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A B S T R A C T   

New biotechnological processes using microorganisms and/or enzymes to convert carbonaceous resources, either 
biomass or depolymerized plastics into a broad range of different bioproducts are recognized for their high 
potential for reduced energy consumption and reduced GHG emissions. However, the hydrophobicity, high 
molecular weight, chemical and structural composition of most of them hinders their biodegradation. A solution 
to reduce the impact of non-biodegradable polymers spread in the environment would be to make them 
biodegradable. Different approaches are evaluated for enhancing their biodegradation. The aim of this work is to 
develop and optimize the ultrasonication (US) and UV photodegradation and their combination as well as 
dielectric barrier discharge (DBD) plasma as pre-treatment technologies, which change surface properties and 
enhance the biodegradation of plastic by surface oxidation and thus helping bacteria to dock on them. Polylactic 
acid (PLA) has been chosen as a model polymer to investigate its surface degradation by US, UV, and DBD plasma 
using surface characterization methods like X-ray Photoelectron Spectroscopy (XPS) and Confocal Laser Mi
croscopy (CLSM), Atomic Force Microscopy (AFM) as well as FT-IR and drop contour analysis. Both US and UV 
affect the surface properties substantially by eliminating the oxygen content of the polymer but in a different 
way, while plasma oxidizes the surface.   

1. Introduction 

For several decades, environmental awareness has increased topics 
such as resource scarcity, climate change, waste production, costal 
erosion etc. which at the end have come into attention of several 
research activities which directly or intricately affect the civil society 
[1,2]. 

There are several strategies in place [1], which can be defined as a set 
of initiatives, which aim to minimize and control all kind of impacts, 
which arise from several processing and affect directly or indirectly the 
quality of life as well as the environmental performance of one area 
(even though a whole country). Among those strategies that aim to 
control and maintain any environmental issues and aspects are the cir
cular economy, European Green Deal Strategy, United Nation 

Sustainable Development Goals and Bioeconomy [1,2,3,4,5]. Bio
economy or Bio-circular economy or bio-based economy are applied 
taking into account existing political views and strategies, dedicated to 
support and strengthen the corresponding economy (i.e development of 
new jobs, technological achievements, optimization of environmental 
performance etc.) as well as, to deal with resource scarcity [6,7,8]. 

Polymer materials can be natural (cellulose, rubber etc.) but also 
synthetic from mineral oil stemming row materials. Since 1950 about 
8300 million tonnes of plastics have been produced and have generated 
globally around 6300 million tonnes of plastic waste. Around 79% of 
this amount remains in the environment. It is estimated that, the 
continuation of current production and waste management trends will 
result in about 12 billion tonnes of plastic waste in natural environments 
by 2050 [9]. According to Laskar and Kumar [10] the last 10 years we 

* Corresponding author. 
E-mail address: amca@chemeng.ntua.gr (C. Argirusis).  

Contents lists available at ScienceDirect 

Ultrasonics Sonochemistry 

journal homepage: www.elsevier.com/locate/ultson 

https://doi.org/10.1016/j.ultsonch.2021.105627 
Received 9 May 2021; Received in revised form 31 May 2021; Accepted 7 June 2021   

mailto:amca@chemeng.ntua.gr
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2021.105627
https://doi.org/10.1016/j.ultsonch.2021.105627
https://doi.org/10.1016/j.ultsonch.2021.105627
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ultsonch.2021.105627&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Ultrasonics Sonochemistry 76 (2021) 105627

2

have produced and used more plastics, that we have used in the last 100 
years. Hence, the amount of the plastics that entering the sea is near to 
13 million tonnes per year. Based on that numbers, it is not surprising 
that plastics can be found almost everywhere in the environment, 
especially the marine environment, where large amounts of plastic 
waste accumulate with increased risks for humans and fauna [11]. 
Knowledge of the dangers and risks for people and the environment from 
chemicals in connection with the spread of plastic products in the 
environment is limited. WHO (World Health Organization) started to 
assess the potential risk of plastic pollution around the entire planet, to 
bring down the use of plastics [10]. Most of the raw chemicals used in 
the production of plastics stem from crude oil, and some are dangerous. 
These can be released during the manufacture as well as during the use 
and disposal of the plastic product [12]. 

Microplastics include fibers (mostly synthetic) and waste from 
plastics. Synthetic fibers are extremely harmful to any marine life [10] 
as the sea fish very often consume microplastics affecting in that way the 
food chain and the health directly, through the bloodstream. Anything 
less than 5 mm is being recognized as one of the largest threats to marine 
ecosystem. Major sources for microplastics in urban areas are agricul
tural greenhouses and single plastic bags. Even after the application of 
charges for plastic bags, in a recent work [13] have found up to seven
teen different plastics in an urban wastewater treatment plant. Another 
microplastics source are soft drinks packaging materials [14], textiles as 
approximately two thirds of all those items are now synthetic, mainly 
organic polymers such as polyester, polyamide and acrylic, which can 
enter the environment either as primary particles with size in the range 
of mm or as microplastics after mechanical fragmentation and/or 
chemical or photochemical degradation [12,15]. A comprehensive re
view on the occurrence, accumulation and biological effects of micro
plastics in aquatic environments is given by Xu et al. [16]. 

According to Richard et al. [17] and Barnes et al. [18] the disposed of 
HD (High Density) as well as LD (Low Density) synthetic polymers (i.e. 
polyethylene, polyvinyl chloride, nylons etc.) is considered one of the 
very crucial environmental issues. Most of the microplastics in the 
sewage are removed by wastewater treatment plants, which remove 
microplastics by trapping them in the sludge and thus protecting aquatic 
environments from them. Nevertheless, there is evidence of strong 
microplastic accumulation in soils over time because of sludge appli
cations on them [19]. 

Plastic microfibers (less than5mm) and nanofibers (less than100 nm) 
have been identified in ecosystems in all regions of the globe and have 
been estimated to comprise up to 35% of primary microplastics in ma
rine environments, a major proportion of microplastics on coastal 
shorelines and to persist for decades in soils treated with sludge from 
wastewater treatment plants [20]. 

Recently a study of SU et al. [21] has shown, that more microplastics 
and polymer types are found in areas with large amounts of commercial, 
industrial and transport activities, near coastal cities but also in estuaries 
as microplastics are transported downstream in rivers. Increasing public 
concern is driving a vigorous research effort to create a complete cir
cular economy for plastic waste. The development of bio-based depo
lymerization technologies and hence solutions to the world’s plastic 
crisis is hampered by three main challenges: recalcitrant nature of 
plastics, non-biological degradability, and new technologies that must 
sustainably manage the constraints of highly plastic dependent lifestyles 
while addressing the global burgeoning plastic waste crisis in a low 
carbon footprint fashion. Several groups are now working on the prob
lem of engineering enzymes with enhanced capacity to degrade plastic 
polymers such as polyethylene terephthalate (PET), a form of polyester 
[22]. 

Recent reviews are presenting the current status of polymer degra
dation based on microbial approach [23,24]. 

Microbes have a natural propensity to evolve in order to degrade new 
materials and thus to maintain nature’s cycle of generation, degrada
tion, and regeneration. However, several factors hindering the microbial 

and/or enzymatic degradation of plastics as well as other challenges can 
be associated to processes:  

i. These processes are intrinsically slow and waste plastic substrates 
have only become prevalent in the past number of decades so that 
microbes did not have the time to adapt themselves to the 
degradation of the new materials;  

ii. Despite the current extensive search for newly developed plastic- 
degrading bacteria and enzymes, only a limited number of strains 
were discovered that exhibit any activity in the degradation of 
plastics.  

iii. Τhe mechanisms behind the degradation of the plastic are very 
complex and thus concerted efforts are necessary to improve the 
efficiency of the used strains.  

iv. There are several attempts to find new strains, whereat the focus 
was more on single strains and less on mixed consortia. For a 
broad mode of operation on the plastic degradation bacteria with 
diverse metabolic capabilities are needed. As an example, pseu
domonas species with engineered properties to oxidize organic 
compounds can be named.  

v. Another problem is that in presence of other easier to digest 
substances the bacteria attack them and not the plastics or the 
strains become inactive due to toxic additives for example due to 
non-intentionally added substances (NIAS) from the interaction 
of the plastic with other ingredients (e.g. food packaging) [25]. 
Therefore, the need to separate the plastics from other organic 
material is inevitable.  

vi. The production of new enzymes that can be more active towards 
plastic degradation is difficult to scale-up for industrial use, 
meaning that at present plastics continue to accumulate in eco
systems [26]. 

It is known that polymers are degrading in the environment very 
slowly and that weathered plastics exhibit a rough surface and also 
chemical alteration of surface groups and bonds. Dong et al. [27] have 
characterized weathered and non-weathered polymers by means of 
Raman and FTIR spectroscopy and index them in a database. A similar 
approach based on Raman spectroscopy was used by Lv et al. [28] in 
order to detect microplastics and nanoplastics in aquatic environment. 
Besides the natural alteration one can use different techniques to 
degrade polymers such as biodegradation with enzymes and bacteria, 
thermal degradation, photolysis, chemical methods, high energy input 
methods like ultrasonication, microwaves etc. [29] and atmospheric 
DBD plasma [30]. Most of those processes (chemical degradation, as 
well as thermal [31] and enzymatic [32] methods) are working 
randomly and lead to unwanted mono- and oligomers and to modifi
cations of the chemical microstructure of the side groups [33]. On the 
other hand, it has been reported by several authors, that ultrasonication 
represents a suitable method when products with lower molecular 
weight are desired [34,35]. 

UV represents a non-mechanical energy input method being able to 
degrade organic substances such as water-soluble pollutants but also 
solid organic waste such as plastics. Light can cause the decomposition 
of organic material and is one of the main causes of the degradation of 
plastic under ambient conditions. Most synthetic polymers can be 
degraded by the action of ultraviolet (UVA) radiation (400–290 nm) and 
visible light. UVA radiation possesses energies from 3.1 to 4.3 eV, which 
corresponds to 72–97 kcal/mol [36]. This means that it has enough 
energy to break most chemical bonds [37] and so light can act like 
thermal degradation [38]. 

Light absorption by chromophoric surface groups leads to the for
mation of radicals, which then interact with the polymer and lead to 
degradation [39]. Sonochemistry is a fast-developing branch of chem
istry, which takes advantage of the ultrasound power. Sonochemistry is 
based on the effect of the acoustic cavitation, in which a sequential 
formation, growth and collapse of bubbles in a so-called hot spot leads to 
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harsh conditions that can strongly influence chemical reactions 
[40,41,42]. 

Ultrasound irradiation of a liquid causes the formation of cavitation 
bubbles in it. The bubbles can live several hundreds of µs and collapse 
upon reaching a critical radius! At this point, the collapsing bubble 
reaches locally (hot spot) extreme conditions with temperatures 
exceeding 5000 ◦C, pressures of more than 200 MPa and cooling rates of 
up to 1010 K/s [43]. In those cavitations, chemical reactions are easily 
running often through new pathways and mechanism [44,45,46]. Such 
conditions have been proven favorable to nanomaterial synthesis in 
terms of shorter reaction times, smaller particle sizes and phase- 
selectivity [47,48]. Additionally, cavitations can collapse on the sur
face of suspended solids and the generated solvent jets modify their 
surface itself (mechanically) and affect its properties (surface chemistry) 
[49]. Obviously, ultrasonication is a very effective method for energy 
input in chemical reactions, which easily can be upscaled to industrial 
scale [47]. Ultrasounds can break down the structure of the organic 
compound by either creating new non-toxic molecules or facilitating 
their oxidation by other processes. Additionally, they can be applied 
along with most advanced oxidation processes (AOPs), by contributing 
to additional production of •OH radicals, which benefit the oxidation 
process. 

At the same time, UV assisted photochemistry can be also applied 
either stand-alone or in combination with ultrasounds in order to benefit 
from the improved potential due to the synergetic impact of the two 
methods. 

It is well known that treatment of polymers with non-thermal plasma 
significantly affects their surface properties [50,51,52]. This can lead to 
a deterioration of the polymer surface, meaning that the surface starts 
already after a treatment of a few seconds to degrade [53]. On the other 
hand, the treatment of polymer surfaces by plasma leads to changes 
which can be beneficial for several applications. So, plasma treatment 
changes the surface energy, the adhesion on their surface, their wetta
bility, concentration of surface chemical groups and thus to their cata
lytic activity to name only some of them [54]. 

Plasma treatment is mostly performed using cold plasmas at different 
atmospheres and pressures. If the treatment takes place in ambient at
mosphere one speaks about treatment with atmospheric plasma. The 
simplest reactor design is the one with two parallel plates as electrodes 
and one or two ceramic dielectric barrier and kHz- powered sources 
[55,56,57,58]. 

The contribution of plasma generated atoms and radicals is signifi
cant. In air besides ozone, O atoms and OH radicals are generated and 
play an important role in several oxidation processes. Further, photons 
are generated, and thus plasma can act as a strong UV source for plastics 
and gaseous pollutants degradation as well as for water sterilization 
[56]. 

As it is known that bacteria and enzymes cannot digest plastics 
easily, the idea is to pre-treat the plastic surfaces using different 
advanced oxidation processes like ultrasounds, UV based photochem
istry and their combinations as well as DBD plasma in order to increase 
the ability of the surfaces to let enzymes and bacteria dock on them and 
start the degradation process. The present work is the first step in the 
development of a holistic approach to degrade microplastics using 
biotechnological procedures. We start with pre-treatment steps using 
power ultrasound and UV-photochemistry and their combination in 
order to study synergistic effects on the accelerated degradation of the 
sample surface so that bacteria and enzymes can easier attack and 
degrade or even totally digest the microplastics. Additionally, to US and 
UV, we used also atmospheric plasma as a rapid surface treatment 
process (usually a few seconds or even less than one second), leading to 
an oxidation of the surface as oxygen plasma generates ozone within 
microseconds [59,60]. 

The presented results were obtained with polylactic acid (PLA), 
which was chosen as a model polymer easy to degrade. Careful experi
mental procedures and parameter variation during application of DBD 

plasma, high-power ultrasounds, and UV photochemical experiments, as 
well as application of surface sensitive characterization methods such as 
XPS, CLSM, AFM, IR, and drop contour analysis, are applied in order to 
elucidate degradation mechanisms and to further provide information 
for making the selection of bacteria and enzymes feasible, which in a 
subsequent biotechnological step can degrade and digest the 
microplastics. 

2. Materials and methods 

2.1. Materials 

In this work a commercial polylactic acid (PLA) grade, Purapol L130 
from Corbion was used for the film production by compression molding. 
Purapol L130 is a semi-crystalline, bio-based PLA grade, which is suit
able for injection molding and fiber spinning. This PLA grade has high 
heat properties, medium flow and higher temperature resistance (vis
cosity average molecular weight Mv = 179000 g mol− 1, [COOH] = 7 
meq kg− 1, Tg = 70 ± 1 ◦C, Tm = 180 ± 1 ◦C, melt flow index (ISO 1133-A 
at 210 ◦C/2.16 kg) = 16 g/10 min, Melt flow index (ISO 1133-A at 
190 ◦C/2.16 kg) = 7 g/10 min). Purapol L130 has high optical purity, 
containing mainly L-isomer (min.99%). As it is recommended, Purapol 
L130 white pellets were dried in an oven at 100 ◦C, for 4 h prior to 
processing. PLA films (15x15cm) of approximately 1 mm thickness were 
prepared via compression molding. The material was brought up to the 
molding temperature (190 ± 2 ◦C) for 7 min, molded for 8 min under 
200 ± 1 bar and then cooled down under compression to ambient 
temperature in ca. 10 min. The hot-pressed PLA foil was cut in samples 
with dimensions of 10x10 mm2. These samples were used as reference 
for XPS and CLSM/AFM measurements and without further treatment 
directly in the ultrasound and UV-photochemical experiments. The 
treatment procedure is schematically presented in Fig. 1 

2.2. Methods 

2.2.1. Treatment methods of the PLA samples 

2.2.1.1. Ultrasonication. Low-frequency Ultrasounds (20 kHz) were 
applied through the ultrasonic processor UIP500hdT (20 kHz, 500 W) 
from Hielscher Ultrasound Technology, Germany. Power intensity was 
fixed at 100 W/cm2 through a 2.2 cm diameter tip. In several works 
[33,61,62,63] has been found that the degradation of different plastics is 
decreasing with increasing temperature mainly due to the cushioning 
effect, which reduces the intensity of the shock waves during the bubble 
collapse. On the other hand, increasing temperatures help the cleavage 
of chemical bonds on the surface. In any case, the degradation occurs at 
an optimum temperature [64]. In the present work, we performed at 20 
kHz all experiments at constant temperature of 20 ± 1 ◦C. 

High-frequency ultrasound was achieved by the Ultrasound Multi
frequency Generator equipped with the Ultrasound Transducer E805/T/ 
M with 3 frequencies (approx. 0.550; 0.860; 1.150 MHz) and an adapted 
glass reactor UST 02/500–03/1500 from Meinhardt® Ultrasonics, Ger
many, with a maximum output power of 400 W/cm2. The frequency was 
set to 860 kHz and the power amplitude to 40%. At 860 kHz it was 
necessary to keep the temperature constant at 30 ± 1 ◦C in order to 
protect the equipment, which may be damaged at temperatures above 
50 ◦C. Temperature was controlled at 30 ± 1 ◦C using a Julabo recir
culating cooler. 

The PLA samples were suspended in demineralized water with a 
concentration of about 3 wt% without the addition of any other chem
icals or additives and sonicated for 1 h under the conditions given above. 
After the sonication the samples were taken out of the suspension, dried 
in ambient air and kept dark until the XPS and CLSM/AFM 
measurements. 

The treatment time for single sonication and UV experiments is 1 h 
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and for the combined experiments with US and UVA at the same time 
was 1 h. We performed also sequential treatment applying firstly US (at 
20 kHz or 860 kHz) and afterwards UVA for a period of 1 h for each 
method leading to a total treatment time of 2 h. The last combination of 
US and UVA war performed by switching between US and UVA every 30 
min for a duration of 1 h. 

2.2.1.2. UVA treatment. The PLA samples were immersed in deminer
alized water in a UVA transparent baker and put on a stirring plate in the 
home-made UV reactor. The reactor has three 11 W UVA lamps on each 
side and thus the samples were exposed to 66 W UVA irradiation under 
continuous stirring. The treatment time was similar to the one we used 
for sonication. No photocatalytic active materials were used in the UV 
experiments. The samples were dried and kept dark after finishing of the 
UVA irradiation experiment. 

2.2.1.3. DBD plasma treatment. The PLA samples with dimensions of 
30x30 mm2 and 390 µm thickness were used as received and put in a 
self-made parallel plate dielectric barrier discharge (DBD) reactor with 
their marked surface up in order to treat them with an atmospheric DBD 
plasma at ambient air. The DBD plasma conditions were 16 KV at a 
frequency of 7 kHz and the distance between the electrodes was set to 3 
± 0,1 mm. The samples were treated for 5, 10, 20 and 60 s and then the 
samples were immediately transferred to the FTIR, CLSM/AFM, and XPS 
devices in order to characterize the changes on the surface groups 
caused by the plasma treatment. 

After the FTIR measurements the wettability of the same sample was 
immediately measured in a drop contour analysis device. 

2.3. Characterization methods of the PLA samples 

2.3.1. X-Ray photoelectron spectroscopy (XPS) 
XPS a surface sensitive characterization method that uses by single- 

energy X-ray photons with kinetic energies from 300 to 1500 eV to 
irradiate the sample surface and detects photoelectrons emitted from the 
samplés surface. XPS or electron spectroscopy for chemical analysis 
(ESCA) is a relatively simple technique that allows for the compositional 
and chemical state analysis of surfaces. Using XPS one can estimate the 
composition of a surface by quantitative elemental analysis as all ele
ments, with the exception of hydrogen and helium, can be detected 

through the detection of the binding energies of the photoelectrons. 
Because of the short path length of the used photoelectrons XPS is very 
surface sensitive [65,66]. 

For XPS measurements, the US and UV-treated PLA samples were 
fixed with a stainless-steel sample holder and inserted into the XPS 
apparatus. The PLA samples were analyzed by XPS in an ultrahigh 
vacuum (UHV) chamber, with a base pressure below 5⋅10-10 mbar. The 
detailed apparatus setup was described previously [67,68]. A commer
cial X-ray source (RS40B1, Prevac, Rogów, Poland) was used to generate 
non-monochromatic MgKα X-rays, which hit the surface under an angle 
of 10◦. The electrons emitting from the PLA samples were analyzed by a 
hemispheric analyzer (type Leybold EA10/100) under an angle of 45◦. 
The analyzer was operated with a constant pass energy of 80 eV for 
survey spectra and 40 eV for detail spectra. In order to keep radiation 
damage to the PLA as low as possible, detail spectra were first recorded, 
followed by the corresponding survey spectrum. All XP spectra are 
displayed as a function of binding energy with respect to the Fermi level. 
Since the PLA samples have a low electrical conductivity, the XP spectra 
had to be charge-corrected. The aliphatic C–C binding at 285.0 eV was 
used as a reference. For a stoichiometric evaluation, a linear background 
correction was applied. A detailed analysis of the photoelectron peaks 
was performed using Voigt-type profiles and Tougard base line type with 
CasaXPS software (version 2.3.16 Pre-rel 1.4, CasaXPS Ltd., Teign
mouth, United Kingdom). 

2.3.2. Confocal laser Scanning Microscopy (CLSM) and atomic Force 
Microscopy (AFM) 

Confocal Laser Scanning Microscopy (or CLSM) is an optical imaging 
technique widely used in the field of Materials Science. CLSM provides 
high optical resolution and observation precision by combining the 
colour and laser intensity information from the camera and from the 
laser light photoreceptor, respectively. 

We used a Keyence VK-X100K/X-200 K Confocal Laser Scanning 
Microscopy (CLSM) in which a sample is illuminated by laser source, 
and the scattering or fluorescence intensity of a certain volume element 
are measured. In CLSM the size of the scanning volume is determined by 
the used spot size. The average roughness (Ra) represents the mean value 
of the roughness profile determined from deviations about a line within 
the surface and Rq the root-mean-square roughness. All Ra and Rq values 
are mean values of at least two measurements. In addition to surface 

Fig. 1. Schematic presentation of the treatment and characterization procedure.  
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roughness measurements (Ra, Rq), CLSM provides surface profile 
observation in 3-D images, by capturing multiple two-dimensional im
ages at various depths, to confirm the shape and scrutinize how each 
pre-treatment method affects the surface of PLA samples. 

CLSM is the first choice in our surface microscopy methods as it al
lows a quick estimation of surface roughness, while AFM is mostly used 
to control the CLSM results and to estimate mechanical properties of the 
treated plastic samples. By using the AFM as nano-intender one is also 
able to measure the mechanical properties of a sample with a nano
metric resolution [69,70,71,72]. 

2.3.3. Attenuated total reflection fourier transform infrared spectroscopy 
(ATR-FTIR) 

Infrared spectroscopy is based on the principle of absorption of 
electromagnetic radiation of the infrared spectrum by molecules, 
resulting in molecular vibrations. 

The absorption energies can therefore be associated with certain 
vibrational modes of the chemical bonds. Each molecule has a specific 
absorption depending on the atomic bonds. This makes it to a common 
analysis technique for obtaining chemical information of the surface of a 
material. 

The infrared analysis of the PLA samples is performed on a Bruker 
Alpha-T FTIR Spectrometer. It is coupled with an Attenuated Total 
Reflection (ATR) accessory. The internal reflection element is a diamond 
crystal and by pressing the sample onto the ATR crystal, the ATR enables 
a simple procedure to obtain IR spectra. 

2.3.4. Drop contour analysis (DCA) 
In drop contour analysis, a treated sample and a water drop on top of 

it are video recorded against a backlight. The contact angle can then be 
determined by the software. The estimated contact angle is the most 
important value in order to characterize the wettability of a surface. The 
higher the surface tension between the solid and the atmosphere, the 
higher is the surface energy of the solid. The drop will attempt to spread 
out, which results in a small contact angle. In this study we used a 
Dataphysics OCA device allowing the video analysis of the drop contour. 

3. Results 

The experiments presented are single treatment experiment with 
only US at 20 kHz or at 860 kHz and UVA but also experiments with 
simultaneous use of UVA plus US at both frequencies (one frequency in 
each experiment). In order to verify if the order of application of each 
treatment method plays a role in the final result, we performed experi
ments with US and UV in a sequential way and also alternating between 
US and UVA every 30 min. 

3.1. XPS and CLSM/AFM results 

The samples have been treated for 1 h using ultrasounds at fre
quencies of 20 kHz and 860 kHz as well as UV light with wavelength 
between 400 and 315 nm with a maximum at 365 nm (UVA). After the 
UV exposure experiments the samples have been analysed by means of 
XPS and CLSM/AFM. 

In Fig. 2 the XPS spectra of the pre-treated samples are presented. 
The XP survey spectrum (not shown here) contains the main photo
electron peaks of carbon (C1s) and oxygen (O1s). The C1s and O1s detail 
spectra (derived from the survey spectrum) show the binding species 
(C–C/C–H, C-O, O = C-O) typical for PLA, whose binding energies 
correspond well with the literature [73,74]. The excessive proportion of 
C–C bonds is due to atmospheric contamination. 

As a result of the treatment procedures described in section 2 one can 
expect a change in the surface elemental composition and in the 
particular case of plastic materials a change in the C/H and C/O ratio as 
compared to the untreated surface. The changes in the total C/O stoi
chiometry resulting from the XPS analysis are summarized in Table 1. As 

can be seen in Table 1 and the detail spectra (Fig. 2) the surface 
composition changes significantly as C-O and O = C-O groups on the 
surface are diminished depending on the method (UV or US) and US 
frequency used. The same species as in the PLA reference were used for 
peak deconvolution (not shown). However, it has to be mentioned, that 
it cannot be ruled out that further C-Ox species were formed during the 
treatments in the water. 

The CLSM measurements tabulated in Table 2 show a smooth surface 
with slightly increased root mean squared roughness as compared to the 
reference sample. Treatment with US at 20 kHz seem to lead to a slightly 
lower surface roughness. 

By comparing the results of the combined experiments of simulta
neous application of US and UV (Table 1) it is evident that there are no 
synergetic effects from the simultaneous use of US and UV as the values 
are lower than the value for sole use of UV. Especially the use of UV and 
high frequency US at 860 kHz is counterproductive as the resulting value 
is lower than UV and also US at 860 kHz alone. This is surprising, as it 
seems that the two treatment methods inhibit each other. 

The XPS results (spectra not shown) of the plasma treated samples 
are summarized in Table 3. In this study we used a second batch of PLA 
samples as the first batch was used for all other techniques. This explains 
the slight difference in the surface composition of the reference sample. 

Fig. 2. XPS spectra of the surface indicating the composition of the PLA sam
ples treated with different methods for 1 h. 
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The surface is clearly oxidized by the plasma treatment. Already after 10 
s of treatment the surface is 10% more oxidized. By deconvolution of the 
C1s peak (not shown or supplement) in the possible binding types we 
obtain the percentage of single and double bonded oxygen atoms to 
carbon. 

The surface changes caused by the plasma treatment are also 
detectable by roughness measurements using CLSM (Table 4). 

3.2. FT-IR results 

Each sample was analyzed by means of FT-IR to document changes in 
the concentration of chemical groups on their surface caused by the 
treatment. 

In Fig. 3 we present FT-IR spectra of all treated samples for 1 h. 
Obviously, the concentration of the active surface groups is changing 

depending on the treatment method. The difference in peak intensities 
suggests a concentration change of functional groups. 

In IR spectra at 1747 cm− 1 the C = O stretching region appeared as a 
broad asymmetric band mainly due to active modes. The peak at 1455 
cm− 1 appear because of the band CH3. The CH deformation and asym
metric bands appeared at 1378 cm− 1 and 1359 cm− 1 and the CH 
bending modes resulted in bands at 1315 cm − 1 and 1300 cm− 1. At 
1267 cm− 1 appeared the C–O stretching modes of the ester group and at 
1085 cm− 1 the C–O–C asymmetric mode. The peak at 953 cm− 1 is due to 
bands characteristic of helical backbone vibrations with CH3 rocking. At 
862 cm− 1 the band could be attributed to the amorphous phase of PLA or 
to C–C stretching. At 747 cm− 1 appeared the band that could be 
attributed to the crystalline phase of PLA, or even to C = O stretching. 

Further we investigated the surface groups changes as a function of 
the plasma treatment time. The results presented in Fig. 4 are mean 
values from spectra at three different places on the surface. There is a 
strong influence of the plasma treatment on the concentration of the 
surface groups (especially oxygen containing groups like C = O and C-O- 
C, which content increased by ca. 8%) and a non-linear dependence of 
them on the plasma treatment time. The highest concentration is 
observed after 10 s of plasma treatment. 

3.3. Drop contour analysis results 

The results of the drop contour analysis are an indicator of the hy
drophilicity or hydrophobicity of the polymer surface. The values pre
sented in Fig. 5 are the values of the two angles the left- and right-hand 
side of the drop. The mean deviation in all measurements is less than 2◦. 

Obviously, all treatment methods and their combinations increase 
the hydrophobicity of the PLA surface. 

Among the used single treatment methods US at 860 kHz and UVA 
seem to have the highest impact on the wettability of the surface. In the 
combined treatment with ultrasounds and UVA the UVA impact is per
sisting and the combination of US at 860 kHz with UVA exhibits the 
highest contact angle of 101.5◦. 

In Fig. 6 we present DCA results of plasma treated PLA samples. In 
this case the influence if the treatment is positive, as the hydrophobicity 
is decreased. It has been reported [75,76] that the surface of plastics 
after plasma treatment does not remain in the new state for long time. 
We performed an additional measurement of the contact angle after 6 
days to find out if this is the case in our plasma treated samples. 

Table 1 
Surface composition of PLA depending on the pre-treatment method. Treatment time for all experiments in this table was 1 h except for the sequential experiments 
where the time was 1 h for each sequence.  

Sample name survey spectrum C1s O1s  
C1s [at%] O1s [at%] N1s [at%] C -C [at%] C - O [at%] C = O [at%] C - O [at%] C = O [at%] 

Reference 63,92 36,08 0 53,59 22,31 24,09 47,20 52,80 
UVA 80,12 19,88 0 82,06 11,08 6,86 70,58 29,42 
20 kHz 64,98 35,02 0 59,00 20,88 20,12 48,19 51,81 
(20 kHz + UV) (1 h) 64,70 34,25 1,06 59,02 17,64 23,34 83,42 16,58 
20 kHz(1 h) + UV(1 h) 66,84 31,16 2,01 65,36 18,79 15,86 54,86 45,14 
20 kHz + UV(switch30) 69,44 29,37 1,2 63,80 18,95 17,25 49,69 50,31 
860 kHz 70,24 29,76 0 76,58 14,96 8,47 85,47 14,53 
(860 kHz + UV) 1 h 65,25 33,56 1,2 60,92 28,88 10,20 69,09 30,91 
860 kHz(1 h) + UV(1 h) 71,96 26,40 1,64 69,84 15,49 14,67 45,65 54,35 
860 KHz + UV(switch30) 75,39 24,61 0 72,98 13,27 13,75 60,81 39,19  

Table 2 
Change of the PLA surface roughness parameters depending on the used pre-treatment method.  

Roughness Reference UV 20 kHz 860 
kHz 

20 kHz +
UV 

860 kHz +
UV 

20kHz + UV 
switch 

860 kHz + UV 
switch 

20 kHz + UV 
seq 

860 kHz + UV 
seq 

Ra 9,10 9,29 8,36 11,05 7,80 14,88 9,38 11,95 10,50 13,75 
Rq 11,74 11,69 11,06 13,38 10,25 18,53 11,88 15,43 13,03 17,11  

Table 3 
Elemental composition of the PLA surface after plasma treatment derived from 
the XPS spectra.  

Sample 
name 

Survey spectrum C1s O1s  

C1s 
[at%] 

O1s 
[at%] 

C - C 
[at%] 

C - O 
[at%] 

C = O 
[at%] 

C - O 
[at%] 

C = O 
[at%] 

Reference 59,44 40,56 40,36 33,33 26,30 33,08 66,92 
PLA- 

Plasma- 
5 s 

61,54 38,46 48,31 27,77 23,92 46,11 53,89 

PLA- 
Plasma- 
10 s 

53,71 46,29 39,23 34,99 25,78 43,05 56,95 

PLA- 
Plasma- 
20 s 

55,93 44,07 34,05 34,93 31,02 45,08 54,92 

PLA- 
Plasma- 
60 s 

60,24 39,76 35,06 32,76 32,18 44,62 55,38  

Table 4 
Surface roughness parameter of the plasma treated samples immediately after 
the treatment procedure.   

Reference 5 sec 10 sec 20 sec 60 sec 

Ra  3.32  2.05  2.61  2.09  6.06 
Rq  4.16  2.75  3.31  2.74  7.29  
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4. Discussion 

Looking closer on the XPS results in Table 1 it seems that based on 
the survey spectrum, sonication at 20 kHz does not substantially change 
the surface composition as compared to the reference sample but there 
are rearrangements between carbon and oxygen. Obviously, C–C bonds 
are increasing by ca. 5% due to the fact that both C-O and C = O con
centrations decrease. The PLA surface is less oxidized as compared to the 
one of the reference sample. This shows that the US energy input is 
either not sufficient to largely rearrange the surface or the US produced 
radicals are not reactive enough in order to further oxidize the PLA 

surface. The results show a weak interaction of the 20 kHz US with the 
PLA surface and correlate with the roughness mean value of its surface 
which remains close to the one of the reference sample Table 2. 

At 860 kHz the US-initiated cavitation seems to be more active and 
thus the interaction not only diminishes the oxygen containing groups 
but also strongly affects the roughness of the sample surface and in
creases the Ra factor from 9.1 to 11.05. 

The high ultrasound frequency seems to affect more the surface of 
the sample, while the low frequency of 20 kHz seems to induce only a 
slight change as compared to the non-treated sample. This implies that 
the cavitation energy and its impact at 860 kHz is more active regarding 

Fig. 3. FT-IR spectra of samples treated for 1 h by different methods. US at 20 kHz and its combinations with UVA (left) and US at 860 kHz and its combinations with 
UVA (right). 

Fig. 4. Absorbance of surface groups derived from FT-IR spectra. The upper X-axis indicates the treatment time, where R is the reference material. The lower X-axis 
indicates the vibrational group on the surface. 

G. Sourkouni et al.                                                                                                                                                                                                                             



Ultrasonics Sonochemistry 76 (2021) 105627

8

surface modification of the PLA samples. This may be related to the fact 
that at 860 kHz we have a larger number of tiny microbubbles for the 
same period of time as compared to 20 kHz that, instead of imploding 
vigorously (due to small size, surface tension etc.) as in 20 kHz, have a 
vigorous oscillating behaviour scrubbing and altering the surface of the 
sample possibly similar to the exfoliation mechanism of graphite to 
graphene [77]. 

From the UV experiment can be concluded that UV irradiation is 
more active than ultrasonication regarding cleavage of the C-O and O =
C-O bonds but does not affect the surface roughness as it does not act 
mechanically. The chemical attack induced by UV irradiation is more 
important regarding the chemical surface modification as compared to 
the more mechanical impact of the ultrasound. The surface composition 
changes are highest in the UV experiment. 

All the above findings are confirmed by the FT-IR findings. In the 
spectra in Fig. 3 the C = O stretching region appearing at about 1747 
cm− 1 as a broad asymmetric band follows and confirms the XPS findings 
tabulated in Table 1. 

The experiments with combined treatment methods do not exhibit an 
increased de-oxidation of the surface as expected from a synergy of the 
two applied methods. 

Considering the experiments with 20 kHz US and UVA simulta
neously for 1 h we observe practically the same C1s concentration 
(64.98%) as in the pure 20 kHz US experiment (64.70%). The only 
change is observed in the C = O concentration which is decreased with 
UV. In the experiment with sequential application of 20 kHz US followed 
by UVA the influence by UVA is increased and C1s reaches 66.84%. This 

behavior becomes stronger when we perform the experiment by 
switching between US and UVA every 30 min (first US followed by 
UVA). 

Similar tendency is observed using US at 860 kHz despite a slightly 
stronger effect due to the high US frequency. 

Interestingly, despite the increasing C–C bonds concentration using 
both kinds of US and UVA none of the experiments reaches the C–C 
bonds concentration reached by UVA alone (80.12%). 

The question arising from this observation, is why the combination 
of US and UV irradiation does not lead to higher decomposition of the 
surface? One would expect oxygen contents of less than 19.88%, which 
is the lowest value observed in the two methods acting alone (using 
UVA). In fact, we observe a negative synergy of US and UVA. One 
explanation for this observation could be the mechanical removal of 
parts of the surface bringing continuously fresh PLA to the surface 
leading to an erroneously increased oxygen groups content. Another 
explanation could have to do with the hindrance of the UV irradiation to 
reach the samples due to the strong cavitation, i.e. the UV light is re
flected on the bubble clouds and thus less UV irradiation reaches the 
surface of the PLA samples. 

A totally different picture is evident, when DBD plasma is used as 
surface treatment method. In this case after a short period of up to 5 s, 
which most probably is necessary for the plasma to become stable, we 
observe an oxidation of the surface at a treatment time up to 20 s. 

The reason for the increased values at time up to 20 s Fig. 4 and not 
any more at 60 s is that plasma etching often takes place as a competitive 
reaction to plasma-induced functionalization. This leads to a partial 

Fig. 5. Contact angle resulting from the drop contour analysis (on both sides) of the samples treated for 1 h using US, UVA and their combinations. The line at 90◦

indicates the angle above which the surface is considered more hydrophobic. 
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degradation of already functionalized surface areas, with longer treat
ment times leading to a steady equilibrium between the plasma-induced 
functionalization and the plasma-induced degradation of the surface 
[78]. 

The changes on polymer surfaces caused by an oxygen plasma can be 
sometimes, according to some publications, not resistant to aging, an 
effect which manifests itself in a reduced wettability with increasing 
storage time [77]. The decreasing wettability of the polymer surfaces 
can be attributed to various effects. On the one hand, a thermodynam
ically controlled reorientation is responsible for this, in which the polar 
groups rotate away from the surface into the area close to the surface 
[79]. On the other hand, this phenomenon can be explained by a 
migration of oxidized oligomer fragments from the surface into the bulk 
area, which is due to an increased mobility of the polymer chains in the 
polymer surface compared to the bulk area. Morra et al. [80] reported on 
the aging behavior of PP films treated in O2 plasma as a function of 
temperature. It was found that the wettability of the stored PP films 
decreased more rapidly with increasing temperature. The reason for this 
behavior is an increased diffusion rate at higher temperatures. 

Nevertheless, we did not observe a deterioration of the plasma 
induced surface properties after 6 days. We believe that the aging effect 
depends on the stability of the surface groups induced by the plasma 
treatment and this has directly to do with the properties of the used 
plasma. We kept the samples at room temperature but in dark condi
tions, so that the temperature effect of the diffusion discussed by Morra 
et al. [80] does not hold. 

Finally, the results of the drop contour analysis confirm the above- 
mentioned behavior as US and UVA as well as their different combina
tions lead to a more hydrophobic PLA surface in accordance with the 

decreased surface oxygen content. On the other hand, DBD plasma ox
idizes the surface according to the XPS and FT-IR findings and this is 
apparent in the DCA results where all DBD plasma treated PLA samples 
exhibit a higher hydrophilicity. 

A complete degradation of PLA in soil and water may take up to 
several years [81,82] mainly because PLA is resistant to environmental 
bacteria. The degradation process is initialized by chemical hydrolysis 
[83] of polymeric PLA into oligomers that are then transformed into 
carbon dioxide and water by environmental microorganisms producing 
specific enzymes. We suggest that plasma pre-treatments of PLA devel
oped here may accelerate degradation process through both decreasing 
the molecular weight of PLA and optimizing bacterial efficiency. Only 
few PLA-degrading soil microorganisms were identified [84], and all 
decompose PLA under aerobic conditions [85]. This suggests that oxy
gen availability on the plasma-treated PLA surface would significantly 
enhance biodegradation process in the soil. 

5. Conclusions 

Three different advanced oxidation methods (ultrasounds at 20 and 
860 kHz, UVA irradiation, and DBD plasma) as well as combinations of 
US and UVA have been used to degrade PLA as a model polymer for 
micro-plastics. 

Ultrasonication affects the surface chemistry as well as the 
morphology by increasing the roughness of the sample. Especially when 
the high frequency of 860 kHz is used Ra is increased from 9.1 to 11.05 
and to 14.88 when US at 860 kHz is used together with UV irradiation. 
The C/O ratio of 1,77 in the pristine sample is increased in both soni
cation methods with higher impact at 860 kHz (1.85 at 20 kHz and 2.36 

Fig. 6. Contact angle resulting from the drop contour analysis of samples treated using DBD plasma. The samples have been measured once again after six days to 
find out if the surface properties are changing with time. 
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at 860 kHz). The highest impact on the C/O ratio is observed when using 
IV irradiation (C/O ration of 4,03) concluding that UV photodegradation 
is more active than the two-ultrasonication methods for the de-oxidation 
of the PLA surface. 

A combination of both US and UV pre-treatment methods does not 
lead to the expected synergetic effects and the change in the C/O ratio is 
less as compared to the UV pre-treatment alone. The reason for that 
could be either a suppression of the UV intensity due to the formation of 
cavitation bubbles or the ultrasonic abrasion of the surface layer 
bringing fresh PLA to the free surface and thus changing the C/O ratio to 
lower values. 

This is not beneficial for a possible subsequent enzymatic or bacterial 
degradation of the PLA as bacteria are more active on oxygen reach 
surfaces. 

The treatment of the PLA surface using DBD plasma leads to the 
desired increased oxygen content of the PLA surface by 5,73% after 10 s 
treatment. 

The degradability of the differently pre-treated samples has to be 
experimentally investigated in future biotechnological studied using 
different bacterial strains. 
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Saclay, Paris, France) and Dr. Jasmina Nicodinovic-Runic (IMMG, Uni
versity of Belgrade, Serbia) for valuable discussions on the docking 
mechanisms of bacteria on polymer surfaces. 

Author’s contributions 

GS, CA, and AZ searched the literature and obtained all references 
used in this manuscript. CA, GS, and AZ wrote the manuscript draft, 
read, corrected, and approved the final manuscript. 

CA contributed to the study conception and design. Material prepa
ration, data collection and analysis were performed by GS, CK, MV, PP, 
AG, PM and OH. Quality control of the data and analyses were per
formed by CA and GS. GS and CA supervised the findings of this work 
and all authors contributed to the interpretation of the results. All au
thors read and approved the final manuscript. 

Funding 

The authors declare that this study has been partly funded from the 
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