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Water-soluble poly(vinyl alcohol) (PVOH) is widely used in the textile and paper industries and in households as detergent pods. In
addition to conventional microplastics, water-soluble PVOH poses an environmental threat because it is usually washed down the
drain unnoticed and unobstructed. If not treated during wastewater treatment, it enters the aquatic ecosystem in estimated
quantities of several thousand tons annually. The present study aims to address the degradation of PVOH on a laboratory scale by
acoustic and hydrodynamic cavitation, assisted or not with an oxidative agent. A hydrodynamic cavitation generator, designed with
consideration for real-life application, presents an innovative technology adapted for wastewater treatment. The effects of
temperature, addition of external oxidant, and methanol as a hydroxyl radical (OH) scavenger to PVOH solutions were
systematically studied. At optimal operating conditions, PYOH molar mass averages significantly decreased (from weight average
molar mass of 124 to 1.6 kg mol~" in case of 60 min treatment with hydrodynamic cavitation and addition of external oxidant) with
concomitant narrowing of molar mass distribution. The SEC/MALS, FTIR, and "H NMR results show that mechanical degradation of
PVOH chains predominates in acoustic cavitation, while chemical effects also play an important role in hydrodynamic cavitation.
Findings from this study could serve as model research for the degradation of other carbon-backbone polymers and provide a
route to improved ultimate (bio)degradation of functionalized polymers in the environment.
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INTRODUCTION

Plastic pollution has become the subject of significant scientific
attention. This is due to the now apparent ubiquity of plastics in
the environment'=3, their large and increasing quantities®, the
diversity of sources®, the types of materials®, and the largely
unknown fate and long-term effects’®. Concern has shifted from
the initial interest in macro plastic litter, to all forms of
microplastics and the current “search” for nanoplastics - particles
smaller than 1 um ranging into the nanometer scale®.

The same concerns should apply to water-soluble synthetic
polymers, especially full carbon-backbone polymers. Their solubi-
lity makes them invisible, however they can persist in the
environment and cause unwanted consequences'®. As the most
extensively used water-soluble polymer, polyvinyl alcohol (PVOH)
is a major cause for such concern''. PVOH is produced through
hydrolysis of polyvinyl acetate. Depending on the conditions
applied, the hydrolysis reaction may proceed to different degrees,
resulting in a copolymer with different content of residual vinyl
acetate repeating units, which significantly affect the water-
solubilty of the copolymer. PVOH with a degree of hydrolysis
greater than about 87% is water soluble. PVOH production is
estimated at more than 700,000 tons annually and is widely used
in food packaging, paper and textile production, construction,
adhesives, and medical/pharmaceutical applications'2. Since its
introduction in 2012, PVOH has found its way into many
households in the form of laundry and dishwashing pods in
which a pouch made of PVOH contains the detergent. A recent
report by Rolsky and Kelkar'® suggests that a large part of PVOH
used in detergent pods passes wastewater treatment plants

(WWTP) unchanged with total emissions from this source reaching
7000 tons annually in the US alone. As reported by Hamad et al.'#,
PVOH is abundant in wastewater (WW) effluents and can leach
from soil into groundwater while mobilizing heavy metals into
water streams, making it additionally harmful. As global industrial
demand is geared toward greater consumption of polymers,
concentrations of these substances in the environment will only
increase.

Many efforts are currently directed towards lowering the
production, use and consequently pollution with synthetic
polymers, however also ways to diminish its amount when
already in the environment need to be investigated. WWTP, as the
last barrier of defence, presents such an opportunity for the WW
pathway'”. Contemporary conventional WWTPs are not capable of
effectively capturing microplastics and degrading soluble syn-
thetic polymers, thus appropriate alternative techniques are
needed to improve conventional treatment processes's. An
attractive approach to reducing pollution with soluble polymers
is to upgrade wastewater treatment (WWT) with techniques that
can degrade the polymers to low molar mass intermediates that
can be more easily (bio)degraded, thereby reducing the persis-
tence of the polymers in the environment. A study by Alonso-
Lopez et al.'” showed that biodegradation of PYOH under marine
conditions without an acclimated inoculum is negligible. Currently
the effects of long-term, low concentration exposure to PVOH, are
not well understood®. Over the years, enough data have been
collected to confirm that advanced oxidation processes (AOPs),
where *OH are formed in situ, are very efficient at oxidising many
hazardous pollutants in water matrices of varying complexity'8-2°,
In recent years studies investigating degradation of PVOH with
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various AOPs such as UV/H,0,'%, catalytic ozonation?' and the
Fenton process?? are increasing. The review of Sun et al?
concluded that AOPs can effectively degrade PVOH, and that
addition of catalysts or an external oxidant can enhance the
process. One of AOPs is also cavitation, which, as a physical
phenomenon, encompasses growth and collapse of small
vaporous bubbles within the liquid due to local pressure drop.
When the bubbles collapse, energy is released over a very small
spatiotemporal region which drives the mechanical and chemical
effects associated with cavitation®*. Mechanical effects include
high temperatures (reaching several 1000 K)?, local shear forces?®,
microjets (impinging jet velocities of several 100 m/s)?’, and shock
waves (several MPa)?%, while chemical effects are usually
associated with formation of (predominantly) *OH radicals®*.

In general, a local pressure drop can result from acoustic waves
propagating through the liquid (acoustic cavitation - AC) or from a
local increase in velocity via a constriction within the flow
(hydrodynamic cavitation - HC)?°. In the case of AC, the formation
of cavities is confined to a small region, in the vicinity of the low-
pressure zones and is therefore suitable for transferring higher
energy densities into small volumes. AC is usually generated by
piezoelectric elements mounted in ultrasonic baths or ultrasonic
horns with excitation frequencies between 20 kHz and 3.2 MHZ*°.
On the other hand, HC is better suited to treat larger volumes of
liquids with lower energy input. Among the most commonly
studied HC devices are rotational cavitation devices, where the
relative motion of the rotor and stator geometry creates the
necessary conditions for cavitation to occur. HC has advantages
over AC in terms of scalability, energy efficiency, and robustness
for WWT applications®' =33, As highlighted by Sun et al.?® and Dong
et al.3*, there is currently a great need to develop novel methods
for WWT that are energy efficient, scalable, and environmentally
friendly, with minimal use of external oxidants to effectively
destroy a broad range of different pollutants, including micro-
plastics and soluble synthetic polymers such as PVOH. The

advantage of cavitation compared to other AOPs is the
simultaneous exploitation of chemical and mechanical effects,
thus offering high potential for the degradation of various soluble
polymers®, State-of-the-art studies dealing with the effect of
cavitation on PVOH degradation are based solely on AC?3:36-38
however, differences in the initial PVOH concentration, its molar
mass and analytical tools (intrinsic viscosity or molar mass
characteristics measurements) used to determine the efficiency
of PVOH degradation, makes comparison of the results between
these studies?>3%-38 very difficult. On the other hand, to the
author’s knowledge, no studies investigating the degradation of
PVOH by HC have been reported, thus its effectiveness is yet to be
determined.

The objective of this study is therefore to advance the state-of-
the-art and to determine and compare the effects of AC and HC
on the (pre)degradation of the water-soluble synthetic PVOH
polymer. The effects of time, temperature, and the addition of
external oxidants on the degradation of PVOH in distilled water
were systematically investigated by measuring the molar mass
characteristics of PVOH using size-exclusion chromatography
coupled to a multi-angle light scattering and refractive index
detectors (SEC/MALS-RI), while FTIR and "H NMR analyses were
used to evaluate the chemical effects of cavitation on PVOH
degradation.

RESULTS

Degradation of PVOH followed by measuring its molar mass
characteristics by SEC/MALS-RI

PVOH in aqueous solutions was degraded with AC or HC at
different experimental conditions listed in Table 1. The degrada-
tion of PVOH was followed by measuring its molar mass
characteristics using SEC/MALS-RI. Results of PVOH degradation
treated at different experimental conditions for 30 min are

Table 1. Overview of experiments, experimental conditions and analysis performed during this study.

Exp. Treatment c(@L™ V (mL) T (°Q) Additive Time (min) MMA Dy FTIR ACC* ER (Wh L)
Cco — 1 100 — — — X — — —
(@] 25 H,0, left overnight X — — —
c2 60 H,0, X — — —
AC1* / AC1, AC 1 50 25 — 30°/ 5, 15, 30, 60 X —

AC2 / AC2, H,0, 30/ 5,15, 30, 60 X — X

AC3 MeOH 30 X — — —
AC4 / AC4, 60 — 30/ 5,15, 30, 60 X —

AC5 / AC5; H,0, 30/ 5, 15, 30, 60 X —

AC6 2 50 25 — 30 X — — —
AC7 H,0, X X — —
AC8 MeOH X — — —
AC9 60 — X — — —
AC10 H,0, X — — —
HC1*2 / HC1, HC 1 200 25 — 30° /5, 15, 30, 60 X X xP

HC2 / HC2, H,0, 30/ 5, 15, 30, 60 X X x° X
HC3 MeOH 30 X — — —
HC4 60 — 30 x x° —
HC5 / HC5, H,0, 30/ 5, 15, 30, 60 X x° X
Experiments in bold letters are time dependent experiments.

2measurements of salicylic acid (SA) products.

Pmeasurements performed in the Venturi microchannel.

“ACC additional cavitation characterisation.
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Fig. 1 Molar mass characteristics (M,,, M,,, ) of PVOH after 30 min treatment with AC or HC cavitation under different experimental
conditions (PVOH concentration, temperature, H,0, or MeOH addition). Yellow color bars represent M,, of non-cavitated virgin and control
samples; blue and violet color bars represent M,, after AC treatment of PVOH solutions with two concentrations: 1 and 2 g L™, respectively;
and orange color bars represent M,, after HC treatment of PVOH solutions with a concentration of 1gL™". Right columns show the

corresponding M,, and By, values.
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Fig.2 FTIR and "H NMR spectroscopy. (a) FTIR spectra of virgin PVOH (C0) and PVOH samples treated with HC (HC1, HC2, HC4, HC5) and AC
(AC7). The carbonyl band (marked yellow) confirms the presence of the aldehyde, ketone, or carboxyl functional groups in the PVOH structure,
resulting from oxidation and main chain scission; (b) "H NMR spectra of virgin PVOH (C0) and PVOH samples treated with HC (HC4 and HC5)

and AC (AC4 and AC7).

presented in Fig. 1, while time dependent experiments (up to
60 min) are presented in Figs. 2 and 3.

Virgin PVOH (Fig. 1: C0) has weight-average (M,,) and number-
average (M,) molar masses of 124+3kgmol~" and
61+5kgmol~’, respectively, and dispersity (By=M,/M,) of
2.04 £0.10 (three parallel prepared solutions). Control experiments
where H,0, was added to PVOH solutions, which were treated at
RT and 60°C for 30 min (Fig. 1: C1 and C2) gave slightly lower
molar mass averages (MMA) values than virgin PVOH, indicating a
certain degree of degradation of PVOH chains in the presence of
an external oxidant. Much higher degree of PVOH degradation was
observed when solutions were treated with AC or HC regardless of
the experimental conditions used (Fig. 1). The MMA and
dispersities of the AC treated PVOH do not differ significantly
when temperature was increased to 60 °C or when H,0, or MeOH
were added, except in the case of AC9. Slight difference can be

Published in partnership with King Fahd University of Petroleum & Minerals

seen only among the two different PVOH solution concentrations
(1 and 2gL™"), where lower MMA and By, were obtained with the
lower concentration and lower temperature. On the other hand,
the MMA and dispersities of the HC treated PVOH solutions with a
concentration of 1gL™" showed a higher variation between
different experimental conditions used. The results show that
temperature does not play an important role in the PVOH
degradation (Fig. 1: HC1 and HC4), while more efficient PVOH
degradation was always achieved with the addition of H,0, (Fig. 1:
HC2 and HC5). At 25 °C, PVOH degraded to a lesser extent when
MeOH as a radical scavenger (Fig. 1: HC3) was added, indicating
that ‘OH formed in HC have a more prominent role than in AC.
Furthermore, a clear difference is observed between experiments
HC2 and HC5, where in the presence of H,0, a higher temperature
considerably increases the degree of PVOH degradation, as shown
by the M,,, which decreased to a value of 2.8 kg mol~" (Fig. 1: HC5).
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Fig. 3 SEC-RI chromatograms of AC treated PVOH samples - time
dependent cavitation treatments. Each colour series shows SEC-RI
chromatograms obtained after 0, 5, 15, 30 and 60 min (left to right).
Conditions applied: AC1, (25 °C), AC2, (25 °C + H,0,), AC4, (60 °C), AC5,
(60 °C + H,0,). Right columns show treatment time t, M,, and Dy,

Figure 2a shows FTIR spectra of virgin PVOH and selected PVOH
samples treated with AC and HC. In the FTIR spectra of the highly
degraded PVOH samples (HC2 and HC5), which show the lowest
MMA after HC treatment in the presence of H,0,, the intensities of
the bands due to the O—H and C-O stretching vibrations at
3400 cm™" and 1091 cm~""?, respectively, decreased significantly,
and a new band characteristic of the stretching vibration of the
carbonyl group either in the aldehyde, ketone, or carboxyl
functional groups appeared in the 1590-1800 cm~' range?'. It
is significant to note that the FTIR spectra of samples HC1 and HC4
with M,, of approx. 40 kg mol~', which were also treated with HC
but without an external oxidant, show neither an increased
intensity of the band for the carbonyl group nor a decrease in the
intensities of the O-H and C-H bands. These changes were also not
observed in the FTIR spectra of the samples treated with AC in the
presence of H,O, (an example is given for AC7).

To further elucidate the degradation mechanism of PVOH, 'H
NMR spectra (Fig. 2b) of the selected samples were also recorded.
The "H NMR spectrum of virgin PVOH shows signals in the regions
of 6 1.1-1.8ppm and 3.7-4.0 ppm, which originate from the
methylene and methyne groups in the main chain, respectively.
Three signals appearing between 6 4.2 and 4.8 ppm correspond to
the hydroxyl groups in different triad sequences. The methyl
group of the residual vinyl acetate repeating units shows a low
intensity signal at & 1.98 ppm because the degree of hydrolysis of
the acetate group is high (98%). '"H NMR spectra of AC or HC-
treated PVOH solutions in the absence of H,O, show, in addition
to the typical signals of PVOH, the low intensity signals at & 1.05
ppm (methyl) and 5.89 ppm (allyl), which most likely correspond
to the terminal groups originating from the backbone cleavage
(HC4 in Fig. 2b), and an unknown signal at & 8.48 ppm>°. All PVOH
samples treated with H,0, show additional low intensity signals
originating from PVOH oxidation; signals in the range of 6 5.8-5.4
ppm correspond to C = C double bonds, signals at 6 1.86 and 2.09
ppm to newly appearing terminal carbonyl methyl due to
backbone cleavage®®, and unknown signals at 6 6.2 and 4.1
ppm. Compared to the "H NMR spectra of virgin PVOH (C0), PVOH
treated with HC in the absence of H,0,, and all PVOH samples
treated with AC, the "H NMR spectra of the highly degraded PVOH
treated with HC in the presence of H,0, (samples HC2 and HC5)
are very complex and not at all typical of PVOH. Nevertheless, the
"H NMR spectra of HC2 and HC5 show a broad signal in the range
of 12-13 ppm, which is typical for carboxyl groups and thus
indicates a high degree of PVOH oxidation (HC5 in Fig. 2b).
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Fig. 4 SEC-RI chromatograms of HC treated PVOH samples - time
dependent cavitation treatments. Each colour series shows SEC-RI
chromatograms obtained after 0, 5, 15, 30 and 60 min (left to right).
Conditions applied: HC1, (25°C), HC2, (25°C+H,0;), HC5;
(60 °C 4 H,0,). Right columns show treatment time t, M,, and Dy,.

To investigate the process of PVOH degradation in more detail,
an additional set of time-dependent experiments was performed
under experimental conditions, the results of which indicated
important effects of cavitation. Four experimental conditions
(Table 1: AC1,, AC2,, AC4, and AC5,) were selected for AC, and
three experimental conditions (Table 1: HC1,, HC2, and HC5,) were
selected for HC. With prolonged cavitation time, the SEC-RI curves
(Figs. 3 and 4) exhibit a gradual shift towards higher elution times,
indicating a decrease in MMA with cavitation time. The
exponential decrease in the PVOH weight-average molar mass
shows that the effect of AC was strongest in the first 5 min of
treatment and decreased in the remaining 60 min (Fig. 3). From an
initial 124 kg mol~', the M, of PVOH decreased to about
40 kg mol~, while it decreased by only another 19% (from 40 to
about 16kgmol™") in the remaining 55 min. The plots (Fig. 3)
show only slight variations between the four experiments,
suggesting that mechanical effects, i.e, shear forces during AC
treatment, have a much greater influence on PVOH degradation
than chemical effects (OH generated during AC and addition of
H,0,). This conclusion is supported by the narrowing of the molar
mass distribution reflected by decreasing dispersity, indicating
that PVOH chains with higher molar masses are more susceptible
to degradation by shear forces than those with lower molar
masses, as expected (Fig. 3).

On the other hand, the SEC-RI curves of PVOH samples treated
with HC (Fig. 4) show significant differences between the three
selected experiments. The time-dependent decrease in M,,
confirms the trends obtained in the 30-minutes experiments
(Fig. 1). It can be seen that in the case of HC, increasing the
cavitation time, increasing the temperature, and adding H,0,
enhance the PVOH degradation. The most degraded sample was
obtained at 60 min, 60 °C and addition of H,0, (Fig. 4 — case HC5,).
It shows a bimodal distribution with a final M,, of 1.6 kgmol~". In
these experiments, the molecular weight distribution does not
narrow as significantly as in the case of AC, indicating that the
degradation is also due to chemical effects.

Energy input comparison between the selected time
dependent AC and HC experiments

Figure 5 shows a comparison of AC and HC PVOH treatment
results in terms of energy consumption. The comparison illustrates
that the energy input per sample volume for the same treatment
time was higher in case of HC. In terms of energy consumption AC
achieved higher degradation rate of PVOH at 25 °C with or without
H,0,. The highest energy efficiency however was achieved in HC
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treatment at elevated temperature and addition of H,0,. As seen
in Fig. 3, variations between AC treatment conditions seem to be
minor in terms of efficacy, as well as for energy consumption
comparison (Fig. 5). On the other hand, variations in HC treatment
conditions have an important effect on the efficacy and efficiency,
Figs. 4 and 5 respectively.

Characterization of cavitation in distilled water

To better understand the differences between the AC and HC,
high-speed visualization was performed in distilled water. Fig. 6
presents visualization of AC under the ultrasonic horn tip (UH)

1.0 @ T T
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Fig. 5 Energy comparison between time dependent AC and HC
treatment of PVOH. AC (solid lines) and HC (dashed lines) treatment
for time dependent PVOH degradation. Coloured bullets (AC) and
coloured bullets with black line strokes (HC) represent sampling
times at 5, 15, 30, and 60 min. Results are presented as ratio between
the weight-average molar masses of the treated samples and the
virgin PVOH (M,,/M,,, virgin) as a function of the calculated energy
input per sample volume (E V7).
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(upper frames) and HC inside the cavitation chamber of the HC
device (bottom frames). In addition, on the right side of Fig. 6
frequency spectra gained from a hydrophone for AC and HC are
presented. In the case of AC, the frequency spectrum calculated
from visualization is added to further support data collected from
the pressure measurements.

High speed visualization under the UH tip (Fig. 6—upper
frames) shows chaotic cavitation conditions, where two distinctive
cavitation types can be observed: (1) a main cavitation region
attached to the horn tip (contoured by a green line) and (2)
individual gas/vapour bubbles, or bubble clusters detached from
the main cavitation region (contoured by a yellow line). The main
cavitation structure oscillates with frequencies around 2.5-3.3 kHz,
corresponding to 1/8-1/6 of the driving frequency of the horn
(20 kHz), while detached bubbles and bubble clusters oscillate
with frequencies at around 17 kHz. Similar findings on subharmo-
nic frequencies of the main cavitation structures were recorded
and discussed by Znidar¢i¢ et al.***' and are related to the UH
geometry and not to the liquid properties. This “cavitational
background” flashing—dispersed bubbles within the surrounding
liquid are caused by pressure waves emitted from the UH tip. The
characteristic frequencies are gained from frequency spectra
based on hydrophone measurements and visualization analysis
(Fig. 6 upper frames—right).

Visualization in the HC device (Fig. 6—bottom frames) shows
stator grooves marked with a yellow line, while one of the rotor’s
teeth is marked with a red line. The rotor turns counter-clockwise
forming developed cavitation on each rotor tooth and in each
stator groove. Since the number of rotor and stator teeth are the
same (12) and the rotor turns with 10,000 rpms, the peak
frequency signal from pressure pulsation measurements appears
at 2 kHz and its harmonic at 4 kHz (Fig. 6 bottom frames - right).
Cavitation on rotor teeth can be characterized as attached sheet
cavitation with unstable rear-end shedding, resulting in detached
cavitation cloud collapses. Inside the stator grooves rolling
cavitation structures are formed, which collapse at the moment
when the next rotor’s tooth pushes a high-pressure front with its
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Fig. 6 High speed visualization and frequency analysis. High-speed visualization for a AC and b HC in distilled water. a AC cavitation time
sequence captured under UH tip (left) with frequency spectrum based on visualization and pressure pulsation measurements (right). Contours
in green and yellow lines in the first AC cavitation frame show two distinct cavitation types: attached to UH tip, and detached bubbles. b HC
cavitation sequence in HC device (left) with frequency spectrum based on pressure pulsation measurements (right). In HC visualization frames
a rotor tooth is marked by a red line and a stator tooth by a yellow line.
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leading edge in the rotation direction. This forms simultaneously
at all 12 teeth and grooves, resulting in intense cavitation
conditions distributed through a much larger volume than in
the case of AC.

Characterization of cavitation under selected experimental
conditions

In addition to visualization in pure distilled water, characterization
of AC and HC under selected experimental conditions (Table 1)
was performed (Fig. 7). Since cavitation in a rotating HC device is
too chaotic and it is extremely difficult to notice small differences
between selected conditions, HC characterization was performed
in a small Venturi device (test rig presented in detail in our
paper*?). The alignment of the rotor and stator grooves resembles
a Venturi-like geometry at each pair of teeth (Fig. 8: RGHC radial
view), justifying the simplification of the experimental procedure
to characterise cavitation. Using high speed photography and post
processing image technique, results in form of averaged grayscale
levels of recorded images (averaged for 0.1s) are presented in
color form, where blue indicates pure liquid and red pure vapour.

For both AC and HC, cavitation extent grows with higher
temperature, which is due to higher vaporization pressure.
Addition of H,0, seems to have a minor effect at 25 and 60 °C
in case of AC (Fig. 7E and F), while stronger deviations can be
noticed in case of HC (Fig. 7E and F) compared to cavitation
recorded in distilled water with PVOH (Fig. 7C and D). When
comparing cavitation dynamics between distilled water (Fig. 7A
and B) and water solution of PVOH with added H,0, (Fig. 7E and
F) significant differences for both cases, AC and HC, are observed.

DISCUSSION

Water-soluble polymers with fully carbon backbones (C-C) and
pendant functional groups such as polyacrylamide, polyacrylic
acid, or in the case of this study PVOH, can be degraded through
C-C chain scission. This can be achieved by mechanical3>-384344 or
chemical'#21344344 offacts. Cavitation as a physical phenomenon
includes both types: mechanical effects propagated by shear
forces, shock waves, and microjets, all triggered by the collapse of
cavitation bubbles, and chemical effects usually associated with

Fig.7 Average cavitation extent under selected experimental conditions. Experimental conditions for a AC and b HC: A: H,O (25 °C), B: H,O
(60 °C), C: H,0 (25 °C) 4+ PVOH, D: H,0 (60 °C) + PVOH, E: H,0 (25 °C) + PVOH + H,0,, F: H,O (60 °C) + PVOH + H,0,.
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‘OH formation triggered by local extreme temperatures or so-
called hotspots. The intensity of the mechanical*> and chemical
effects*® formed during cavitation may vary due to the operating
conditions of the cavitation device and experimental conditions in
terms of the properties and quality of the fluid*’. The results of our
study clearly show that both AC and HC result in the degradation
of PVOH, however differences were observed between the two
processes. Although the basic mechanism of cavitation bubble
formation and collapse is the same, there is a distinct difference
between AC and HC in the behaviour of the random bubble
clusters or cavitation clouds. This translates to mechanical and
chemical effects of different intensity, which can lead to different
results of the processes. We can see that after AC treatment under
the investigated experimental conditions, the molar mass
characteristics of PVOH do not differ significantly (Figs. 1 and 3).
Slightly better PVOH degradation was always achieved at low
PVOH concentrations. Results at higher concentrations are
comparable except in the case of AC9, where a smaller MMA
reduction compared to other AC cases (Fig. 1) could be attributed
to the uniqueness of cavitation behaviour at around 60 °C*-°°, We
believe that the higher effectiveness of AC at low PVOH
concentration could relate to more extended coil conformation
of high molar mass PVOH, which facilitates mechanical effects of
AC. Our results are in agreement with other studies that used
comparable PVOH concentrations of 0.1-3% (w/w)3¢~38, conclud-
ing that in parallel with a higher PVOH concentration, the viscosity
of the solution also increased, which consequently hindered the
mechanical effects of AC. As molecules become less mobile and
the velocity gradients around the collapsing bubbles are smaller,
the degradation decreases in accordance with the viscosity
increase®, In addition to concentration, sample temperature is
another important parameter affecting the degradation of
chemical compounds with AC. As previously reported by Sun et
al.23, a lower experimental temperature seems to be beneficial for
the degradation of PVOH by AC. Our results (Figs. 1 and 3) suggest
a similar outcome, where MMA reduction is consistently higher at
25°C (by a few kDa) compared to 60 °C. The observed unfavour-
able effect of higher temperature on PVOH degradation could be
explained by the higher vapour pressure and thus larger and more
numerous cavitation bubbles (Fig. 7—AC: B compared to A), which
has a dampening effect on the intensity of cavitation, leading to
lower mechanical degradation of PVOH. A similar degree of
degradation obtained at 25 °C with the addition of MeOH (Fig. 1:
AC3 and ACB8) suggests that the degradation of PVOH during AC is
predominantly due to mechanical effects, even though the
presence of "OH was experimentally confirmed by salicylic acid
(SA) dosimetry (0.59 ug/mL of SA products determined) at these
experimental conditions (Fig. 1: AC1¥*). However, these two
experiments only confirmed that "OH formed during cavitation
do not play a role, but not that they never contribute to the
degradation of PVOH. To confirm or deny this, an external oxidant
was added to intensify the process. The experiments (Figs. 1 and
3) performed with the addition of H,0, at 25 °C and 60 °C again
gave PVOH with similar molar mass characteristics as the
experiments without the addition, corroborating MeOH experi-
ments and pinpointing mechanical effects as the main mechanism
of PVOH degradation. The C-C scission due to mechanical effects is
considered to be a non-random process®®, in which polymer
chains are preferentially cleaved in the middle due to shear forces
and shock waves®335-38 and larger molecules are degraded most
rapidly3®. This can also be deducted from our SEC-RI chromato-
grams (Fig. 3), where the kinetics of chain scission slows down
after the first 5min of treatment, reaching a M,, of about
40 kg mol~', whereas the final M,, of 15.3 kg mol~' was reached
after 60 min at 25 °C. The continuous decrease in MMAs and Dy,
(Fig. 3) shows that the scission of the backbone does not occur
randomly but predominantly in the central portion of the chains
and does not proceed as fast as in the beginning once a certain
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M, is reached (40kgmol~" in our case). The FTIR spectrum
recorded for the experiment at 25 °C with the addition of H,0,
(Fig. 2a—AC7) shows no obvious increase in the intensity of the
band due to the carbonyl group and no decrease in the intensity
of the bands corresponding to stretching vibrations of O-H and
C-O groups, once again pointing to mechanical effects as the main
degradation mechanism. When mechanical effects are predomi-
nantly responsible for the scission of the main chain, only the C-C
bonds of the polymer backbone are broken, resulting in alkyl and
allyl functionalized PVOH chains as indicated by "H NMR.

On the other hand, HC treatment under different experimental
conditions (Figs. 1 and 4) results in major differences, indicating
that another mechanism is mainly responsible for PVOH degrada-
tion. Temperature can be excluded as an important degradation
parameter, since the results (Fig. 1) at 25°C and 60 °C without
addition of H,O, show comparable extent of PVOH degradation.
Addition of MeOH (Fig. 1—HC3) indicates that "OH might play a
role in PVOH degradation, especially since the HC1* experiment
(Fig. 1) showed that 0.50 pg/mL of SA products formed under
these conditions. However, the FTIR spectra did not confirm this,
as the characteristic band for the carbonyl group was not
observed as a result of polymer oxidation (Fig. 2a—curves HC1
and HC4). However, this does not exclude the scission of the PVOH
chains due to the "OH but only that the concentration of PVOH
terminal groups bearing a carbonyl group was too low to be
detected by FTIR, since the MMA of PVOH are still high at this
stage. The addition of H,0, significantly improved the degree of
PVOH degradation at both temperatures, implying that the
degradation in these cases is caused by "OH radicals in
combination with mechanical effects. In studies investigating the
degradation of PVOH by various AOP's, it was shown that ‘OH, the
common denominator of all, can effectively degrade PVOH and
also lead to mineralization®**. When "OH are responsible for the
chemical scission of the C-C backbone, it can occur randomly
anywhere along the polymer chain?'% The mechanism of the
scission begins with the abstraction of hydrogen, followed by the
formation of carbonyl group or carboxyl group formation from the
—OH in the side chain finally leading to the formation of short
polymer chains after the C-C bonds scission?'23, This can be seen
in the FTIR spectra in the case of HC2 and HC5 experiments (Fig.
2a), where raised carbonyl band suggests that ‘OH were
responsible for the chain scission. Similar to our study, Prajapat
& Gogate** using HC showed enhanced degradation of poly-
acrylamide at lower concentrations, higher operating temperature
and the addition of H,0,. They suggested that the polymer chains
might become shorter due to both, mechanical and chemical
effects of cavitation. However, since their FTIR spectra showed no
chemical changes in the polymer structure, they concluded that if
‘OH was responsible for breaking the polymer chains, it had no
effect on its structure. Even though this study was performed for
polyacrylamide and a direct comparison with PVOH is not
possible, some general conclusions on the main mechanism
involved during cavitation can still be drawn. The higher
effectiveness of H,0, addition in HC compared to AC might also
be due to the high turbulence and consequently good mixing,
which transports ‘OH formed from H,0, in the active cavitation
zone more effectively into the bulk liquid. Since the entire sample
is continuously transported through the cavitation chamber (Fig.
8), the probability of "OH encountering a polymer chain is
increased. Similarly, Prajapat and Gogate** concluded that the
turbulence generated during HC provides better mixing, which
facilitates the transport of "OH from H,0, into the bulk liquid and
finally enhance polymer degradation. Our study shows that under
the most extreme conditions (HC5: 60°C and H,0,), the
degradation of PVOH reaches 99% in 60 min, leading to M,, of
1.6kgmol~" (Fig. 4, HC5,). Additionally, the most pronounced
changes in the FTIR spectrum (strong carbonyl band) were also
observed for this experiment (Fig. 2a—HC5). Similar results were
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obtained in our previous HC studies, in which the addition of H,0,
at 60 °C resulted in the highest removal of pharmaceuticals®', and
the cavitation erosion between 30 °C and 100 °C at comparable HC
conditions was most aggressive at about 60 °C>2. We believe that
in HC the combination of H,0, and higher temperature strongly
promotes the degradation of PVOH due to enhanced ‘OH
production, pinpointing chemical effects as the prevailing
mechanism.

In terms of energy input (Fig. 5) more energy was applied to the
samples with HC treatment, pointing to AC as more energy
efficient treatment. But in the case of HC with addition of H,0,
and elevated temperature (HC5,) lower molar masses were
achieved with less energy, making this treatment as most energy
efficient. AC as very localized and energy-intensive process
delivers high amount of energy directly under the horn tip, where
cavitation occurs. This area represents an active zone (about
125 mm?3 or 0.25% of the total sample in our study—Fig. 6), while
the rest of the volume is a passive zone. At the beginning of the
treatment, when the C-C chains are the longest, the effectiveness
of cavitation (active zone) is most pronounced, which can be
deducted from the observed high rate of polymer chain breakage
in the first 5 min. However, this advantage diminishes with time
after a certain chain length is reached. Once most chains break to
the limiting length, longer chains are less likely to reach a point of
high energy density and encounter cavitation events. The non-
uniform distribution of chains of all lengths in the sample and
their random mass transfer between the active and passive
zones®? leads to the observed decrease in the degradation rate of
C-C chains. Similar to our results, others®>*® also observed that
polymer chain degradation stops at a certain viscosity. They
suggested that below a certain limiting viscosity or molar mass,
the polymer chains are too short to be affected by ultrasonic
vibrations. A similar analogy can be drawn from cellulose fibre
degradation, where Redlinger-Pohn et al.>3, suggested that fibres
cannot be further shortened by AC after the limiting fibre length
of 100 nm. On the other hand, in terms of energy density, HC is
locally less intense than AC, since the supplied energy is
distributed over a larger active zone. In this case the energy input
is distributed over 2300 mm?3, which corresponds to about 1% of
the sample in comparison with AC. Therefore, in HC a single
cavitation event is less likely to exceed the energy threshold to
break a bond of the polymer chain mechanically.

Considering other experimental conditions, the limited AC
active volume and non-uniform mixing are also likely the reasons
why the results do not show improvement by the addition of H,0,
(Figs. 3 and 5). The "OH should form from H,O, under the
influence of AC for the oxidant to have a pronounced effect.
However, if the concentration of H,0, is too high, it may start to
act as a scavenger of the formed "OH, reducing the effect’.
Moreover, the transport of ‘OH into the bulk liquid (passive zone)
is slower due to the limited active volume and the possible
degradation of the remaining shorter chains by "OH is slowed
down. A similar effect was observed by Hamad et al.'* in the UV/
H,0, process. The constant decrease in MMAs and Dy, in the case
of AC (Fig. 3) also shows that the chain scission occurs
predominantly in the central portion of the chains, whereas in
the case of HC the degradation mechanism seems to be more
complex (Fig. 4). Since the chemical reactions between PVOH and
"OH take place randomly along the polymer chain'#21344344 the
degradation of polymer chains is independent of chain length. In
fact, the greater the number of shorter chains, the greater the
probability that each "OH formed will encounter a polymer chain
and initiate scission. For this reason, the scission process in HC
progresses continuously and no limiting chain length was
encountered as is the case in AC. We can see that the biggest
difference in HC is seen in the Dy, values. When H,0, is added to
the sample, the Dy value initially increases regardless of
temperature and only starts to decrease after 5min, which
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suggests that scission of PVOH chains by "OH occurs randomly,
which is in line with the results of Hamad et al."®. Moreover,
different degradation rates were observed in the experiments at
25 and 60 °C with the addition of H,0, after 15 min. This may be
due to two mechanisms: (i) at 60 °C, a larger amount "OH of H,0, is
generated, which may enter the bulk phase and contribute to the
degradation of PVOH, or (i) the added H,0, affected the
cavitation conditions (Fig. 7F). As can be clearly seen in Fig. 7A,
the observed cavitation is different from that in distilled water
when PVOH and H,0, are in solution at 60°C. It cannot be
excluded that the addition of H,0, changed the cavitation
dynamics by inducing chemical effects (‘OH) and enhancing
mechanical effects, which then contributed to a better degrada-
tion of PVOH.

This study shows that PVOH can be degraded by AC and HC. By
manipulating the experimental conditions, a very high degree of
PVOH degradation by HC can be achieved. The results indicate
that mechanical effects predominate in the case of AC, while
chemical effects seem to play the most important role in HC,
especially when H,0, is added. The mechanism responsible for
the degradation of PVOH in the case of HC without addition of
H,0, is elusive, and further experiments should be performed to
determine which mechanism, chemical or mechanical, is respon-
sible for the observed degradation. Nevertheless, the achieved
degradation of PVOH to very short oligomer chains is an
important achievement, as low MMA oligomers can be more
easily biodegraded in nature. As is indicated by the FTIR spectra in
the case of HC, these oligomers are highly oxidized, which is
generally a factor that increases reactivity and promotes
biodegradation. This study can serve as a starting point for the
degradation of other polymers that are perhaps more harmful and
difficult to degrade, such as those that constitute microplastics.
Another advantage of the very high degradation achieved with
HC is that this type of device can be easily scaled up and
integrated into current WWT systems as a pre- or post-treatment
process, preventing or reducing the negative effects of PVOH in
the environment. However, TOC and ecotoxicity studies should be
conducted before the technology can be considered safe and
used at pilot or industrial scale. These analyses would show in
more detail the extent to which cavitation can mineralize PVOH
and confirm that no undesirable or even toxic products have been
formed.

METHODS

Reagents

High purity salicylic acid (SA) (=99%), 2,3-dihydroxybenzoic acid
(2,3-DHBA, 99%) and 2,5-dihydroxybenzoic acid (2,5-DHBA, 98%)
were purchased from Sigma-Aldrich. 1M HCl and methanol
(LiChrosolv®) for liquid chromatography were purchased from
Honeywell Fluka. Trifluoroacetic acid (99%, extra pure) was
purchased by Acros Organics. A total of 30% H,0, was purchased
from Belinka Petrokemija. PVOH with a hydrolysis degree of 98%
was purchased from Merck and used as received.

Acoustic and hydrodynamic cavitation set-ups

Experiments were performed at the Faculty of Mechanical
Engineering, University of Ljubljana. Two different experimental
set-ups (Fig. 8) were used to exploit and compare specific
characteristics of AC and HC and describe their effects on
degradation of water soluble PVOH.

Experimental set-up for AC (Fig. 8—Ileft) consisted of an UH
(Cole Palmer, 750 W) installed on a vertically moving rack and a
cooling coil. A total of 20kHz UH had a 12.7 mm tip diameter
made of titanium alloy. Highest intensity (100%) of the selected
UH was used to exploit the strongest and most destructive
conditions for PVOH treatment. The constant temperature of the
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sample during experiments was maintained by a cooling coil,
which was connected to an external portable cooling device
DuraChill CA03 with 1.28 kW of cooling capacity. The temperature
was monitored with a submerged thermocouple K-type. Horn tip
with the cooling coil was submerged into the 100 mL glass beaker
and positioned 15 mm from its bottom.

For the HC test rig (Fig. 8—right) a rotation generator of HC was
installed in a closed loop. It was firstly used and described by
Stepisnik-Perdih et al.>* but optimised for present experiments.
Test rig consisted of a reservoir with a volume of approximately
1L with a submerged cooling coil, connected to the external
DuraChill CA03 cooling device, enabling constant working
temperature of the sample. Temperature was monitored with
thermocouple K-type, submerged in the reservoir. Rotor was
driven with a 3-phase, 2 kW electric motor via belt multiplicator to
ensure rotational frequencies above 50 Hz. Rotational generator of
HC has a double function and works as a cavitation generator and
as a pump simultaneously, thus no additional circulation pump is
needed. It consists of a rotor and stator facing each other in an
axial direction with special geometry, designed to achieve highly
turbulent flow, causing cavitation formation. Rotor and stator have
grooves in radial direction, resulting in teeth like geometry. They
both have 12 grooves with the difference that rotor’s teeth have
an inclination, thus when a rotor’s tooth is passing a stator’s tooth
the geometry or the space between them mimics single side
Venturi constriction. Diameter of the rotor is 50 mm with the gap
between rotor's and stator's front plane set at 1mm. The
rotational speed of the rotor was set to 10,000 rpm, resulting in

circumferential velocity of 26 ms™".

Cavitation characterization

To help with the explanation of the results and to explain the
differences between AC and HC, cavitation characterisation was
performed via high-speed visualization and pressure pulsation
measurements in distilled water. Visualization was performed by
high-speed camera Photron FastCam SA-Z at 80,000 and 100,000
fps and resolution of 640x 360 and 640 x 256 pixels in 12-bit
monochrome technique for AC and HC, respectively. The red
rectangles marked for AC and HC on Fig. 8, indicate the region of
interest (ROI) for the visualization. By using high power LED
illumination, we were able to set the shutter time down to 1 ps,
while the aperture stayed half open. Pressure pulsations were
measured with hydrophone RESON TC-4013 at 500 kHz via
National Instruments cDAQ 9222 measurement card.

To further help with the explanation of the results additional
cavitation characterisation (ACC) experiments were performed,
since our previous study*’ confirmed anomalies with cavitation
development and dynamics when salicylic acid (SA) in different
concentrations was added to the water. Surface tension was
determined as one of the physical characteristics of the samples
that influenced the observed changes the most. For this reason,
we investigated what effects do PVOH (known for influencing the
surface tension of samples), temperature and H,0O, and their
combinations have on cavitation. In the case of AC the set up
presented in Fig. 8—left was used. In the case of HC, the
visualization was performed in another HC set up more
appropriate for determination of cavitation characteristics in more
detail. The setup is explained elsewhere*2. In short, a Venturi
microchannel was used as a test section, which was made of
transparent acrylic glass to enable visualization of cavitation
structures from various angles. Small gear pump was used to
provide the circulation of the sample from the reservoir through
the test section. This evaluation was performed on samples at
experimental conditions used for AC1, AC2, AC4 and AC5 in the
case of AC and HC1, HC2, HC4 and HC5 in case of HC (Table 1).
Additionally for comparison and to determine whether PVOH
plays an important role in cavitation dynamics, visualization was
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also performed in distilled water at 25°C and 60 °C without the
addition of PVOH (Fig. 7).

To determine the amount of energy transferred from the AC
and HC devices directly to the PYOH samples, we performed the
following two measurements. In the case of AC calorimetric
analysis was performed and resulted in a power input of 115 W. In
the case of HC power input of 670 W was determined using power
analyser (Norma 4000). To differentiate energy losses between the
electric motor and the rotor, electric power without the mounted
rotor was measured at rotating frequency of 10,000 rpms and
subtracted from the total power of the HC generator. To compare
the efficiency of AC and HC we calculated the energy require-
ments (ER) as the ratio between the energy input at selected
treatment times and sample volumes (Fig. 5E V~'). The ERs (Wh
L=") for the operation of AC and HC were evaluated at the
selected experimental conditions (Table 1).

To confirm the chemical effects of AC and HC, namely ‘OH
formation, separate salicylic acid (SA) dosimetry experiments were
performed in distilled water. Detailed chromatographic conditions
for the analysis of SA products (2,3-DHBA and 2,5-DHBA) are
described elsewhere®’. Determination of 2,3-DHBA and 2,5-DHBA
formation were performed at experimental conditions used for
AC1* and HC1* (Table 1). A total of 1 mL of each sample was taken
after 30 min for HPLC analysis. The results presented in this study
are part of a different, not yet published paper, and are only used
to help with the explanation of the observed results.

Experimental design

The overview of the investigated experimental conditions and the
analysis performed regarding PVOH degradation and cavitation
characterization are presented in Table 1. Experiments were
systematically designed to explore which experimental conditions
and to what extent, influence degradation of PVOH. The effects of
concentration, temperature and addition of H,0, were investi-
gated. Sample volumes for AC and HC were 50 and 200 mL,
respectively. The experiments were firstly performed with AC
where two concentrations of PVOH were used, 1 and 2gL™'
(Table 1, experiments AC1-AC5 and AC6-AC10, respectively).
Samples were always prepared right before the experiments by
mixing PVOH at an elevated temperature (up to 70°C) on a
magnetic stirrer to facilitate its solubilisation. Room temperature
of 25°C and 60 °C were selected as the temperatures of interest.
60 °C was chosen since our previous investigations showed that at
this temperature cavitation is most effective for pharmaceuticals
removal with HC®', distinct cavitation dynamics under UH*® and
cavitation erosion aggressiveness peak in HC>2. Much higher
temperatures were not chosen since they could influence PVOH
degradation. To investigate whether chemical or mechanical
effects were predominant in PVOH degradation, very high
concentration of H,O, as an external source of "OH was added
to the samples right prior to the experiments. The selected
concentration was the same for all experiments (1 mL of 30% H,0,
per 100 mL of sample) and was chosen since it was shown as
effective in our previous study®'. Of course, to achieve optimal
results different H,O, doses should be tested and the optimal
determined but this was not in the scope of this study. To confirm
or refute that ‘OH are responsible for PVOH degradation,
experiments with the addition of a known radical scavenger
methanol (MeOH) were performed. For this purpose, we added
1mLL™" of MeOH, as this concentration was proven efficient for
scavenging® and did not affect cavitation dynamics. Some
experiments were performed in parallels. In the case of AC the
results did not deviate for more than 5%, whereas for HC they
were below 33%, except in the case of HC5 where deviation was
higher due to very low M,, values.

Since the AC6-AC10 results did not show a big influence of
PVOH concentration on its degradation, HC experiments (Table 1:
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HC1-HC5) were performed only with a lower concentration,
1gL™". These 5 experiments were performed in the same way
as for the AC (Table 1: AC1-AC5). All the AC and HC experiments
were at first performed only at 30 min of treatment. Later selected
representative experiments were chosen to obtain time depen-
dent degradation of PVOH (Table 1: AC1,, AC2,, AC4,, AC5,, HC1,,
HC2, and HC5,). In these experiments, samples for further analysis
were taken after 5, 15, 30 and 60 min of treatment.

To investigate whether H,0, alone influences the degradation
of PVOH, we performed two control experiments (Table 1: C1 and
C2) without cavitation. Experiment C1 was performed with
addition of H,0, at 25°C, while experiment C2 was performed
with addition of H,O, at 60°C. For these experiments a
concentration 1gL™" of PVOH was chosen. The experiments
were performed in 100 mL of distilled water and were left on a
laboratory magnetic stirrer overnight.

After the treatment the whole sample volume was retrieved and
stored at 8°C in glass bottles for further analysis.

Sample preparation and analysis

The molar mass averages of the treated PVOH samples were
determined by size-exclusion chromatography coupled with a multi-
angle light scattering and refractive index detectors (SEC/UV-MALS-
RI). The solution of virgin PVOH was heated to 80°C and gently
stirred for 3 h before SEC measurement to dissolve the polymer on a
molecular level, whereas the PVOH solutions treated with AC and HC
were injected onto the column without additional pre-treatment.
Molar mass characteristics of PVOH were determined by size-
exclusion chromatography (SEC) coupled with a multi-angle light-
scattering (MALS) photometer with 18 angles (DAWN HELEOS-II,
Wyatt Technology Corporation, USA) and a differential refractive
index (RI) detector (Optilab T-rEX, Wyatt Technology Corporation,
USA). Separation of the PVOH samples was performed at room
temperature in water with added NaNO3 (0.1 M) and 0.02 w/v%
NaN; using an Agilent 1260 HPLC chromatograph (Agilent
Technologies, USA) and PolarGel-M (7.5 x 300 mm, 8 um) analytical
column with precolumn (Agilent Technologies, USA). The nominal
flow rate of the eluent was 0.8 mL min~". Sample concentrations and
injected masses of samples on the column were typically 1 mgmL~"
and 100 pg, respectively. Astra 7.3.1 software (Wyatt Technology
Corp., USA) was used for data acquisition and evaluation.

FTIR transmittance spectra of dried PVOH samples were
recorded on a FTIR spectrometer Spectrum One (Perkin-Elmer,
Waltham, MA, USA) in an ATR mode in a spectral range from 650
to 4000 cm ' with a 4 cm™" spectral resolution.

"H NMR spectra of dried PVOH samples were recorded at room
temperature in DMSO-dg using a Bruker AVANCE NEO 600 MHz
instrument (Bruker Corporation, USA). Chemical shifts (8) are given
in ppm relative to a DMSO residual peak.
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