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Abstract.The present study is the first report on applying combination of low-pressure hydrodynamic
cavitation and high-frequency ultrasound in the megahertz range (1.7 MHz) in a single reactor system
(hydrodynamic-acoustic cavitation — HAC) in sulfate radical-based advanced oxidation processes (SR-
AOPs) for degrading bisphenol A (BPA). A comparative evaluation of individual, combined and hybrid
oxidation systems has been provided. The degradation efficiency of the target compound increases in the
following order: AC < HC < HAC < HC/PS = AC/PS < HAC/PS<< HAC/PS/Fe?*. The combination of
two types of persulfate (PS) activation (cavitation and Fe?* ions) in the hybrid oxidation system HAC/PS/
Fe?* shows significant synergistic effects due to faster and more efficient generation of reactive oxygen
species (ROS) from PS. Only in hybrid HAC/PS/Fe*" system, along with the almost complete oxidation
of BPA (97 %), a quite high mineralization (up to 60 %) in terms of total organic carbon (TOC) decay
has been achieved without accumulation of toxic intermediates. Radical quenching tests showed that
both SO,"~ and HO" radicals are involved in the hybrid HAC/PS/Fe?" system, with HO* being more
dominant. The effects of pH, inlet pressure, Fe?" and PS concentrations were studied and discussed.
The influence of natural organic matter (NOM) and coexisting inorganic anions (SO4>, Cl and HCOy")
were also examined, but only CI" (10 mM) had a promoting effect on BPA degradation. This study
demonstrates the great potential of hybrid HAC/PS/Fe?* process for effective degradation of emerging

organic contaminants with good scale-up capabilities.
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KaBuTanuonHasi akTuBalusi MPOLECCOB AeCTPYKINH

U MuHepaausauuu bucpenona A

I.T. AceeB, M. P. Cu3bix, A. A. batoeBa
baiikanvckuii uncmumym npupooononvzosanus CO PAH
Poccuiickaa ®@eoepayus, Ynan-Yoo

AHHoTanus. BriepBbie nccienoBanbl 0CHOBHbIE 3aKOHOMEPHOCTH MPOLECCOB JiecTpyKIiu bruchenona
A (B®A) nepcynsdarom (I1C) npu ogHOBpEMEHHOM BO3EHCTBIH HU3KOHATIOPHOM THAPOIMHAMIYECKON
kaButanuu (I'K) u BeicokouacToTHOrO ynerpassyka (AK) merarepunosoro nquamasona (1,7 MI'm)
B COBMEIICHHOM peakinonHoi cucreMe ['AK (rupponqnnamudeckas-akycTuueckas kapuranus). Jlana
CpaBHMTEJIbHAS OIIEHKA MH/IUBH/ya bHbIX, KOMOMHUPOBAHHBIX ¥ THOPHUIHBIX OKUCIUTEIbHBIX CUCTEM.
D¢} dexTrBHOCTD NeCTPYKIHMH 1IeJIeBOT0 coennHeHus Bozpacrtaet B psany: AK <I'K <TTAK <T'K/
IIC = AK/TIC < TAK/IIC<< T'AK/IIC/Fe*". Ilpu codeTaHnM ABYX BUJOB aKTUBALMHU Nepcynbdara —
KaBUTALMOHHON U noHamu Fe?*, B rubpuanoit okucnurensbroit cucreme FTAK/TIC/Fe?* nabnonaercs
3HAYUTENbHBIA CUHEPTUUEeCKUU 3 PekT, 00ycnoBIeHHbIH 0oJiee ObICTPHIM U 3P HEKTUBHBIM
oOpa3oBaHNEM aKTHBHBIX (OPM KHCIopona u3 nepcyibdara. Tonbko B rubpugHoi cucteme FAK/
IIC/Fe?" napsny ¢ mIpaKTUYECKH TOTHBIM oKucaeHneM BMA (97 %) nocTuraercs 10CTaTOuHO BHICOKAs
MHHEpau3alus 1neneBoro coernHeHus (1o 60 %) 6e3 HaKOTUIEHHUSI TOKCHYHBIX MPOMEKY TOUHBIX
npoaykToB. C UCIOIB30BaHNEM HHTHOMTOPOB PaAMKAIbHBIX pEaKIUi MOKa3aHO, YTO B THOPHUIHON
cucreme TAK/TIC/Fe*" yuactytor pagukans SO, 1 HO®, mpuuem BKIa THAPOKCHIIBHBIX PAJIUKAIIOB
ABJISETCA JOMUHUPYIomKM. U3yueno Bnusuue pH, naBnenuns na Bxoze, konuenTpauuii Fe?" u I1C.
Kpome Toro, ucciaenoBaHo BIHMsSHUE MTPUPOIHOTO OPTAHMYECKOTO BEIIECTBA U COMYTCTBYIOMINX
Heoprannyeckux annonos (SO,4>, ClI' u HCOy'), ycranosneno npomotupytomee ausaue Cl- (10 mM)
Ha npouecc nerparanun bPA. [TomydeHHBIE pe3yabTaThl CBUIETEIBCTBYIOT O MEPCIEKTUBHOCTH
MCTIoIb30Banus THOpu oM cucteMbl TAK/TIC/Fe?" nust 5 heKTUBHOTO pasioKeHus GHOPE3UCTEHTHBIX

OpraHUYCCKUX BarpﬂSHI/ITGHCﬁ.

KuaroueBsle cioBa: bucdenon A, ruapognHaMudeckas-aKycTHIecKasi KaBUTaIUsI, IepcyinbQar,

deHTOH-110/I00Has cCUCTeMa, Jierpaalus, MUHepaInu3aIus.
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Introduction

Research into the development of advanced oxidative methods for the treatment of persistent organic
pollutants (POPs) is leading to the creation of new technologies with promising industrial applications.
Although POPs are typically found in trace amounts, even these levels can have hazardous effects,
such as carcinogenicity, toxicity and mutagenicity. Endocrine-disruption compounds are an important
group of emerging contaminants of aquatic environment. One of the most common micropollutants
is bisphenol A (BPA), which is produced in large quantities due to its wide use as a monomer in the
production of polycarbonate, epoxy resins, and unsaturated polyester resins. BPA is increasingly found
in both industrial wastewater and drinking water, posing a threat to humans. Even low levels of this
compound have adverse effects on animals and humans [1,2].

AOPs based on in situ generation of reactive oxygen species (ROS) have been identified as the
most promising to address this problem [3—5]. Hybrid treatment methods that combine cavitation with
known AOPs provide lower oxidant concentrations, lower operating costs, and shorter treatment times.
Enhanced oxidation of pollutants in wastewater due to cavitation effects such as localized hot spots,
free radical generation, and high turbulence can also lead to more efficient use of added oxidants [6].

Acoustic Cavitation (AC) and Hydrodynamic Cavitation (HC) are two widely used methods for
creating cavitation conditions [7, 8]. Thermodynamic state variables, such as pressure and temperature,
along with the type of cavitation generator, reactor geometry, gas fraction, and materials to be processed,
have a significant impact on bubble dynamics. The relationship between these variables is complex and
not yet fully understood [9]. (A brief literature review is presented in the Supplementary Information
(SI) Text A). Although the degradation of BPA by AOPs has been studied for many years, there are still
a number of important issues that need to be investigated further.

Increased degradation of contaminants in the treatment process and greater energy efficiency can
be achieved in a single hydrodynamic-acoustic cavitation (HAC) reactor system that combines the
advantages of HC and AC — high bubble density and high collapse intensity [10, 11]. We propose the
use of high-frequency ultrasound in the megahertz (1.7 MHz) range in combination with low-pressure
HC, which has proven to be an energy-efficient method [12, 13]. Moreover, the fields of hydrodynamic
and acoustic cavitation are combined, the bubbles formed in HC immediately fall into the area of sound
waves and AC, thus additional bubble oscillations occur.

The combination of oxidants such as K,S,0g (PS) with cavitation can lead to further increase in
the efficiency of the treatment process. This is because such combination increases the generation of
ROS, including hydroxyl and sulfate radicals [14].

The purpose of this work is to study the degradation and mineralization of organic micropollutants
(using BPA as an example) through the combined application of HC and AC (1.7 MHz) in hybrid
oxidation systems HAC/PS and HAC/PS/Fe*". To our knowledge, the present study is the first report

_7_
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on applying combination of low-pressure HC and high-frequency ultrasound in the megahertz range in
a single reactor system (HAC) in SR-AOPs for degrading BPA.

Materials and Methods

Sources of chemicals and reagents and assay methods are provided in the 7ext B, SI.

Results and discussion
HAC/PS oxidative system

The kinetics of BPA oxidation in single AC and HC processes, combined AC/PS, HC/PS, HAC
(where HC and AC occur simultaneously in the same space), and hybrid HAC/PS oxidation systems
were evaluated comparatively (Fig. 1). The reaction rate of BPA oxidation in the combined HAC
system (k = 4.23x10~* min-1) increased by 22 % compared to HC, while the energy input increased by
only 12.5 % (from 400 W to 450 W). When an oxidant was added ([PS]/[BPA] = 5:1), the hybrid HAC/
PS oxidation system showed a 28 % acceleration in the degradation of the targeted compound (k =
5.4x10~* min™).

A large number of cavitating microbubbles are formed in the hybrid HAC/PS oxidation system
due to the heterogeneous hydrodynamic cavitation field. Additional exposure to ultrasound (1.7 MHz)
increases the number of oscillations and effective collapses of cavitating microbubbles, which ultimately
leads to the formation of ROS that react with BPA at a high rate [15]:

)))
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The efficiency of the BPA oxidative degradation process increases in the following order:
AC <HC <HAC <HC/PS = AC/PS <HAC/PS.
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Fig. 1. Degradation of BPA in different oxidation systems. [BPA] =43.8 uM, [PS] =219 uM, P =5 bar, pH = 5.6
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The results obtained suggest that the use of HAC-induced systems for cavitation activation of
oxidation processes in SR-AOPs is feasible. It should be noted that under these experimental conditions
the oxidation of BPA was quite slow and no decrease in TOC was observed. To enhance BPA oxidation,
we next consider a hybrid HAC/PS/Fe*" Fenton-like oxidation system where PS is activated by both

cavitation and Fe?" ions simultaneously.

HAC/PS/Fe** oxidative system

As expected, a significant increase in the rate of BPA oxidation was observed in the hybrid HAC/
PS/Fe?* Fenton-like oxidation system. The conversion rate reached 69 % after a 240 min treatment ([PS]/
[BPA] = 5:1). Significant mineralization (46 %) of BPA degradation intermediates was observed after
240 minutes of treatment, indicating a fairly deep level of conversion (Table 1). This is a fundamental
advantage of the hybrid HAC/PS/Fe?" oxidation system that we are developing, which indicates the
need for further detailed investigation.

The results obtained are in good agreement with the findings of other authors [16], which also
confirm that the combination of several types of PS activation promotes a faster and more efficient
formation of ROS.

A key factor in evaluating the overall efficiency of hybrid oxidation systems is the presence of a
synergistic effect.

The high values of the synergistic indices (Table 1), both for BPA degradation (¢; > 1) and for
mineralization in terms of TOC decay (¢, >> 1), indicate that a complex radical chain mechanism
of BPA degradation is taking place in a hybrid HAC/PS/Fe*" oxidative system (with simultaneous

activation of PS by cavitation and Fe?" ions) involving the in situ generated ROS.

Effect of pH value on degradation of BPA by HAC/PS/Fe** oxidative system

The effect of pH on the degradation and mineralization of BPA in the HAC/PS/Fe?" system was
investigated at pH 3.5, 5.6, and 11.0 (Fig. 2). A decrease in process efficiency was observed when
the pH was changed from acidic to near neutral, resulting in a slower rate of BPA degradation and
mineralization. Specifically, the efficiency decreased from 69 % to 51 % for BPA degradation and from
46 % to 25 % for mineralization after 240 minutes of treatment.

In an alkaline medium, oxidation of BPA virtually stops. Two different pKa values are known
for BPA: 9.6 and 10.2 [17]. Consequently, at pH 3.5 and 5.6, BPA mostly exists in a neutral molecular
form, while at pH 11.0, it is completely in an ionic form. Thus, in an alkaline medium, the molecular

anion of BPA is much more hydrophilic, and less likely to approach negatively charged bubbles. As a

Table 1. Degradation and mineralization of BPA in different oxidative systems (after a treatment time of 240 min):
[BPA] =43.8 uM, [PS] =219 uM, pH = 3.5, P = 5 bar

Oxidative system E, % o} M, % (053
HAC/PS 12 0
PS/Fe? 47 12

HAC/PS/Fe* 69 1.2 46 3.8
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result, the faster degradation of BPA at pH 3.5 and 5.6 (rather than pH 11.0) is explained by the more
likely diffusion of the molecule at lower pH to the bubble-liquid interface, where the concentration of
hydroxyl radicals is highest. A similar inhibition of BPA oxidation by sono-activated PS in alkaline
medium using low frequency ultrasound (20 kHz) was reported by Darsinou et al. [18].

On the other hand, in Fenton-like systems, the reactivity of iron ions is significantly influenced by
the reaction medium [19] — at pH values above 3.5 iron ions are converted to the hydroxylated form,
which leads to their deactivation. Our results demonstrate that BPA degradation and mineralization in
the HAC/PS/Fe?* system can occur at pH 5.6, albeit with decreased efficiency (Fig. 2). The destruction
of the formed iron-containing complexes and the formation of additional ROS probably occur under

cavitation conditions [20]:
Fe-OOH 2 JFe?* + HOO" 5)
Effect of hydrodynamic pressure on degradation and mineralization
of BPA by HAC/PS/Fe** oxidative system

In a hydrodynamic cavitation system, the inlet pressure is an important parameter that determines
the intensity of the cavitation effects. An optimal inlet pressure provides the maximum cavitation
effect, while too high pressure leads to a decrease in process efficiency [21, 22].

To maximize the cavitation effect (and avoid suppressed cavitation), the inlet pressure must be
optimized. It has been experimentally established that the inlet pressure is a significant factor in the
process of BPA degradation in the HAC/PS/Fe?" oxidative system. At a pressure of 1.5 bar, the cavitation
effect on the degradation efficiency of the target compound was practically negligible, however, the
degree of mineralization increased significantly — by 2.4 times (Fig. 3). A further increase in inlet
pressure led to an increase in the rate of BPA oxidation reactions. At the same time, the maximum
efficiency of BPA degradation (69 %) and mineralization in terms of TOC decay (46 %) was achieved
at 5 bar.
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Fig. 2. Degradation (a) and mineralization (b) of BPA in the HAC/PS/Fe?" system at different pH. [BPA] =
43.8 uM, [PS] =219 uM, [Fe**] =89 uM, P = 5 bar
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Fig. 3. Effect of inlet pressure on degradation and mineralization of BPA by HAC/PS/Fe?* oxidative system (after
240 min of the process). [BPA] = 43.8 uM, [PS] = 219 uM, [Fe?*] = 89 uM, pH=3.5. Pressure equal to 0 means that
the liquid is moving along the path bypassing the hydrodynamic cavitation

Effect of Fe**concentration on degradation and mineralization
of BPA by HAC/PS/Fe*" oxidative system

Fe?* concentration has a significant influence in Fenton-like oxidation processes. Hydroxyl
and sulfate radicals are formed during the catalytic decomposition of H,O, and PS, so the
amount of iron ions has a significant impact on performance and operating costs. Optimizing the
concentration of Fe?" is extremely important because an excess of iron can reduce the efficiency
of destruction due to non-target reactions of radicals [23]. It should be noted that many of the
studies [24, 25] use high concentrations of iron, which is not acceptable in the development of
eco-friendly technologies.

The Fe?' concentration was experimentally found to have a significant effect on the degree of
degradation and mineralization of BPA in the HAC/PS/Fe?* system (Fig. 4). By increasing the Fe?"
concentration from 17.8 uM to 89 uM, the degradation efficiency increased from 30 % to 57 %, and
the degree of mineralization of dissolved organic carbon increased from 26 % to 34 % after 4 h of
treatment. Further increase in the concentration of iron ions up to 133.5 uM had no significant effect on
the rate and efficiency of the oxidative process, so in our subsequent studies we used a concentration
of 89 uM (5 mg/L).

Effect of PS concentration on degradation and mineralization of BPA
in HAC/PS/Fe** oxidative system

Oxidant concentration has a significant effect on the rate and efficiency of oxidation of bioresistant
micropollutants in AOPs. Experimental observations showed that by increasing the PS concentration from
219 uM to 657 uM (oxidant-substrate molar ratio from 5:1 to 15:1), the initial rate of the BPA oxidation
reaction in the HAC/PS/Fe?* system increased 1.7-fold and the destruction efficiency increased by 28 %
(Table 2, Fig. §2, SI). The molar ratio of [PS]:[BPA]=15:1 corresponds to 42 % of the stoichiometrically

required amount of oxidant calculated from the hypothetical reaction equation of complete BPA oxidation



Journal of Siberian Federal University. Chemistry 2024 17(1): 5-17

10

04 -

0,2 T T

—A—17.8 uM
—O—44.6 UM
—0—89.0 uM
—%—133.5uM

TOC/TOC,

10§

0,9

0,8 -

—A—17.8 .M
—O-44.6 M
——89.0 M
—%—1335uM

60 120 180 240
Time (min)

b

Fig. 4. Degradation (a) and mineralization (b) of BPA in the HAC/ PS /Fe?* at different iron concentrations.

[BPA] = 43.8 uM, [PS] = 219 uM, pH =

3.5,P=2bar

Table 2. Degradation and mineralization of BPA in the hybrid HAC/PS/Fe2+ system at different concentrations
of oxidant. [BPA] =43.8 uM, [Fe2+] =89 uM, pH = 3.5, P = 5 bar, t = 240 min

Degradation BPA Mineralization TOC
[PS], uM [PS]/[BPA] - :
Wo, pM-min’! E, % Wy, mgC-min’! M, %
219 5 1.41 69 0.13 46
438 10 2.02 83 0.18 56
657 15 2.37 97 0.15 60

(reaction 6). However, at this ratio, there was almost complete conversion of the target compound (97 %),

and oxidation of intermediate products with their subsequent mineralization (60 %).

C15H1602 +72 SO4.7 +28 HzO — 15 C02 +72 SO427 + 72 H* (6)

The role of ROS and effect of coexisting inorganic anions

and NOM on degradation and mineralization of BPA
in HAC/PS/Fe** oxidative system

As BPA is a low volatile and moderately soluble compound (vapor pressure at 25 °C C =4.0-108

mmHg; solubility = 120 mg/L [26], Ky, = 1034° [27]), its main degradation pathway is expected to be

oxidation by radicals in the solution volume. Experiments were conducted to investigate the influence of

hydroxyl and sulfate radicals in the hybrid HAC/PS/Fe?" oxidative system. For this purpose, inhibitors

of radical reactions, namely methyl and tert-butyl alcohols, were added (Fig. 5). The contribution of

ROS to the oxidative process can be identified based on the different rates of interaction of free radicals

with alcohols (reactions 7-10), which act as “traps” [28].

CH;0H + OH’ — intermediates

k=9.7108 Mls! 7)
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CH;0H + SO4 ~— intermediates k=1.110" M''s’! )
(CH;);CHOH + OH® — intermediates k=610 M5! )
(CH3);CHOH + SO4 ~ — intermediates  k = 4-9-10° Ms"! (10).

Analyzing the rate constants of radicals with alcohols, it can be concluded that methanol CH;0H
interacts with both *OH and SO, radicals, whereas tert-butanol (CH;); CHOH primarily interacts with
OH'. Considering the rate constants of radicals with BPA (reactions 3, 4), it is necessary to utilize an
excess of alcohols.

Experiments have shown that the addition of radical “traps” significantly slowed the process of
BPA degradation (Fig. 5) and reduced its efficiency. After 240 minutes of treatment, the efficiency of
BPA degradation decreased by 43 % with the addition of methanol, and by 33 % with tert-butanol.
The experimental results have convincingly demonstrated that in the considered hybrid HAC/PS/Fe?*
system, both *OH, tak u SO, radicals participate in the oxidative degradation, with the contribution
of hydroxyl radicals being dominant.

The interaction of inorganic anions with ROS can lead to changes in the type and concentration of
radicals, which in turn can significantly affect the effectiveness of organic contaminant removal. The
influence of inorganic anions on the effectiveness of AOPs is complex and depends on the types and
concentrations of the anions, the oxidant, and the nature of the target organic pollutants [29].

It was found experimentally that the addition of hydrocarbonates virtually stopped the
degradation of BPA in HAC/PS/Fe*" system: the degradation efficiency did not exceed 10 % after
240 minutes of treatment. When hydrocarbonates were added, the pH of the solution became
slightly alkaline (pH about 8), which led to hydrolysis of iron, its precipitation and removal from the
reaction medium. In addition, hydrocarbonates react with ROS at a high rate (kegy= 8.5-10° M1 s -1,
kso, ™= 1.6-106 M' s 7' [29, 30]) and can compete with the target compound.

The addition of sulfates or NOM slowed down the BPA oxidation process (Fig. 6), and the

degradation efficiency was reduced by 13 % and 10 %, respectively. A similar effect of sulfates and

—B—methanol
02 4 —a&—t-buthanol
—e—without "trap”
0.0 T \ T 1
0 60 120 180 240

Time (min)

Fig. 5. Radical scavenging in the hybrid HAC/Fe?*/PS system. [BPA] = 43.8 uM, [PS] = 219 uM, [Fe?*'] = 89 uM,
[ROH] = 109.5 mM, pH = 3.5, P =5 bar



Journal of Siberian Federal University. Chemistry 2024 17(1): 5-17

06

CICy

0.4
——HCO5
—— S0 27
02 4 —&=—NOM
——C1"
—s—without additives

0. 0 T T T 1

0 60 120 180 240

Time (min)

Fig. 6. Effect of co-existing inorganic anions and NOM in in the hybrid HAC/Fe?*/PS system. [BPA] = 43.8 uM,
[PS] = 219 uM, [Fe*] = 89 uM, [CI] = 10 mM, [SO,*] = 10 mM, [HCO;7] = 10 mM, C ((NOM) = 2 mg/L,
pH=3.5,P=5bar.

NOM on the oxidation of BPA by activated PS has been reported in other studies [18, 31]. It is assumed
that sulfates can form aqua complexes with Fe?* and Fe**, reducing the concentration of free iron ions
capable of activating PS [32]:

Fe?*+ SO, < FeSO, an

Fe¥*+ SO,> > FeSO,* (12)

NOM reacts with ROS at a high rate (koy = 3-108 M"s™!, kgo,”” =2.4-107 M-!-s! [33]) and can compete
with the target compound.

The addition of chlorides to the solution resulted in an increase in the rate of BPA oxidation reaction
and increased the degradation efficiency by 8 %. Chlorides reacted with ROS at a high rate (kog=
4.3.10° M 57! kgo4._= 3.1108 M-! s71), resulting in the formation of chlorine-containing radicals (CI',
Cly, ClO, etc.) in solution. These radicals react with organic compounds having electron donor groups
(including BPA) by stripping hydrogen atoms and forming radical products [34], thereby stimulating
the degradation of organic pollutants [35].

Conclusions

In this paper, we investigated the degradation and mineralization of BPA in SR-AOPs using
HAC — the combined effect of low-pressure hydrodynamic cavitation and high-frequency ultrasound
in the megahertz (1.7 MHz) range. A comparative evaluation of the discussed oxidative systems has
been provided. The degradation efficiency of the target compound increases in the following order:
AC <HC < HAC < HC/PS = AC/PS < HAC/PS<< HAC/PS/ Fe**. Our findings indicate the feasibility
of using HAC-induced systems for cavitation activation of oxidative processes in SR-AOPs.

The combination of two types of PS activation (cavitation and Fe?* ions) in the hybrid oxidation

system HAC/PS/Fe*" showed significant synergistic effects due to faster and more efficient generation
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of ROS from PS. The high values of the synergistic indices, both for BPA degradation (¢, > 1) and for
mineralization in terms of TOC decay (¢, >> 1), indicate that a complex radical chain mechanism of
organic matter degradation is taking place in a hybrid HAC/PS/Fe?* oxidative system involving the in
situ generated ROS.

In hybrid HAC/PS/Fe?* system, along with the almost complete oxidation of BPA (97 %), a quite
high mineralization (up to 60 %) of dissolved organic matter has been achieved without accumulation
of toxic intermediates. Radical quenching tests showed that both SO4"~ and HO"radicals are involved in
the hybrid HAC/PS/Fe*" system, with HO" being more dominant. The effects of pH, inlet pressure, Fe?*
and PS concentrations were studied and discussed. The influence of NOM and coexisting inorganic
anions (SO,*, Cl- and HCO;) was also examined, but only CI- (10 mM) had a promoting effect on
BPA degradation. This study demonstrates the great potential of hybrid the HAC/PS/Fe** process for

effective degradation of emerging organic microcontaminants with good scale-up capabilities.

Supplementary Information
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