based on their In(y)
and HF values (Fig. 4 and 5). Initially, the ILs were screened for
PET because extensive literature was available on PET solubi-
lity (or conversion) in ILs. Thus, our preliminary study focused
on PET to test and validate experimental PET data using the
COSMO-RS model (Fig. 1 and 2). The structures and properties
of 99 cations and 95 anions were presented in the ESI (Tables
S1 and S27). At this point, it should be important to mention
that most of the ionic liquids are liquid at room temperature
(RT), but some of them are solid at RT, generally have a
melting point lower than 100 °C. In order to study the effect of
RTILs and non-RT ILs (<100 °C), the COSMO-RS calculations
have been performed at 90 °C for screening study. In the litera-
ture, it has been reported that dissolution and conversion of
plastic polymers requires elevated reaction conditions (higher
temperature and time)."*>"*® However, ILs have the potential
to lower the processing temperature and even enable room
temperature dissolution.

Activity coefficient and excess enthalpy values are often
used as a quantitative descriptor for the dissolution power of a
solvent. According to the solid-liquid equilibria (SLE)
assumptions,*®°® the reciprocal of the activity coefficient and
excess enthalpy characterize a PET’s solubility in the respective
IL. Cations and anions were sorted according to their dissol-
ving capacity and arranged in such a way that ILs with high
dissolving power (i.e., Iny and H* < 0) of PET are situated in
the left and bottom portion of Fig. 4 and 5, and the weaker
ones (i.e., Iny and H® > 0) are situated at the top portion and
right side of Fig. 4 and 5. The anions such as acetate, formate,
glycinate, glycolate, and N-methylcarbamate are predicted to
dissolve the PET more efficiently in combination with the
cations like superbase, tetraalkylammonium, and tetraalkyl-
phosphonium. This is due to the fact that ILs form strong
H-bonds, n—xn, and cation-n interactions with PET. However,
the anions such as [PF¢|”, [BF,], triflate, gentisate, histidi-
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Fig. 5 Graphical representation of the excess enthalpy of PET in different ILs at 363.15 K by COSMO-RS model.

nate, and bis(trifluoromethylsulfonyl)imide have very high As the size of the cation increases, both logarithmic activity
values of Iny. The activity coefficient values of PET in 9405 ILs coefficient and excess enthalpy of PET was seen to decrease
are provided in Table S3.7 (Table S3f). For example: the alkyl chain length of the
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ammonium ([MTOA]", [TeBA]", [TeEA]", and [TeMA]") and imi-
dazolium-based ([DMIM]", [EMIM]', [PMIM]’, [BMIM],
[HMIM]', and [OMIM]") cations increases, the Iny and H* were
seen to be decreasing with amino acid-based anions. On other
hand, the Iny of PET was observed to be lower as the alkyl
chain length of the anions increased. For example: the alkyl
chain length of carboxylate anion increases ([Prop]~, [But]| ,
[Hex]™, [Oct]”, and [Dec]”), the Iny of PET is decreased. A
similar observation was also seen in superbase-based cations.
As the alkyl chain length of superbase cations increases
(IMTBDH]", [ETBDH]’, and [ITBDH]'), the Iny of plastic
polymer was seen to be lower. However, the combination of
smaller size cation and anion results lower Iny and H* of PET
than smaller size cation and larger size anion or vice versa. For
instance, the combination of tetramethylammonium [TeMA]"
and tetraethylammonium [TeEA]" cations with formate [For]~
and acetate [Ace]|” anions, results lower Iny of PET (Table S37)
than larger cation sizes ([TeBA]" and [MTOA]"). The combi-
nation of lower size ions possesses enhanced IL polarity and
stronger hydrogen bonding acceptor and donor capability to
solvate a plastic polymer.

The ions of IL should obey the following successive criteria:
(1) either of the ions should be a good hydrogen bond acceptor
or donor, and (2) another ion to be slightly polar (to weakly
coordinate with counter ion thereby reduces the cross inter-
actions between anion and cation). According to this thumb
rule, the cations such as superbase, tetraalkylammonium, and
tetraalkylphosphonium are less polar, and the anions such as
acetate, formate, glycinate, glycolate, and N-methylcarbamate
are highly polar in nature. Thus, the interaction between the
polar anion and the PET is energetically much stronger than
the interaction between anion and cation, resulting in a high
PET solvation capability.

3.4. Excess enthalpy of PET in ILs by COSMO-RS

As discussed earlier, the excess enthalpy corresponds to the
intermolecular interactions (misfit, H-bonds, and van der
Waals energies) between the plastic polymer and selected
seven ILs were calculated by the COSMO-RS model and
depicted in Fig. 6. It is worth noting that if the excess enthalpy
of plastic in ILs is negative, the process is exothermic, and
plastic dissolution in ILs is favorable. The histogram in Fig. 6
demonstrates that the H-bond interaction energy between PET
and the cations and anions of IL have shown a greater influ-
ence on the dissolution capability of PET in the ILs, and
then followed by misfit and vdW interactions. For ILs with
same anion and different cations, such as [ITBDH][Ace],
[DBNH][Ace], and [Emim][Ace], the values of excess enthalpies
are different. On the other hand, the ILs with same cation
(e.g.: [ITBDH]) and different anions exhibit different excess
enthalpy values as well. This ascription indicates that both
anion and cation of the ILs play a vital role in the dissolution
and conversion of PET. These results agree with the study of Ju
et al. (2020), which reported that anion plays an important role
in the dissolution of PET.”> However, when the hydrogen atom
of the methyl group is replaced by hydroxy or carbonyl group,
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Fig. 6 Energetic contributions to the excess enthalpy of the binary mix-
tures between PET and eight selected ILs predicted by COSMO-RS at T
=363.15 K.

the interaction between amino acid-based anion and PET
becomes weaker. A similar observation was also noticed in our
study as well. For example, in a comparison made between the
acetate and glycinate anions with [ITBDH]', the excess
enthalpy of PET was seen to be decreased. For cations, the
interaction (H*) between PET and ILs decreased as an increase
in the alkyl chain length of the cation. It was also reported
that anion of the IL forms multiple H-bonds with PET. At the
same time, cations mainly attack the oxygen atom of carbonyl
(i.e., H-bond) and have a r-staking interaction with PET,
thereby increases the dissolution of PET. The results of Ju
et al. (2018)*° are in line with the COSMO-RS predicted excess
enthalpies where H-bonding energy plays a leading role.

Yao et al. (2021) performed the DFT calculations to under-
stand the effect of amino acid-based ionic liquids on the
degradation of PET.%” It has been reported that amino acid-
based ILs ([Bmim][Pro]) forms multiple hydrogen bonds with
PET, which leads to the higher conversion of PET and
suggests that amino acid-based ILs have the potential capa-
bility to degrade PET. In our study, amino acid-based ILs are
also predicted to be better solvents for PET, and the results
agree with Yao et al (2021).°” The present study predicted
excess enthalpy values of PET in ethylene glycol + ILs were
also compared with the experimental conversion of PET and
found that the COSMO-RS predicted H® and experimental
PET conversion are in good agreement (Fig. 2), and thus con-
firms that our COSMO-RS predicted results agree with experi-
mental data.

This journal is © The Royal Society of Chemistry 2022
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3.5. o¢-Profiles of anions and cations by COSMO-RS

The activity coefficient and excess enthalpy results demon-
strated that both anion and cation significantly influence the
PET dissolution process. The sigma profiles of anions and
cations were calculated to understand the possible interactions
between the PET and ions of ILs (Fig. 7). As discussed earlier,
the sigma profile of PET distributed in the non-polar (green:
—0.01 e A2 < 5 > +0.01 e A™?) and H-bond acceptor regions
(red: 6 > +0.01 e A72). From Fig. 7a, the peaks of [ITBDH]+ and
[DBNH]+ were located in the H-bond donor regions (blue: ¢ <
—0.01 e A™?) indicates the ability of cations to act as H-bond
donors. While the o-profile of anions lie in the positive screen-
ing charge density (¢ > +0.01 e A™2) indicates that H-bond
acceptor. From the o-profile point of view, the superbase
cations form stronger hydrogen bonds and cation-rn inter-
actions with PET, while the anions could form multiple hydro-

451 Hydrogenbond  pon-polar region Hydrogen bond
donor region = = acceptor region
40 g
354
30 —=— [ITBDH]+
—— [DBNH]+ ]
© 25+ —— [TeMA}+
A —— [DMPY1r]+
20 ——[Ch]+ .
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5 0] —Ilan}
T ] Mk
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24
(b)
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-0.03  -0.02 -0.01 0.00 0.01 0.02 0.03

Screening charge densities, 6(e/A?)

Fig. 7 Sigma profiles of (a) cations/PET and (b) anions of IL. In the
COSMO cavity (charge distribution), red, blue, and green colors rep-
resent the negative, positive, and neutral charge on the molecule’s
surface, respectively.
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gen bonds with the PET. Based on the results of Ju et al
(2018),>® the strength of the H-bond acceptor and donor inter-
actions are stronger between PET dimer and anions of IL. It is
also important to mention that the o-profile of cholinium lies
in both the H-bond donor and acceptor regions, indicating
that cholinium can interact with PET. However, the IL choli-
nium lysinate ([Ch][Lys]) was predicted to be a mild solvent for
the dissolution of PET. This is because both cholinium and
lysinate ions are polar in nature and the interactions between
anion and cation were stronger thereby increasing the viscosity
of [Ch][Lys] IL. On the other hand, when we take a closer look
at Fig. 7b, the polarity of [Gly]” and [Lys]™ are higher than
[Ace]” anion (¢ = 0.014 e A~%), which results in stronger inter-
actions between cation [ITBDH]" and anions. Therefore, the
excess enthalpy of PET in [ITBDH][Ace] is stronger than
[ITBDH][Gly] and [ITBDH][Lys].

3.6. Activity coefficient of PS, PVC, and PP in ILs

After successful screening of thousands of ILs for PET, now we
further predicted the logarithmic activity coefficient for other
plastic polymers in the top (i.e., better) ranked ILs which was
selected based on the Fig. 4 and 5. Plastic polymers such as
polystyrene (PS), polyvinylchloride (PVC), and polypropylene
(PP) are considered, and the results are illustrated in Fig. 8(a-
¢). Here, it is important to mention that the ILs were not
screened for polyethylene (PE) due to the PP and PE exhibit
similar structures (Fig. 3); thus, the IL screening study was not
conducted for PE. Cations and anions were sorted according
to their dissolving capacity and arranged in such a way that ILs
with high dissolving power (i.e., Iny < 0) of plastic polymers
are situated in the left and bottom portion of Fig. 8, and the
weaker ones (i.e., In y > 0) are at the top portion and right side
of Fig. 8. The anions such as acetate, formate, glycinate, and
N-methylcarbamate are predicted to be good solvents for
plastic polymers in combination with the cations like [TeMA]",
[DMPyrr]", [MTBDH]', and [ITBDH]". Similar ion combi-
nations were also found to be better ILs for PET dissolution.
Therefore, the present study offers not only the development
of ILs for individual polymers it also demonstrates the pre-
dicted ILs could dissolve bulk plastic material.

3.7. Viscosity of ionic liquids

Apart from the interaction energies, the viscosity of solvent
also plays an essential role in the dissolution of a polymer.
The higher viscosity of a solvent can limits the effective mass
transfer rate, which is known to have a negative effect on the
polymer dissolution.*”®®®® The solvents with lower excess
enthalpy, H* and activity coefficient values of polymer should
also be cross-checked for viscosity of a solvent. Therefore, the
viscosity of superbase, ammonium, and pyrrolidinium-based
ionic liquids was predicted using the COSMO-RS model. For
calculating the viscosity using COSMO-RS model, the confor-
mers of each ionic liquid were generated using the
Turbomole”’®”! and COSMOconfX packages, and the predicted
viscosities are summarized in Table S4f (benchmark) and
Fig. 9. From Fig. 9, the viscosity of amino acid-based ionic
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Fig. 8 Graphical representation of the logarithmic activity coefficients of plastic polymers (a) PS, (b) PVC, and (c) PP in different ILs at 363.15 K by

COSMO-RS model.

liquids had a higher viscosity than carboxylated-based ([Ace],
[For]™, and [N-MCb]") ionic liquids. It has been reported that
as the alkyl chain lengths of the cation or anion increase, the
viscosity of ionic liquids was reported to be increased and the
H-bond acidity was decreased.”” The similar pattern was also
observed in our study. As the alkyl chain length of the anion
increases, the viscosity of amino acid-based ILs (e.g:
[DBNH][Lys], [DBNH][Leu], and [DBNH][Gly]) were seen to be
increased. ILs with the same anion (e.g., [Gly]” and [Ace]”) and
different cations, the viscosity of ammonium and pyrrolidi-
nium-based cations has shown higher viscosity than superb-
ase-based ILs. On the other hand, the viscosity of superbase-
based ILs were predicted to be lower than the traditional ionic
liquids such as imidazolium, ammonium, and pyrrolidinium-
based ILs. It was also reported that ILs with an adequate
polarity and a low viscosity demonstrate an excellent ability to
dissolve the polymer in a short residence time.®>”® Jehanno
et al. (2018) studied the glycolysis of PET using superbase IL

4148 | Green Chem., 2022, 24, 4140-4152

(1,5,7-triazabicyclo[4.4.0]dec-5-enium methanesulfonate) and
archived the BHET yield of 91%.”* The synthesis of superbase
ILs is more straightforward than the aprotic and traditional
ILs synthesis procedure. Therefore, certain room-temperature
superbase ILs that depicted low viscosity were superior to
some imidazolium-based ILs. The development of room-temp-
erature superbase ILs with low viscosity is of significant practi-
cal importance for the technological process in plastic
upcycling.

On the other hand, the addition of a co-solvent to the IL
may have a significant impact on the plastic dissolution by
lowering the viscosity of IL and promotes the rate of mass
transfer. From our previous study on the effect of protic and
aprotic co-solvents on the dissolution of cellulose in ionic
liquids,®® we observed that addition of aprotic solvent to IL
enhances the cellulose solubility while the protic solvents
decrease the cellulose solubility.°®°>”* 1t has been revealed
that aprotic solvents interact with cation of IL, the free counter

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 COSMO-RS-based predicted viscosities of investigated ionic liquids.

anions in the system strongly interact with cellulose thereby
enhances the cellulose solubility. Whereas in the case of protic
solvent system, protic solvents strongly interact with anion of
the IL which hinders the cellulose-anion interactions and
decreases cellulose solubility. Similarly, co-solvent mechanism
could be applicable for plastic dissolution as well.

3.8. Toxicity of ionic liquids

In the European Union, a substance sold in excess of one ton
per year (tpa), Registration, Evaluation, Authorization and
Restriction of Chemicals (REACH) is required, and overseas
markets will require similar registration.”>””” Because of extre-
mely low volatility, ionic liquids were generally referred to as
“green solvents”. Most ionic liquids are environmentally
friendly, but some of them are toxic, non-biodegradable, or
even enduring and bio-accumulative. As a result, as soon as an
ionic liquid becomes a commercial product, it must undergo
the region-specific test protocols (e.g., REACH aimed at pro-
tecting human health and the environment). However, there is
still a need for more information on ILs’ health and environ-
mental safety data. The sheer number of ionic liquids concei-
vable, as well as their extremely diverse chemical structures, it
is impossible to make broad statements about their health
and safety implications. Each specific class of ionic liquids
needs to be evaluated in depth based on their own intrinsic
and extrinsic ecotoxicity and cytotoxicity profiles.

The interaction of ILs with cellular membranes determines
their toxicity, which is primarily determined by the type of IL
(alkyl chain length, cation family, and anion moiety) and the
morphology of the model organisms. Recently, Kebaili et al.
(2020) performed the toxicity analysis of 69 ionic liquids on
Shewanella sp. microorganism. The ILs analyzed in their study
were based on the cation’s imidazolium, pyridinium, pyrrolidi-

This journal is © The Royal Society of Chemistry 2022
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nium, piperidinium, morpholinium, oxazolinium, phos-
phonium, ammonium, and sulfonium, in combination with
different anions. It was discovered that a reduction in the alkyl
chain’s hydrophobicity was a critical factor in lowering IL’s tox-
icity. On the other hand, it was also reported that the
Shewanella Sp. microorganism was largely incompatible with
ILs with long alkyl chains that contained phosphonium-based
cations.”® Although it was previously assumed that the cation
was the primary cause of toxicity, however, the importance of
the anion should not be overlooked. Cho et al. (2008) reported
the toxicity of [Bmim]-based cation with different anions such
as Br~, CI™, [BF,]™, [PFs], [CF3S0;]", [CsH,,S0,]™ and [SbF]
on Selenastrum capricornutum. Expect for [PFe]” (ECso
1318 pM) and [SbF¢]|” (ECso 135 pM) all other ILs have shown
low toxicity (ECs, 2137-2884 pM) on Selenastrum capricornu-
tum.”® Santos et al. (2015) studied the toxicity of ten choli-
nium-based ionic liquids by varying the functionalization of
anion and cation structures. It was reported that structural
changes in the ILs results differences in toxicity highlighting
the importance of the role of the anion in their toxicity. The
addition of phenolic group to [Ch][Ace] IL results higher tox-
icity of [Ch][Sal].?® IL toxicity was usually induced by fluori-
nated anions like [BF,]”, [PFs]”, and [SbF¢]~, which could be
due to their ability to undergo hydrolysis in water.®

A cation, which is known to be nontoxic in one compound,
combined with an anion, which is known to be nontoxic in
another compound, does not guarantee the formation of a
nontoxic substance. It is therefore necessary to test each new
cation—-anion combination individually. Approaches to struc-
tural modification that can result in nontoxic and bio-
degradable ILs and can be used to create more “environmen-
tally friendly solvents”. Coleman and Gathergood (2010) pro-
posed that introduction of polar functional groups to alkyl

Green Chem., 2022, 24, 4140-4152 | 4149
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side chains significantly decreases the toxicity. The addition of
a methyl or hydroxymethyl group to an imidazolium ring
boosts its antimicrobial properties. The inhibitory effect of
aprotic IL (EC5, 8.59-14.4 pM) were shown to be more signifi-
cant than protic ILs (ECs 302-8912 pM) towards acetylcholin-
esterase.”” Thus, protic ILs, ions with short alkyl chains, or
cholinium cations are recommended as environmentally
friendly ILs.

3.9. Ionic liquids recycling

Ionic liquids have been studied and used in a variety of fields,
including catalyst processing, biomass deconstruction,
polymer dissolution, material synthesis, extraction, desulfuri-
zation, and hydrogenation, among others.®* However, because
of their hygroscopicity or ability to dissolve in solvents, they
are frequently contaminated by various solutes and solvents.
Ionic liquid recovery and purification are currently one of the
biggest challenges to address before they can be used in indus-
trial applications.*® There have been a number of different
technologies investigated over the last few decades for the
recovery and purification of ILs at the lab and pilot scale for
the recovery and purification of ILs.** These technologies
include distillation, extraction, adsorption, membrane separ-
ation, aqueous two-phase extraction, crystallization, and exter-
nal force field separation.®® Even though some methods are
capable of separating ionic liquids from solutions, their
efficiencies are often limited, resulting in reduced product
purity or high costs or high energy input. Effort should be
made to improve the ionic liquid recovery process in the
future. There is a need for more in-depth and comprehensive
fundamental research into separation technologies, such as
thermodynamic and kinetic analysis in distillation and adsorp-
tion, optimization of mass and heat transfer during extraction,
exploration of the deactivation and regeneration mechanisms
of the membrane, energy optimization of the separation pro-
cesses, and so on. In contrast, a combined recovery process is
an attractive route for the recovery of ILs.

4. Conclusions

A detailed fundamental understanding of plastic dissolution is
still lacking, in silico screening of solvents could establish the
structure-activity relationship and general guidelines for
designing solvents and its application in plastic upcycling.
Therefore, the present study reports the screening of robust
ionic liquids for the dissolution of plastic wastes using the
COSMO-RS model. A total of 9702 ILs (combination of 99
cations and 98 anions) were screened for plastic by predicting
the fluid mixture properties. The prediction of thermodynamic
properties such as logarithmic activity coefficient (In(y)),
excess enthalpies (H®), and viscosity of ILs are critical factors
that determine the dissolution efficiency of a given IL. Based
on the prediction results of the plastics, it can be concluded
that anions such as acetate, formate, glycinate, and
N-methylcarbamate in combination with the cations like
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[TeMA]", [DMPyrr]", [MTBDH]', and [ITBDH]" are predicted to
suitable solvents for plastic dissolution. It has been found that
the H-bond interaction energy between plastic and the IL has
shown more significant influence on the dissolution plastic in
the ILs, and then followed by misfit and vdW interactions, and
the anion and cation of IL were seen to have a similar effect on
plastic dissolution process. The COSMO-RS predicted results
were validated with the experimental results and found a good
agreement between them. It was found that ammonium and
pyrrolidinium-based ionic liquids were marginally better sol-
vents than superbase-based ILs. Further, the viscosity of ILs
was also predicted, and it was predicted that the superbase-
based ILs would be less viscous than the traditional ILs and
easier to handle. The synthesis of superbase ILs is simpler
than that for aprotic and traditional ILs. Therefore, the design
of room-temperature superbase ILs with low viscosity has sig-
nificant potential in the development of an efficient plastic
upcycling process. The present study offers the development of
ILs not only for individual plastic polymers but also demon-
strates the predicted ILs could dissolve bulk plastics.
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