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Ultrasonic degradation of polymers attracts more and more attention in the field of chemical recycling of polymers due to

the promising opportunity to tailor molecular weight and polydispersity of the gained polymer fragments. In this work,

the influence of solvent, gas atmosphere, and ultrasound amplitude on the ultrasonic degradation process of polystyrene is

investigated. Therefore, an experimental procedure to perform ultrasonic degradation of polystyrene under homogeneous

temperature conditions in the solvents cyclohexane and toluene under the gas atmospheres CO, and N, for different ultra-

sonic amplitudes was designed. It could be shown that a significant effect on the molecular weight and polydispersity of

the polymer could only be revealed for N, and not for CO, atmosphere.

Keywords: Chemical recycling, Polymer degradation, Polystyrene, Tailoring molecular degradation, Ultrasound

Received: June 16, 2020; accepted: October 19, 2020

1 Introduction

Today, plastics play an important role in our daily lives. In
various sectors, plastic materials are involved and contrib-
ute strongly to the product performance, e.g., in construc-
tion, medical and pharmaceutical engineering, automotive,
aerospace, packaging, electronics, and food science. Growth
in terms of economy and in population leads to a higher de-
mand on plastics and, consequently, on their intermediates
and feedstocks [1]. Global production of plastics was about
322 million tons in 2015 and 335million tons in 2016,
where fibres of PET, PP, and polyamide are excluded from
these values [2]. Approximately 50 % of plastics are made
for single-use applications, e.g., packaging products, where
the rest is used for long-term infrastructure, e.g., poly-
styrene and its composites in constructions [3]. This shows
the demand on the application and development of plastic
recycling processes, which transforms this linear economy
more and more into a circular one.

In principal, there are four categories in recycling along
the line of ASTM D5033 [3]. The first category is mechani-
cal reprocessing of scrap materials with controlled history
into products with equivalent properties, which is termed as
primary recycling. Secondary recycling means the mechani-
cal reprocessing of used materials into products with lower
properties. The third category is tertiary recycling, which
means on principle the recovery of valuable chemical
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constituents, e.g., monomers, tailored oligomers, or addi-
tives. The fourth recycling category represents energy recov-
ery, which is also denoted as quaternary recycling [2, 3].
Recently, tertiary recycling has attracted much attention
because it seems that it could be profitable and beneficial in
the context that it might reduce the demand for energy and
feedstock on the one hand and ensures a cyclic material
flow on the other hand [2]. Generally tertiary recycling, also
termed as chemical or feedstock recycling, is a process
where plastics are decomposed to their building blocks or
other valuable and tailored molecular weight fragments [3].
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Several methods for tertiary recycling exist, these are gasifi-
cation, pyrolysis, liquid-gas hydrogenation, steam and cata-
lytic cracking, hydrolysis, glycolysis, methanolysis, aminoly-
sis, ammonolysis, etc. [4-11]. The application of the listed
tertiary recycling methods depends especially on the respec-
tive synthesis process of the polymer. Additional interesting
chemical recycling methods are photodegradation [12,13],
ultrasound degradation [14-22] as well as microwave
degradation [23-25]. These methods are not directly linked
to a specific polymer synthesis method.

The reduction of molecular weight of a polymer in solu-
tion by applying an ultrasonic field has a long history
[16,26,27]. First studies with respect to degradation of
polymers in ultrasonic fields go back to 1930, where sonica-
tion was applied to solutions of natural polymers and,
hence, viscosity reduction was observed [28]. Starting to
systematically investigate ultrasonic degradation of poly-
mers in solutions dates back to 1950 [26]. A number of dif-
ferent mechanisms for explaining the degradation process
were postulated at that time. One explanation for the degra-
dation mechanism was given in [26]. In [26], it is claimed
that the degradation is a pure mechanical effect caused by
rapid movements of molecules around collapsing bubbles in
the liquid mixture. The bubbles are generated by cavitation,
which in turn is triggered by alternating compression and
rarefaction of the sound wave, which overcomes the inter-
molecular forces between the components in the liquid
phase [26]. However, it has to be mentioned that a funda-
mental and comprehensive explanation of the degradation
process and a thermodynamic framework for analyzing,
evaluating, and predicting the ultrasound-based degrada-
tion process are still lacking today [20]. This is an ongoing
and even debated current research field. In the past, it could
be figured out, that an ultrasonic degradation process shows
unique features which distinguishes this process from ther-
mal, photochemical, or microwave-based degradation [26].
Especially, non-random degradation behavior and molecu-
lar weight dependence of the process leads to the possibility
to modify and tailor the molecular weight distribution of
the polymer [26].

Several investigations of the ultrasonic degradation of
polystyrene have been published [16,26,27]. Polystyrene is
a polymer, which is used for many application purposes,
e.g., construction and packaging, in high volumes. Hence,
efficient recycling methods for this polymer are required
[29]. In [16,26,27], it is shown that the ultrasonic degrada-
tion process of polystyrene is strongly dependent on the
ultrasonic amplitude, dissolved gases, used solvent as well
as solution concentration. These parameters trigger the deg-
radation process and lead to respective molecular weights
and polydispersities of the polystyrene after a certain soni-
cation time [16,26,27,30]. It is stated in literature, that,
e.g., the polystyrene degradation over time in the solvent
toluene, strongly depends on the gas atmosphere set as an
experimental boundary condition [16]. It is concluded in
the literature that the system polystyrene-toluene-CO,

www.cit-journal.com

© 2020 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

shows a weaker degradation kinetics compared to the
system polystyrene-toluene-N,. Furthermore, the influence
of the gases CH,, Ar, CO, and O, on the polystyrene degra-
dation behavior with toluene as solvent has been investi-
gated. Consequently, the polydispersity as well as the molec-
ular weight which is gained at a certain sonication time are
significantly different for these systems. It is also shown in
the literature, that CO and O, indicate a stronger influence
on the degradation kinetics than other gaseous components
[16]. This was explained by the fact that other gases, i.e.,
CH,, Ar, N,, and CO,, are more inert and, hence, the
radical would have a longer lifetime, which increases the
likelihood of these processes and slows the reduction in
molecular weight [16].

The influence of different gases on the ultrasonic degra-
dation process is well studied for the polystyrene-toluene-
gas system in [16]. The influence of the solvents, i.e.,
2-butanone, tetrahydrofuran, o-xylene, benzene, and methyl
acrylate on this process under one specific atmosphere is
pointed out in [31]. For deeper understanding the ultrason-
ic degradation process of polystyrene-solvent-gas systems, it
is necessary to further investigate the solvent effect in com-
bination with different gas atmospheres, e.g., CO, and N..
This is important for investigating especially cross influ-
ences between solvent and gas on the ultrasound-based deg-
radation process. By studying this influence, the possibilities
of generating polydispersities as well as molecular weights
after a certain sonication time arise. This should extent the
ability to tailor specific polydispersities and molecular
weights of polystyrene by employing proper solvent and gas
boundaries.

Hence, it is the aim of this work to setup an experimental
procedure to perform ultrasonic degradation of polystyrene
under homogeneous temperature conditions for the solvent
cyclohexane and the gases CO, and N,. To the best of to the
authors” knowledge, these system combinations are investi-
gated for the first time and will contribute to additional pos-
sibilities to tailor polystyrene molecular fragments based on
ultrasonic degradation. In this work, the kinetics of the deg-
radation process is measured and the respective polydisper-
sities together with the corresponding molecular weights of
the polymer at specific sonication times are evaluated. Fur-
ther, the results are compared with values, which could be
achieved when toluene is used as solvent. This is done for
the sake of comparison and for embedding the new experi-
mental results into state of the art. Additionally, the new
experimental findings could contribute to further consider-
ation and understanding of ultrasound based sonication of
polystyrene and help to further lift the potential for recy-
cling based on ultrasound degradation, with the oppor-
tunity to tailor the molecular fragments of the polymer
regarding molecular weight and polydispersity.
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2 Experimental and Materials

A cylindrical, double-walled beaker with a volume of
500 mL was selected as ultrasonic reactor. With this reactor,
it is ensured that a respective amount of solution can be
provided, such that an adequate amount of polystyrene
fragments can be gained after the sonication process for
post analysis. An advantage of this reactor is the avoidance
of strong reflection of the ultrasound at the bottom. The
vessel head has four inlets where the sonotrode, the gas
pipe, and two thermometers can be inserted for setting up
the ultrasonic process. For ultrasonic homogenization
purposes, the ultrasonic homogenizer HD 4200 from
BANDELIN electronic was applied. This element provides a
power input of up to 150 W at a frequency of 20 kHz. The
applied sonotrode TS113 from BANDELIN electronic
transmits the energy to the liquid, the sonotrode has a
diameter of 12.7 mm. The apparatus which was designed to
carry out the experiments is schematically presented in
Fig. 1.

ultrasonic homogenizer

thermometer

as inlet
¢] e
V4 i N\
— sonotrode
~~ Pt
— =
S—
S—
—
water for
cooling
l - 4)

Figure 1. Ultrasonic reactor with jacket cooling and four inlets
for sonotrode, thermometers, and gas pipe.

The adjustable parameter at the ultrasonic homogenizer
is the amplitude rather than the input power. In this paper,
amplitudes of 25 and 50 % of the maximum amplitude,
132 pm, were investigated.

Pre-experiments were conducted to investigate the homo-
geneity of the temperature within the solution. This was
tested by using a third thermometer to measure the temper-
ature at different points inside the vessel while the ultrason-
ic process was ongoing and applied to pure cyclohexane. As
thermometers Pt-100 resistance thermometers of class A
(-100°C to 450°C + 0.15°C) were used. An intermediate
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deviation of +0.15°C of the temperature between the three
thermometers was observed. Hence, it can be concluded
that spatial temperature homogeneity is ensured.

Furthermore, N, and CO, were the investigated gas
atmospheres and since ultrasound has a strong degassing
effect, the experiment was designed such that the gas was
bubbled through the liquid during the experiments ensured
by the gas pipe in Fig. 1.

The solutions under investigation in this work were
made from polystyrene (Sigma Aldrich) and cyclohexane
(99 %, Sigma Aldrich) and toluene (99 %, Sigma Aldrich)
for comparison reasons, with a polymer concentration of
2wt % under gas atmospheres N, and CO,. The polystyrene
used was delivered in pellet form with a melt index of
2.0-4.0 g/10 min (200°C/5kg), a density of 1.04gmL™" at
25°C, a glass transition temperature of 95°C, and mineral
oil impurities <5 %. The initial molecular weight and distri-
bution of the investigated polymer sample was measured in
this work to be M,, = 168.2 kg mol " and M,, = 332.4kgmol .

For performing the experiments, the polymer solution
was initially temperature-controlled such that the tempera-
ture was 30 °C while the respective gas was injected in the
solution for saturating the solution. When the ultrasound
source is turned on, the temperature of the solution in-
creases due to the high energy input. Analyzing the temper-
ature profile, a temperature ramp was observed converging
to a constant temperature under which the experiment was
performed. Since the degradation rate decreases with the
molecular weight, long-time experiments of 450 min were
conducted for different solutions to determine the target
sonication time window. It was found that the generated
number average after 450 min is comparable with the num-
ber average after 180 min only. For this reason, the sonica-
tion time window was set to the interval [0; 180] min. The
experiments were performed for this time window along
the experimental design stated in Tab. 1.

The obtained samples according to experimental design
were taken and the solvent was evaporated. Hence, the ob-
tained polystyrene samples were analyzed via size exclusion
chromatography (SEC). An SEC system consisting of a

Table 1. Experimental design of the ultrasound degradation
experiments for polystyrene.

Gas Solvent Amplitude [%]  Samples taken at [min]

CO, cyclohexane 25 45,90, 135, 180

cyclohexane 50 45,90, 135, 180
toluene 25 180
toluene 50 180

N, cyclohexane 25 45, 90, 135, 180
cyclohexane 50 45, 90, 135, 180
toluene 25 180
toluene 50 180

www.cit-journal.com
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Waters 515 HPLC pump, an autosampler from Knauer
Marathon, and a Knauer Smartline refractive index detector
was used. Tetrahydrofurane (THF) was used as mobile
phase with a flow rate of 1.0 mL min™". The SEC setup was
calibrated with polystyrene standards ranging from 162 to
3053000 gmol ™ from PSS.

3 Results and Discussion

This section is structured as follows: first, ultrasound effects
on the molecular weight are presented in dependence on
different influencing parameters. Second, the influence of
ultrasound degradation on the polydispersity is shown
under specific influencing parameters, and third, the main
findings are summarized in tabular form and are further
discussed.

In Fig. 2a, the influence of ultrasound degradation on the
molecular weight distribution of polystyrene in cyclohexane
under the gas atmosphere N, for an amplitude amount of
25% (see further information regarding amplitude varia-
tions in Sect. 2) is presented for different sonication times in
the interval [0; 180] min. These results clearly show that
already in the very beginning of the sonication process, the
molecular weight distribution changes strongly. The longer
the sonication process continues, the less pronounced are
changes in the molecular weight distribution. These find-
ings for the system under consideration correspond to
already performed experiments in the literature [26]. Addi-
tional experiments are performed to study the influence of
the amplitude on the polymer degradation behavior as
shown in Fig.2b. Starting with the same initial molecular
weight distribution the resulting distribution after a
sonication time of 180 min is different between an ampli-
tude of 25 and 50% for the system polystyrene-cyclo-
hexane-N,.

In analogy to the results presented above, the influence of
ultrasound on the molecular weight distribution of poly-
styrene in cyclohexane under the gas atmosphere of CO,
was investigated and the results are presented in Figs.3a
and b. As already observed for the system polystyrene-
cyclohexane-N,, the effect of accelerated degradation at low
sonication times holds true for the system polystyrene-
cyclohexane-CO,. However, it was observed that the effect
of the amplitude is significantly less pronounced for this
system (Fig. 3b) where CO, was chosen as gas atmosphere.
Based on these findings it can be concluded that the varia-
tion of amplitude from lower to higher values does not
necessarily mean that the degradation process with respect
to the molecular weight is strongly influenced by the ampli-
tude. Rather the influence of the amplitude couples with the
respective gas atmosphere under which the experiment is
performed. This effect has not yet been addressed in the
literature because either experiments were performed with
one solvent, i.e., toluene, under different gas atmospheres or
with different solvents under air conditions [16, 26, 27].

This further leads to the fact, that for tailoring the molec-
ular weight distribution by ultrasound on the one hand and
for process optimization as well as for scalability on the
other hand, it is required that especially the coupling effect
between the used gas atmosphere and the ultrasound ampli-
tude is known.

For the sake of comparison, Figs.4a and b present the
weight and number average values of the measured molecu-
lar weight distributions for the systems polystyrene-cyclo-
hexane-CO, (Fig.4a) and polystyrene-cyclohexane-N,
(Fig. 4b) for amplitudes of 25 and 50 %.

The results presented in Figs. 4a and b show that for both
configurations the number and weight average values which
are reached after certain sonication times strongly depend
on the gas atmosphere. Additionally, for both systems it is
shown that the number average value is not significantly
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Figure 2. Effect of ultrasound on the molecular weight distribution of polystyrene in cyclohexane under N, at 25 % ampli-
tude after 45 min (dashed line), 90 min (dotted line), 135 min (dash-dotted line), and 180 min (dash-dot-dotted line) (a);
180 min at amplitude of 25 % (dashed line) and 180 min at amplitude of 50 % (dotted line) (b). The solid line corresponds to

initial molecular weight distribution.
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affected by the ultrasound amplitude. This is contrary to the
weight average molecular weight, which is affected by the
amplitude in the system polystyrene-cyclohexane-N,. Also,
the different slope of the weight and number average molec-
ular weight is changing with sonication time which in turn
indicates a change in polydispersity of polystyrene.

The behavior of the polydispersity over sonication time is
presented in Fig.5 for both systems polystyrene-cyclohex-
ane-N, and polystyrene-cyclohexane-CO,. Based on this re-
sult, it can be concluded that significantly different polydis-
persities of polystyrene can be achieved already after 90 min
of sonication time due to application of different gas atmo-
spheres.

Compared to N,, the influence of CO, on the polydis-
persity reduction is significantly weaker. Therefore, the
polydispersity evolution of the polymer during the ultra-
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sound degradation process can be tailored by the respective
gas atmosphere used as it is presented in Fig. 5.

In Fig.6a, comparison of the polymer degradation be-
tween the solvents cyclohexane and toluene is performed
under both gas atmospheres, CO, and N,. These graphs
show that the solvent influences the polydispersity stronger
under CO, atmosphere, where the peak of the molecular
weight distribution after 180 min sonication time is shifted
to lower values due to the solvent effect of toluene under N,
atmosphere. The results shown in Fig.6 correspond to an
amplitude of 25 %.

For the sake of comparison, the results of the cross effects
of solvent and gas on the polystyrene degradation behavior
are presented for an amplitude value of 50 % in Fig. 7.

Summarized findings of the solvent and gas influence
on the ultrasonic degradation process of polystyrene in

www.cit-journal.com
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the systems polystyrene-cyclohexane-N,, polystyrene-cyclo-
hexane-CO,, polystyrene-toluene-N,, polystyrene-toluene-
CO,, are presented for the limiting sonication time of
180 min in Tab. 2.
In Tab. 2, it is demonstrated that the degradation effect is
stronger under N, atmosphere compared to CO, atmo-
sphere for both solvents and approaches significantly lower
values of the molecular weight. This holds true for both
number and average molecular weight. Additionally, the
solvent effect is much more pronounced under N, condi-
tions where polystyrene in cyclohexane is degraded less
than in toluene. This difference is not observable under
0 5 100 150 200 CO; conditions.
Sonication time t [min] Hence, as it was already stated for the amplitude influ-
ence, it also holds true for the solvent influence on the
degradation process that the knowledge of cross effect with
the respective gas atmosphere is strongly required to tailor

Polydispersity P [-]

1.50

Figure 5. Effect of the sonication time on the polydispersity of
polystyrene in cyclohexane under N, (@, solid line) and CO,
(O, dashed line) at 50 % amplitude.
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line) and polystyrene-toluene-N, (dotted line) (b); both lines correspond to a sonication time of 180 min, the amplitude was

25 %; the solid line represents the initial molar weight distribution.
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Table 2. Summarized experimental findings for number and weight average of ultrasound-degraded polystyrene in
cyclohexane and toluene under the gas atmospheres CO, and N, for 180 min sonication time and different amplitudes.

Gas Solvent Amplitude [%] M, 150 [kgmol™'] M50 kg mol™'] Polydispersity P [-]
CO, cyclohexane 25 104.0 192.5 1.85

cyclohexane 50 100.6 184.4 1.83

toluene 25 104.6 207.4 1.98

toluene 50 102.1 189.4 1.86
N, cyclohexane 25 73.2 1284 1.75

cyclohexane 50 67.8 112.0 1.65

toluene 25 62.7 118.2 1.88

toluene 50 56.5 97.7 1.73

respective molecular weights and polydispersities of the
polymer by ultrasound degradation.

4 Conclusions

In this contribution, an ultrasonic reactor for polymer deg-
radation under spatial homogenous temperature conditions
and defined gas injection was designed to investigate the
degradation behavior of polystyrene under certain bound-
ary conditions with the focus on clarifying cross influence
effects on the one hand and investigate the ability of tailor-
ing polymer molecular weight and polydispersity on the
other hand. As influence factors on the ultrasonic degrada-
tion effect on polystyrene, the solvent, the gas atmosphere,
and the ultrasound amplitude are considered and studied
for the systems polystyrene-cyclohexane-N,, polystyrene-
cyclohexane-CO,, polystyrene-toluene-N,, and polystyrene-
toluene-CO,. It could be revealed that the influence of
ultrasound amplitude as well as solvent influence are
strongly related to the gas atmosphere used. Significantly
different molecular weights and polydispersities could be
achieved by applying cyclohexane and toluene as solvents.
This result, however, holds only true by using N, as gas
atmosphere. As shown in Tab.2, substituting N, by CO,
leads to no significant difference of the degraded molecular
weights and polydispersities after 180 min sonication time
in dependence on the solvent toluene and cyclohexane.
Hence, the solvent effect on the degradation behavior is
strongly related to the respective gas atmosphere which is
applied in the process. The same result holds true for the
ultrasound amplitude influence for the respective investiga-
tion interval, where a stronger influence on the molecular
weight distribution degradation of polystyrene was observed
under N, atmosphere compared to CO, atmosphere. These
experiments clearly show the potential concerning the
possibility of tailoring molecular weight and polydispersity
of polymers by ultrasound degradation and, hence, con-
tribute to the development of tailored recycling methods of

Chem. Ing. Tech. 2021, 93, No. 1-2, 1-9
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polymers. However, it is also shown that the process
strongly depends on the influencing factors and it is not
sufficient that they are investigated without considering
mutual influencing effects between them.

These findings contribute to the additional understanding
of mutual influence factors on the ultrasound degradation
process of polymers in solution. Furthermore, thermody-
namic models which are able to consider these influencing
factors are required to further understand and apply this
process in the field of polymer recycling.

This paper is dedicated to the 65th birthday of

Prof. Dr.-Ing. Matthias Kraume who is not only a very
productive and successful colleague but also a good
friend. Open access funding enabled and organized by
Projekt DEAL.

I Symbols used

M [gmol™] molecular weight

P (-] polydispersity

t [min] sonication time

w(M)  [-] standardized probability of molecular

weight distribution

I Subscripts

n number-averaged
w weight-averaged
180 after 180 min of sonication time

I Abbreviation

SEC size exclusion chromatography
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Ultrasonic Degradation of Polystyrene for Tailoring Molecular Weight
and Polydispersity of Polystyrene Fragments

J. Zimmermann, D. Kruppa, M. Fischlschweiger, S. Beuermann, S. Enders*

Ultrasonic degradation is a suitable method for the chemical recycling
of polymers, due to the promising opportunity to tailor molecular mass and polydispersity
of the polymer fragments. The paper reports experimental results of the ultrasonic degra-
dation of polystyrene in different solvents (cyclohexane and toluene) under different gas
atmospheres (CO2 and N2) for different ultrasonic amplitudes.
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