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ABSTRACT: In this study, we investigated the solid residual
poly(vinyl alcohol) (PVA) and TiO, after nonthermal air, CO,,
and N, plasma depolymerization in the absence and presence of
TiO,. Scanning electron microscopy studies showed the absence of
highly viscous tar and carbonaceous residues on the surfaces of
PVA and TiO,. In the absence of TiO,, PVA particles exhibited
micron-sized holes on their surfaces, whereas in the presence of
TiO,, the surface roughness of PVA particles was observed at the
submicron scale. These observations suggest that TiO, facilitates
the even distribution of nonthermal plasma at a submicron scale,
leading to a more uniform depolymerization of PVA surfaces.
Raman, Fourier transform infrared spectroscopy, and X-ray
absorption spectroscopy showed that (i) the surface of residual
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PVA contains mainly ketone functional groups and less C—H bonds than the pristine PVA and (ii) further confirmed the absence of
highly viscous tar and carbonaceous residues on both used TiO, and residual PVA. The nuclear magnetic resonance and mass
spectroscopy suggested that the PVA is growing back to poly polyvinyl acetate by the esterification reaction, and the ethers are
produced by the acetal reaction between PVA and aldehyde. The transmission electron microscopy and X-ray diffraction analysis
indicated no major crystal structural change of the TiO, catalyst after the plasma reactions. This study demonstrates that nonthermal
plasma-assisted depolymerization is a viable alternative to thermal depolymerization, offering the unique advantage of converting
polymer wastes into gaseous small organic molecules without generating recalcitrant viscous tar and carbonaceous residues on the

surfaces of the polymer and TiO, catalysts.

1. INTRODUCTION

Consumer polymers, also known as commodity polymers, have
significantly benefited our society because of their low cost,
lightweight nature, ease of processing, and durability. These
characteristics have led to the widespread adoption of
consumer polymers in numerous industries, including pack-
aging, automotive, construction, electronics, and healthcare.' ™
However, their durability poses substantial challenges for their
disposal.ﬁ_10 Polymer wastes enter our ecosystem, contaminat-
ing oceans and land, and infiltrating our food chain through
microplastics.'' ~"® Despite the seriousness of polymer waste
pollution, efforts in upcycling and recycling polymer waste
have been limited. For example, only about 5% of the 1 trillion
plastic bags used annually in the US are recycled.'*"

A major obstacle to the recycling of polymer waste is
downcycling, which produces materials of a lower value than
the cost required for the recycling process. Thermal
depolymerization methods, including pyrolysis and catalytic
cracking, can be considered upcycling under specific
conditions where high yields of high-value small organic
molecules are generated. However, these methods require high

© 2025 American Chemical Society

WACS Publications

4950

thermal energy, i.e., high temperatures (over 300 °C), to break
polymer bonds, and face challenges in the disposal of
carbonaceous species, coking, and tar formation.'”'” Depoly-
merization at lower temperatures could alleviate these issues.
Many nonthermal plasma-assisted depolymerizations have
shown a wide range of gas, liquid, and solid products,
depending on the type of polymer, plasma, and operating
conditions.'®"*° These studies are summarized in Table SI.
However, most plasma-treated polymers show tar or coke
products, or they do not report the related information. This
hinders further practical applications in the industry as the
carbonaceous species, coking, and tar can cover the catalyst
and container surface, mix with products, and make the
container hard to clean up and catalyst and valuable products
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challenging to separate.””*” In addition, the conventional
thermal cracking method, which consumes huge energy,
produces heavy pollution and is against the green economy
and environment nowadays.

We have recently conducted low-temperature depolymeriza-
tion of poly(vinyl alcohol) (PVA) with nonthermal air and
nitrogen plasma generated by dielectric barrier discharge
(DBD) in the presence and absence of TiO,.'” PVA was used
as a model polymer because of its variety of chemical bonds:
C-C, C—-H, C-0, and O—H; TiO, was used because of its
partial and total oxidation activity as well as its stability.”> The
high energy electrons in the plasma can break down the
chemical bonds and actively react with the gas reactants and
generate excited species, such as, free radicals, excited atoms,
ions, and molecules, followed b}r the initial chemical reaction in
the depolymerization process.”””* The major gaseous products
were found to be acetaldehyde, propionaldehyde, methane,
CO,, and CO. The presence of oxygen and TiO, can further
enhance the yields of aldehyde products. A key issue remaining
to be addressed is the residual polymers and catalysts. Are
there byproducts such as carbonaceous species, coke, and tar
present on the surface of polymers and catalysts? The presence
of these species will significantly decrease the activity of
nonthermal plasma in contacting the raw polymer waste for
depolymerization; the presence of these species on the TiO,
surface will impede its catalytic activity.

In this study, residual polymers with and without TiO, as a
catalyst after nonthermal air, CO,, and N, plasma-assisted
depolymerization were characterized using an array of
techniques, including scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction
(XRD), Raman, Fourier transform infrared (FTIR), X-ray
absorption spectroscopy (XAS), nuclear magnetic resonance
(NMR), and mass spectroscopy (MS). SEM images showed
the absence of highly viscous tar and carbonaceous residues on
the surface of PVA and TiO,, and the presence of TiO, enables
the surface roughness of PVA particles at the submicron scale,
indicative of even distribution of nonthermal plasma and
depolymerization reaction on the PVA surface. Raman, FTIR,
and XAS spectroscopy showed evidence of decreased alcohol
groups and generated ketone groups in residual PVA. The
NMR and MS suggested the poly polyvinyl acetate (PVAc)
and the cyclic cross-linking ether structures such as PVA—
PVAc-PVA-acetal (O—CH;CH,—0) and PVA—PVAc-PVA-
propional (O—CH;CH,CH,—0). For the catalyst TiO,, the
TEM and XRD analyses indicated no major crystal structural
change of the TiO, catalyst after the plasma reactions.

2. EXPERIMENTAL SECTION

2.1. Materials. PVA (My, = 95,000 g/mol, Acros-
Organics—average size 400 pm) and titanium(IV) oxide
(Anatase, Sigma-Aldrich, <25 nm particle size) were used as
received. CO, (99.999%) and N, (99.999%) gases were
purchased from Praxair, Linde. The PVA—TiO, mixture in the
2:1 and 4:1 molar ratio was mixed and shaken well before
being put into the nonthermal plasma reactor.

2.2. Raman Spectroscopy. Raman analysis was performed
using a Thermo Fisher DRX3 Raman micro spectrometer. The
laser excitation source was a diode laser (dex = 785 nm).
Spectra were recorded under the following conditions:
stainless-steel substrate, 50X objective, collect exposure time
30 s for five accumulations, laser power 30 mW (in focus), and
aperture 50 pm slit.
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2.3. FTIR Spectroscopy. The FTIR spectra for solid
products were collected via the PerkinElmer FTIR spectrum
two series spectrometer on a universal ATR sampling accessory
(UATR). This solid FTIR uses a high refractive index diamond
to apply pressure on the solid samples and guide the beam to
the samples up to a few microns. To make the IR signal
intensities consistent, the pressure applied to all of the solid
samples is around 100.

2.4. XAS Spectroscopy. Soft X-ray absorption spectros-
copy experiments were conducted for the C K-edge at
beamlines 7.3.1 and 7.3.1 in the advanced light source
(ALS) at Lawrence Berkeley National Laboratory. In this
facility, the bending magnet beamline 7.3.1 provides a linearly
polarized photon beam with an energy range from 250 to 1500
eV. The polymer samples were cut to 3 mm X 3 mm size and
attached to the copper tape on a copper sample holder. A
narrow copper tape was also attached to the surface of the
samples to increase the conductivity of electrons from the
sample’s surface to the sample holder. All spectra for PVA were
recorded using both total electron yield (TEY) and total
fluorescence yield modes, while the C spectra were shown
exclusively in the TEY mode due to a better signal-to-noise
ratio. The energy positions of the C K-edge were calibrated
using standard samples, HOPG.

2.5. SEM Measurement. We used different methods to
prepare the samples for the SEM measurement. For PVA and
PVA-TiO, mixture samples, they were sputtered with ~20 nm
of gold before the measurement and imaged in an FEI Quanta
3D Dualbeam SEM operating at 5 kV and 6.7 pA.

For TiO, powders, 1 mg of them was dispersed in 15 mL of
methanol under ultrasound for 15 min before the measure-
ment. All the suspension solutions were further dropped onto a
hexagonal, 400 mesh copper grid coated with carbon film of
standard 3—4 nm thickness (electron microscopy sciences,
CF400H—Cu—UL) and allowed to dry in an ambient
environment. The samples were imaged in an FEI Quanta
3D Dual Beam SEM operating at 5 kV and 6.7 pA later.

2.6. TEM Measurement. We used the same prepared
TiO, powder samples from the SEM measurements for the
TEM characterization. TEM and high-resolution TEM
(HRTEM) were performed at the national center for electron
microscopy (NCEM) at the Lawrence Berkeley National
Laboratory Molecular Foundry on an FEI UT Tecnai
microscope operated at 200 kV acceleration voltage. The
images were analyzed with a Gatan Digital Microscope and
Image] software.

2.7. XRD Measurement. The TiO, powders were rubbed
and shaken to separate from the PVA mixture samples. XRD
patterns were collected on a Bruker D8 Discover Diffrac-
tometer using Cu Ka radiation (40 kV and 40 mA) with
degrees per step and time/step parameters of 0.02 deg/step
and 0.4 s/step, respectively, at 20 angle from 10 to 80°. X-ray
diffraction patterns were plotted in Origin, and the XRD
diffraction pattern of the PVA anatase phase was compared to
JCPDS PDF no. 21-1272 extracted from Jade software.

2.8. NMR Measurement. The PVA mixture samples were
washed to remove the TiO, powder on the surface. 10 mg of
separated PVA crystals was dissolved in 0.5 mL of DMSO-dg
with an elevated temperature at 90 °C, and the solution was
filtered with cotton for the final characterization. The NMR
data were collected on a Bruker AVANCE III HD 500 MHz
NMR instrument equipped with a BBFO broadband probe.
Both the 1D proton and carbon experiments were collected by

https://doi.org/10.1021/acs.jpcc.4c07876
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Figure 1. SEM images of the pure PVA crystals without catalyst addition before and after air, CO,, and N, nonthermal plasma at 25 °C.

using pulse programs from the Bruker pulse program library.
The 1D proton experiment was collected using a spectral width
of 10000.0 Hz with acquisition time of 3.2768 s, 1 s recycle
delay, and 16 scans at 300 K. The 1D Carbon experiment was
collected using a spectral width of 29761.9 Hz with acquisition
time of 1.1010 s, 2 s recycle delay, and 1024 scans at 300 K.
The data were processed using Mestrenova.

2.9. Matrix-Assisted Laser Desorption/lonization
Mass Spectroscopy (MALDI-MS) Measurement.
MALDI-MS analyses were conducted with a Bruker Microflex
MALDI-LT (linear time-of-flight) instrument. The matrix and
sample were mixed together and deposited on the stainless
steel, and the concentrations were as follows: matrix: saturated
DHB (2,5-dihydroxybenzoic acid) solution dissolved in 78:22
Milli-Q H,0: ACN + 0.1% TFA with a concentration around
30 mg/mL; PVA sample: dissolved in H,O at 10 mg/mL
concentration. The analyses were performed in the linear
mode. The measurement was calibrated with a standard
reference, phosphorus red, used in the protein. Detection
ranges from 200 to 1100 and 2000 to 19,000 Da. The data
were originally processed and saved in the XML format in
FlexControl software and converted to the mzXML format in
the MSConvertGUI application program downloaded from the
ProteoWizard Website. The mzXML files were opened,
processed, and exported as CSV files in the MALDIquant
package running on the R platform comprising all steps from
importing of raw data, preprocessing (e.g., baseline removal),
peak detection, and nonlinear peak alignment to calibration of
mass spectrograph. Some codes to run the functions in R with
the MALDIquant package were from ChatGPT with
modifications. The CSV files were opened in Excel and
replotted in Origin software.
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3. RESULTS AND DISCUSSION

3.1. Nonthermal Plasma Effect on the PVA-TiO,
Mixture. The PVA and PVA-TiO, mixtures were first
characterized using SEM to determine the plasma effect on
the surface area with and without catalyst TiO,. As is well-
known, surface structure is vital in catalysis reactions, and
unfavorable morphology will decrease or disable the catalyst
function, leading to a low efficiency in the polymer
depolymerization reactions. The reason is that the catalyst
surface acts as an essential diffusion pathway for all the plasma
species, and the active sites on the surface area are critical to
promote the reaction time and efficiency in the catalysis
reaction.'”"? According to the Mars-van Krevelen mechanism,
the organic molecules like PVA adsorbed on metal oxides
(such as TiO,) surface are oxidized by oxygen radicals (atoms)
emerging from the crystal lattice of TiO, and then the reduced
metal oxides (such as TiO,_,) are oxidized back to TiO, by
uptake of gaseous oxygen, which is crucial for the oxidative
depolymerization of PVA.*® Also, by enhancing the dispersion
of reactant aided by the catalyst, further with the nonthermal
process, we expect the homogeneous reaction on the polymer
surface; thus, coking and tar formation will be alleviated.

Figure 1 shows SEM images of the pure PVA crystals before
and after different plasma reactions. The images show that the
PVA sizes are around 0.5—1 mm, and the crystals are in cuboid
shape. Except for the pristine sample, erosion effects are
present on the surface of all other samples, including the holes
for the air-plasma-treated sample, the ridges for the CO,
plasma-treated sample, and pits for the N, plasma-treated
sample. At 1 pum scale bar, the pristine sample shows the
original defects on the surface; however, the PVA surface
treated under N, plasma presents some viscous substance-like
structures, probably related to the coalescence of scissored

https://doi.org/10.1021/acs.jpcc.4c07876
J. Phys. Chem. C 2025, 129, 4950—4963


https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07876?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07876?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07876?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c07876?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c07876?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Pristine

Air

co,

Figure 2. SEM images of PVA—TiO, mixture (2:1 molar ratio) samples before and after air, CO,, and N, nonthermal plasma reactions at 25 °C.

chain structures.”” These images show that the plasma species
attack the surface and even inside of PVA, indicating the bond
breaking in the microscale. More images of the reacted spots
on the surface are shown in Figure S2.

Figure 2 shows the SEM images of the PVA—TiO, mixture
samples before and after different plasma reactions. The images
at low magnification (500 ym) show that the PVA surface is
covered by powder clusters of different thicknesses. After
enlarging the images with a 50 gm scale bar, undestroyed plain
surfaces were observed without holes, ridges, or pits compared
to the treated pure PVA crystals in Figures 1 and S2. This
result is significant and demonstrates an even reaction that
happened on the surface with the aid of catalyst TiO, powders.
By looking at the morphology in high resolution (1 ym), the
materials hold similar spherical morphology, confirming that
they are the TiO, particles other than decomposed small
pieces of PVA polymers on the surface. Figure S3 shows that
the PVA—TiO, 4:1 mixture samples exhibit a similar effect. By
comparing Figures 1, 2 and S3, TiO, helps in achieving a more
homogeneous reaction on the polymer surface, which showed
that deep craters with the size of 10—50 ym were produced in
the absence of TiO, in nonthermal air plasma. It is interesting
to observe shallow craters with the size of 30—50 pm in the
absence of TiO, in nonthermal N, plasma. TiO, enhanced the
rate of reaction and produced more uniform PVA surfaces.
Notably, another key observation from the SEM results is the
absence of coke or tar formation in the TiO,-assisted
nonthermal polymer depolymerization.

3.2. Nonthermal Plasma Effect on Catalyst TiO,.
Figure 3 shows the morphology of TiO, powders separated
from the PVA—TiO, mixture (2:1 molar ratio) before and after
the air, CO,, and N, plasma reactions. When focusing on a low
resolution (1 um scale bar), we can see that the clusters of the
powders are in different shapes. After zooming in to a higher
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Figure 3. SEM images at low magnifications (1 wm) and high
magnifications (100 nm) of the TiO, powders separated from PVA—
TiO, mixture (2:1 molar ratio) before and after air, CO,, and N,
nonthermal plasma reaction at 25 °C.

resolution (100 nm scale bar), individual TiO, powder
particles can be observed, and their size is around 10—20
nm. By comparing the powders in different reaction
conditions, the pristine ones have more homogeneous
spherical shapes, while the powders treated in other conditions

https://doi.org/10.1021/acs.jpcc.4c07876
J. Phys. Chem. C 2025, 129, 4950—4963
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(air, CO,, and N, plasma) show smaller sizes and links
between the powders. However, there are no major
morphology or shape changes observed for the individual
particles after the reactions. A similar morphology of the TiO,
powers was also observed in the PVA—TiO, 4:1 ratio in Figure
S4. Through more refined morphology and structural study via
TEM (see Figures S5 and S6), the results of no significant
morphology or shape changes are consistent with our SEM
findings.

To further evaluate the catalyst properties after the plasma
reactions, Raman spectra were acquired to determine the
chemical structure changes. Figure 4 presents the Raman peaks
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Figure 4. Raman spectra of TiO, powders separated from PVA—TiO,
mixture in the (a) 2:1 molar ratio and (b) 4:1 molar ratio before and
after air, CO,, and N, nonthermal plasma reaction at 25 °C. The
green boxes show the same peak position among different conditions.

of TiO, in PVA—TiO, 2:1 and 4:1 ratios before and after the
gas plasma reactions. The four signature peaks at 142, 398,
513, and 640 cm™" are associated with symmetric stretching
vibration, symmetric bending vibration, antisymmetric bending
vibration, and symmetric stretching vibration of Ti—O-Ti
bond and agree well with the anatase phase.”* ' The sharp
peaks for the symmetric stretching vibration of the Ti—O—Ti
bond stand out and retain high intensity after the reaction
studies. The increased intensity of the 142 cm™' peak after
nonthermal N, reaction indicates changes in the surface
structure of the TiO, catalyst, likely due to surface cleaning,
nitrogen incorporation, defect passivation, or enhanced
crystallinity.”™*> Meanwhile, the intensity ratio among the
three peaks in the 350—850 cm™' region remains the same for
all of the samples, indicating that the Ti—O—Ti bond remains
stable and intact. Also, the increased background for the
samples treated with plasma was noticed and it could be due to
the degradation effect of PVA (—CH,—CHOH-), and some
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solid residues are left on the surface of the catalyst indicated by
the C—C stretch vibration at 865 cm™’, in turn, implying that
the catalyst surface was involved in the plasma-assisted
polymer degradation.”**” This chemical structure study
demonstrates the high stability of the catalyst TiO, used in
the plasma reaction, without the deactivation caused by the
accumulation of carbonaceous residues,’® providing an
excellent example of intermediates for nonthermal polymer
depolymerization.

Figure S shows the XRD patterns of the TiO, powders
before and after the plasma reactions. All XRD patterns

Pristine

Intensity (a.u.)

A
Anatase PDF Card # 21-1272

N
40 60 8
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Figure S. XRD pattern of TiO, powders at the pristine state and after
air, CO,, and N, plasma reactions. The TiO, anatase phase PDF card
was put at the bottom of the figure for ref 42.

indicate a well-defined crystal structure of TiO, before and
after the reactions. The diffraction peaks remain the same
under different conditions, and peaks at 25.2, 37.8, 48.0, 54.0,
$5.1, 62.7, 69.0, 70.3, and 75.1° assigned to (101), (004),
(200), (105), (211), (204), (116), (220), and (215)
diffraction planes match well with the anatase phase of
TiO,.>”~* We can conclude that the crystal structure of the
catalyst TiO, stays intact, and there are no O*~ holes induced
local structure distortions under the plasma reactions.

3.3. Nonthermal Plasma Effect on PVA Solid
Products. Figure 6 shows the Raman peaks of PVA, PVA
separated from PVA—TiO, mixture in 2:1 and 4:1 molar ratios
under air, CO,, and N, nonthermal plasma reactions. In Figure
6a for the pristine PVA samples, after the gas plasma reactions,
the peak at 2910 cm™ assigned to the CH, stretch increases
the intensity, suggesting the production of the CH, bond and
the breaking of the C—OH bond in the (—CH,—CHOH-)
backbone at the same time.”> Under the air and N, plasma
conditions, a significantly increased background was observed,
showing a high fluorescence intensity, which is due to the
generated short fragments of depolymerized materials on the
surface.”®” These results confirm that the depolymerization
reaction occurred on the surface. In the N, plasma-treated
samples, the intensity of peaks attributed to the C—OH
vibrations decreases dramatically while the CH, bond intensity
increases largely compared to the pristine samples, demon-
strating the scission of the C—OH bond and hydrogenated to
CH, in the structure, which was discussed in the gaseous
products.'’ In conclusion, these Raman spectra indicate the
cleavage of the C—OH bond in the repeating units of the PVA
and of all the reaction conditions, N, plasma demonstrates the
highest efficiency in breaking the C—OH group and generation
of a further related function group, in line with the result of
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Figure 6. Raman spectra of PVA samples (a) without TiO, addition,
(b) separated from PVA—TiO, 2:1 molar ratio, and (c) separated
from PVA—TiO, 4:1 molar ratio before and after air, CO,, and N,
nonthermal plasma at 25 °C. The green boxes show the same peak
position among different conditions.

higher selectivity to the aldehydes in N, plasma in the gaseous
products."’

In Figure 6b,c, TiO, was added as a catalyst to promote the
depolymerization efficiency. The PVA—TiO, samples were
washed to separate PVA from the mixture before being
characterized, although a small amount of the TiO, can still be
found on the surface, as indicated by the vibration of Ti—O—
Ti bond peaks. Since we are focusing on the PVA
depolymerization after the reaction, the TiO, signals are the
catalyst residual on the surface and will not be discussed here.
For the samples with a PVA—TiO, 2:1 ratio (Figure 6b), the
intensity of peaks assigned to the C—C stretch, C—OH
vibrations, CH, bend, and the CH, stretch increases by the
same degree, implying the similar degradation effect on the
solid samples. For the samples separated from a PVA-TiO,
4:1 ratio (Figure 6c), the intensity of different peaks shows a
trend similar to those with a PVA—TiO, 2:1 ratio. All the
spectra from both PVA—TiO, 2:1 and 4:1 ratios do not show
the fluorescence background, which could be due to the
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washing on the PVA surface. Nonetheless, in the gaseous
products study, the TiO, catalysts enhanced the total oxidation
of PVA to CO, evidenced by that decreasing the amount of
TiO, (PVA-TiO, 4:1 molar ratio) led to the return of
aldehyde products and CO.'” The aid of degradation or a
selectivity effect was not observed in the solid products.

Figure 7 shows the FTIR spectra for PVA samples with and
without TiO, under different plasma conditions to fully
investigate the chemical structure. For the PVA samples in
Figure 7a, we assigned the peaks at 3271, 2908, 1711, 1417,
1089, and 844 cm™! to O—H stretching, CH stretching, C=0
stretching, CH, bending, C—O stretching in the acetyl group,
and C—C stretching vibrations, in conformity with earlier
studies.””**™*® The O—H stretching vibration decreases after
the plasma reaction, indicating that the cleavage of the O—H
bond and the left H will be an active species for PVA
decomposition reactions. Also, the decrease in the CH
stretching intensity suggests that the CH—OH bone breaks
down with the reaction. In the meantime, the increase of the
C=O0 stretching vibration implies that more carbonyl groups
have formed due to the reaction of the OH group. The original
C=0 stretching is attributed to the residual acetate group
after the preparation of PVA from hydrolysis of polyvinyl
acetate or oxidation during synthesis and processing."**> The
C—C bond intensity decreases after the plasma reactions,
indicative of the PVA backbone cleavage. These results inform
the fracture of the main structure and O—H bond with the
formation of the C=O bond during which the N, plasma
reaction exhibits the highest efficiency.

For the PVA samples treated with TiO, catalyst (PVA-TiO,
2:1 and 4:1 ratio), we assigned the peaks 3272, 2909, 1714,
1417, 1089, and 844 cm™! to O—H stretching, CH stretching,
C=0 stretching, CH, bending, C—O stretching in the acetyl
group, and C—C stretching vibrations. The intensity of the O—
H bond diminishes more with the aid of the catalyst TiO,. A
similar phenomenon that the decrease in the O—H bond and
CH bond and the increase in the C=0 bond is observed in
the catalyst-treated samples. The C—C bond intensity in the
PVA—TiO, 4:1 ratio also decreases in the TiO,-treated
samples, implying the fracture of the PVA chains. With a
higher amount (PVA—TiO, 2:1) of the catalyst, CO, plasma
enables an increased generation of the C=O bond. These
results suggest the scission of the backbone and O—H bonds
under plasma reactions, and the catalyst facilitates with CO,
plasma reaction for carbonyl group generation but N, plasma
helps with the OH bond cleavage. The specific molecules still
need further study with techniques such as NMR and will be
used later to show the structural change and possible detailed
compound.

Figure 8 shows the C K-edge XAS spectra to determine the
electronic state of the C element in PVA before and after the
nonthermal plasma reactions. Across all conditions, the C K-
edge XAS spectra exhibit a distinct splitting around 287 eV,
with the peak at 287.3 eV assigned to 6* (C—O—H) and the
peak at 288.2 eV associated with the o* (C=0) bond."’
Figure 8a displays C K-edge XAS collected on pure PVA
samples, where the feature at 285 eV is assigned to the C 1s to
C #* transition in the C—C bond. Treatments under different
conditions produce minimal changes in the backbone C—C
structure. However, in the photon energy region near 287 eV,
the intensity of the C*—~O—H and C*=O0 bond peaks shows
dramatic changes before and after treatment. The dominant
contribution observed at 288.2 eV (Figure 8a) corresponds to
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Figure 7. FTIR spectra of PVA samples (a) without TiO, addition, (b) separated from PVA—TiO, 2:1 molar ratio, (c) separated from PVA—TiO,
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alcohol polymer and acetate are produced in a ratio of a and b in mol %, and b is significantly smaller than m due to the low concentration of

residual acetate.

the C=O group, showing an increasing C*=O bond
absorption signal in the sequence of air, CO,, and N, plasma
reactions, indicative of the reaction degree of the breaking of
the C—OH bond and forming of the C=O bond and N,
plasma reaction showing the highest efliciency.

Similar phenomena for C element-specific XAS spectra were
observed in the PVA samples separated from the PVA-TiO,
mixtures, where the C*=0 bond absorption signal increased
while the C*—OH bond absorption signal decreased,
indicating the scission of the CO—H bond from the polymer
main structure. In the PVA samples separated from PVA-TiO,
2:1 ratio, air plasma is most effective in breaking the C—OH
bond. In contrast, in PVA samples separated from the PVA—
TiO, 4:1 ratio, CO, exhibits the best conditions for this bond
scission. Overall, the XAS data are consistent with the FTIR
and Raman results, supporting the conclusion of C—OH to
C=0 conversion.

The comparative analysis of Raman, FTIR, and XAS
spectroscopy reveals consistent findings regarding the
effectiveness of PVA depolymerization in nonthermal plasma.
N, plasma is particularly efficient in cleaving the C—OH bond
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and eliminating OH group from PVA in terms of solid
products while when catalyst TiO, is present, air and CO,
plasma is more active for CH, formation (alkylation) in Raman
and FTIR and C=O0 generation (oxidization) by XAS spectra,
probably due to the synergic effect of the O radicals arising
from TiO, and air or CO, plasma. The catalytic role of TiO, in
enhancing the depolymerization efficiency is evidenced clearly
in FTIR and XAS results based on the decrease degree of the
OH group compared to the pristine PVA. These comple-
mentary spectroscopic analyses provide a comprehensive
understanding of depolymerization of PVA by nonthermal
plasma.

Figure 9 shows the 'H and "C NMR spectra of PVA
samples in pristine, treated in N, plasma, and treated in N,
plasma and TiO, catalyst for detailed structure determination.
The assignments of the solvent, deuterated DMSO-dg, and
PVA signature chemical group are based on the previous
reports.*® In 'H NMR spectra, the peaks for all of the
signature chemical groups in PVA either decreased in TiO,-
assisted samples or changed shapes after the N, plasma
reaction, showing the modification of the backbone to break
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Figure 8. XAS spectra on C element of PVA samples (a) without
TiO, addition, (b) separated from PVA- TiO, 2:1 molar ratio, and (c)

separated from PVA- TiO, 4:1 molar ratio before and after air, CO,,
and N, nonthermal plasma at 25 °C.

down and generate new compounds. In the *C NMR spectra,
the peak positions and intensities do not show significant
changes after the N, plasma and catalyst (PVA—TiO, 2:1)
treatment, but there are decreased intensities for all the existing
peaks and emerging new peaks in the PVA N, plasma
condition. The TMS signal is from DMSO-dg, and the variance
from different spectra is from the two bottle sources with
different concentrations of TMS. The 'H NMR peaks at 1.4
and 3.6 ppm (middle spectra) are tentatively assigned to CH,
and CH—O from PVAc (polyvinyl acetate). The *C NMR
peaks at 19, 66, and 172 ppm in PVA treated in N, plasma
match well with the reported data, showing the PVAc structure
in the solid compounds.””® The peak at 42.4 ppm is
tentatively assigned to CH, from PVAc. The peak at 78.5
ppm is assigned to CH—O, the ether structure.”">” This result
indicates that the plasma reaction provides an oxidation
environment and oxidizes the PVA back to PVAc compared to
the hydrolysis of PVAc during preparation in the factory. In the
acid environment created by alcohol oxidation products, ethers
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are suggested to be produced. This result demonstrated that
the sole N, plasma boosts the abundant reactions and creates
the most products in the solid. The production of PVAc and
ether is supported by our FTIR data with increased C=0
bond and C—O bond intensity but without peak position
changes.

Figure 10 shows the mass spectra of PVA in pristine, treated
in N, plasma, and treated in N, plasma and TiO, catalyst to
learn about the molecular weight of the decomposed products.
All the PVA samples show the fragmented PVA in the low
mass region, e.g., 200, 332, and 372 m/z, which is interpreted
as 4, 7, and 8PVA units. Similarly, PVA reacted in N, plasma
shows the most solid products and two new peaks at 618 and
860, respectively. These two peaks are assigned to PVA—PVAc
and PVA—PVAc-PVA-acetal (O—CH,CH,—O) or PVA—
PVAc-PVA-propional (O—CH;CH,CH,—0), as shown in
insets in MS of PVA reacted in N, plasma, although PVAc,
PVA-acetal, or PVA-propional are in a small amount suggested
from the mass spectrum. 887 m/z can be explained as the
PVA—PVAc with 19 PVA units and 1 polyvinyl acetate unit
and it is longer than the structure with a molecular weight of
618 Da, indicating that the catalyst TiO, can promote the
PVAc production (618 Da) but with a larger molecular weight.
This result aligns with the NMR results to support the
production of PVAc and ether structures.

3.4. Depolymerization Mechanisms. The experimental
results are summarized and discussed below to provide more
insight into our study. Raman spectra exhibited that some C—
OH groups are hydrogenated to CH, group solid products,
implying the cracking of C—OH bond in the backbone. FTIR
measurements confirmed the cleavage of the long chain to the
short chain through the C—C bond breakage. The diminishing
of the OH bond signal suggests its cleavage and the generation
of free H species. Moreover, the decline of the C—OH group
and the ascent of the C=0O group in the spectra indicate the
transformation of the alcohol group to the ketone group. When
taking the charged species and radicals into account, the
produced C, N, and O plasma species play an important role in
oxidatively dehydrogenating the C—OH group. All the
measurements, including Raman, FTIR, XAS, NMR, and MS,
confirmed the formation of the carbonyl group and the
viability and efficiency of nonthermal plasma to depolymerize
the PVA. Extracted from all the information with the gaseous
products study included, we conclude that the major reaction
in the nonthermal plasma-assisted PVA depolymerization is the
evolution of alcohol group to the ketone group and the
following esterification and acetal reactions in the plasma
environment. The gas plasma, including air, CO,, and N,
produces active species, such as radicals, ions, and electrons,
attack the bonds and break down the main structure into
shortened solid fragments and valuable small gas molecules.

In a former PVA solution study treated with gamma
irradiation, a similar result that OH to C=O transition was
extracted from FTIR and the breaking of C—H and C—OH
bonds; therefore, the formation of more carbonyl double
bonds (C=O0) and the chain structure breaking was
concluded. The water solution under y radiation will generate
electrons, ions, radicals, and molecules, such as e”, HY, H;07,
H*, OH®, H,, and H,0,, similar to our gas plasma system.44
This result supports our observation of the conversion of the
alcohol group to the ketone group by the scission of the O—H
and C—OH bonds and the formation of a C=O0 bond in the
PVA main structure.
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Some researchers emphasized the electron impact effect to
improve the polymer reforming in the nonthermal plasma
reactions. Williams’s group utilized the nonthermal plasma
method to improve the biofuel quality during the treat-
ment.”>>® The improvement is attributed to high-energy
electrons, excited radicals, ions, and intermediates that increase
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the interaction between the polystyrene and biomass pyrolysis
volatiles. The chemical bonds in polymer and the gaseous
products can be easily broken down by high-energy electrons
or other excited species because these bonds have lower mean
energies; for example, the C—H bond with a binding energy of
43 eV and the C—C bond of 3.4 eV in high-density
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Figure 11. Proposed reaction pathways in the air, CO,, and N, nonthermal plasma-assisted PVA degradation process.

polyethylene (HDPE) compared to the excited electrons (with
high energy in the range of 0—10 eV) and N,* (with an energy
of 6.2 eV)."”** The covalent bond dissociation energies in the
polyvinyl polymers are between 300 and 500 kJ mol™" which
corresponds to 3—5 eV in electronvolt unit, specifically C—C,
3.59 eV; C—0 3.71 eV; C—H 4.25 eV; and H-0 4.75 eV.>*
Furthermore, according to Meng et al, the high-energy
electrons produced in the nonthermal plasma process facilitate
the tar removal in the final products, which is also shown in
this study.”

From the previous plasma studies, different gases will have
different reactions under high voltages, for example, air plasma:
0,+e—=>20+¢ N, +e— 2N + ¢; CO, plasma: CO, + e =
CO+0+¢CO+e—>C+0O+eandN,plasma: N, + e =
2N + ¢.57% The electrons and C, N, O, and CO radicals are
reactive atomic species and will dissociate the OH bond and
have the H radicals as the reactive species.G1 Under air, CO,,
and N, conditions, the dominant reactive species are different,
and bond scission mechanisms vary slightly. The different
reaction mechanisms are summarized below.

Air plasma generates a mix of reactive oxygen species (ROS)
such as atomic oxygen (O), ozone (O;), hydroxyl radicals
(OH"), and superoxide (0,7).927%* These species are highly
effective in initiating partial oxidation of polymers that
incorporate oxygen atoms into the polymer structure, leading
to functional groups such as ketones, aldehydes, or carboxylic
acids. In contrast, total oxidation to CO, is less favored due to
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the competition between reaction pathways and the limited
availability of ROS under typical nonthermal plasma
conditions. Air plasma facilitates a broad range of oxidative
reactions, with partial oxidation being predominant and total
oxidation being secondary and less efficient.

Nonthermal plasma in nitrogen primarily generates high-
energy electrons, which drive the reactions through electron
impact ionization and excitation. High-energy electrons can
excite N, molecules to metastable states (e.g., N,*), which
contribute to bond scission indirectly by transferring energy to
polymer bonds.*®
+ e, provide reactive atomic nitrogen, but these species are less
involved in oxidative pathways than oxygen-based plasmas.
Overall, high-energy electrons are the dominant reactive
species in N, plasma, facilitating bond cleavage, especially
with reactive atomic oxygen (O) in polymers through direct
electron interactions rather than oxidative mechanisms.

Nonthermal plasma in CO, primarily produces CO and
ROS (0), with the dissociation reaction CO, + e = CO + O +
e, CO+e— C+ O + e ROS from CO, plasma have lower
oxidative potential than those derived from O, plasma due to
the differences in dissociation energy and reactive path-
ways.(’(”67 Atomic oxygen from CO, dissociation is less reactive
toward initiating chain scission or oxidation compared to the
ROS generated in air plasma. In all, CO, plasma is less effective
for partial oxidation and predominantly generates CO and less-

Dissociation reactions, such as N, + e = 2N
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ROS, limiting its impact on oxidative depolymerization
compared to air plasma.

The high energy electrons from the C, N, and O atoms play
a key role in the plasma to scissor the chemical bonds (3—5 eV
in PVA) compared with radicals and excited species.”*”"’
Based on the experimental results, N, plasma dissipated the
most OH groups from the PVA chain. The OH® radicals have
the strongest oxidation ability among the C, N, O, and CO
radicals via H abstraction from organic groups and oxidize the
alcohol group to ketone group and further acid group,
probably some due to the reactive O atoms cracking from
OH* 7!

Overall, the PVA depolymerization mechanism is shown in
Figure 11. After the high-energy electrons and radicals
synergically attack the PVA, the backbone dissociates into
smaller fragments, some with the alcohol groups oxidatively
dehydrogenating to ketone groups and then cleaving into gas-
phase radicals or continuing to oxidize to carboxylic acid
groups, while the rest was unoxidized into short-chain solid
fragments. Then, the unstable intermediate gas products will
diffuse along the catalyst surface and be adsorbed to the
surface, increasing the chance of chemical reactions. The
subsequent desorption gas species will combine with O* (part
of O radicals from TiO,) and H* via the oxidation or
hydrogenation reaction to form small gas molecules like CO,
and aldehydes as detected by the in situ FTIR, and all three gas
plasmas give off the same gaseous products from the previous
study.'® Part of the fragmented solid products will continue to
be scissored and hydrogenated to the CH, group in the
backbone afterward. The subsequent oxidation reaction of the
alcohol group in the rest of PVA leads to a carboxylic acid or
ketone group. Carboxylic acid will react with PVA to produce
PVAc via an esterification reaction. The gas products
acetaldehyde and propionaldehyde will further react with the
alcohol group in the acid environment to produce cyclic cross-
linking structures like PVA—PVAc-PVA-acetal (O—CH;CH,—
O) or PVA—PVAc-PVA-propional (O—CH;CH,CH,-0).
Given all of the products we found in the gas and solid
phases, the catalyst TiO, not only facilitates the decomposition
of the backbone but also promotes the reaction for alcohol
group reduction, gas production, especially CO,, and the PVAc
formation in the solid products. This proposal unveils the
complex chemical reactions in plasma chemistry, including
dehydrative oxidation, alkylation, esterification, and acetal
reactions, and are well validated by the experimental results in
our plasma-assisted PVA depolymerization case.

4. CONCLUSIONS

In summary, PVA was effectively depolymerized using a
nonthermal air, CO,, and N, plasma generated in a DBD setup
with TiO, serving as a catalyst. Raman, FTIR, and XAS
characterizations confirmed the scission of the C—C backbone
and the conversion of the alcohol group to the ketone group in
the fragmented polymers. The NMR and MS studies suggested
PVAc and the cross-linked structure PVA-aldehyde. TiO, as a
catalyst with O radicals significantly enhanced the degradation
process as evidenced by the evenly distributed plasma reaction
on the PVA surface in SEM comparison between the PVA and
PVA-TiO, mixture. Further XRD and TEM measurements on
TiO, show no major surface and crystal structure changes,
indicating its stability and effectiveness as a catalyst for
nonthermal plasma-assisted reactions. This study also found
that nitrogen plasma enhances the production of ketone (i.e.,
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carbonyl) groups, while oxygen plasma improves the overall
conversion efficiency. These findings align with previous
reports on the composition of gas phase products, which
showed high selectivity toward carbonyl-containing products,
acetaldehyde and propionaldehyde, thereby providing comple-
mentary insights into the overall mechanism of nonthermal
plasma-assisted polymer depolymerization. This technique
serves as a low-energy-cost and efficient method with the
rational selection of catalysts and the design of plasma
reactions under ambient conditions (25 °C and 1 atm).
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