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Abstract An increasing number of organic compounds
are manufactured, consumed, and discarded every year.
Incomplete destruction of these compounds in wastewater
treatment plants leads to pollution of natural waters, posing
great health and ecological concerns. Ultrasound, as an
emerging advanced oxidation technology, can quickly and
effectively degrade organic pollutants in waters. To
improve removal efficiency of organic pollutants in an
ultrasonic system, operational parameters, especially pH,
have been frequently evaluated and optimized. This review
show that pH-induced changes in volatility, hydrophobicity
and Coulombic force between the target compound and
cavitation bubbles leads to higher degradation at acidic pH
for most compounds. In addition, pH also changes free
radical formation and reactivity in water during sonication,
thereby altering degradation kinetics of target compounds.
However, the influence of pH is not always consistent for
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various organic pollutants covering a broad range of
physicochemical properties and reactivities. A systematic
investigation on the pH effect is necessary to elucidate how
pH alters cavitation bubble dynamics and collapse, radical
yield and reactivity, distribution of target compounds in the
vicinity of cavitation bubbles, water matrices transforma-
tion, and ultimately the degradation kinetics of organic
pollutants. This first systematic review provides valuable
insight into the pH effects on organic pollutant sonolysis,
helps to improve our mechanistic understanding of the
sonochemical system, and sheds light on future application
of ultrasound in water engineering.
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List of symbols

C Aqueous concentration of organic pollutants (M)
AsomH  Enthalpy of solution (kJ mol™")

K Specific heat ratio (unitless)

Ky Henry’s law constant (Pa m’ molfl)

Ky Henry’s law constant at standard temperature

(Pa m® mol ™)

Kow Octanol water partition coefficient (unitless)

p Partial pressure of target compound in the
aqueous solution (Pa)

P Inside pressure of the bubble at its maximum size
(Pa)

P, Pressure in liquid upon bubble collapse (Pa)

R Universal gas constant (J K™ mol™)

t Time (s)

T Temperature (K)

T° Standard temperature (K)

To Ambient temperature (K)
max Maximum temperature for bubble collapse (K)

ﬂ
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y Surface tension (J m_z) @)
-2
r Surface excess (M m™ ) Bulk phase
(T~298K
P ~ afewatm)
Introduction

Organic pollutants in municipal wastewater consist of a
wide range of synthetic chemicals, such as antioxidants,
plasticizers, pharmaceuticals and personal care products.
These pollutants are biologically active to some extent and
pose a threat to the aquatic environment and human health
(Daughton and Ternes 1999). To minimize the potential
risk, efforts are underway to reduce the exposure of pol-
lutants in waters. However, conventional wastewater
treatment technologies, such as activated sludge treatment
and sorption, do not necessarily achieve high removal
efficiency for these emerging pollutants, especially trace
organic chemicals, since they are hydrophilic, less volatile,
and exhibit toxic effects to microorganisms (Oulton et al.
2010; Xiao et al. 2014a, b, c). Therefore, effluent from
municipal sewage treatment plant is the major source for
trace pollutants to enter natural waters.

Ultrasound is an emerging advanced oxidation process
that can quickly and effectively degrade organic pollutants
in waters. It has several unique advantages when compared
to other conventional oxidation technologies, including
lack of potentially harmful chemicals, ease of use, and
short contact time (Adewuyi 2005a, b; Hoffmann et al.
1996). When water is exposed to ultrasound, acoustic
pressure waves are generated. The acoustic pressure waves
consist of compression and rarefaction cycles. In the rar-
efaction cycle of the acoustic pressure wave, it leads to the
formation of bubbles from the gas nuclei that exist in
water. In the compression cycle, the bubble volume
decreases due to increasing pressure in the surrounding
water (Mason and Lorimer 1988). Thus, bubbles grow and
shrink in response to alternating acoustic pressures. Within
several compression and rarefaction cycles, bubbles col-
lapse when the ultrasonic intensity is beyond the cavitation
threshold, known as cavitation bubbles (Suslick 1989).

The collapse of cavitation bubbles causes extreme
conditions that are depicted by the hot spot theory, as
shown in Fig. la (Suslick et al. 1986). In the center of
collapsing bubble (i.e., gas region), the temperature and
pressure are approximately 5000 K and 1000 atm, respec-
tively (Flint and Suslick 1991). The high temperature leads
to the breakdown of gaseous water molecule in the bubble
to hydroxyl radicals (OH) and hydrogen atoms ('H) (Flint
and Suslick 1991):

1,0 -4 OH + H (1)

The temperature in the interfacial region surrounding the
hot core is estimated to be 1900 K, and the ‘OH
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Fig. 1 Schematic diagrams of hot spot theory for a cavitation bubble
(a) and corresponding spatial distributions of temperature (7), ‘OH,
and organic pollutants surrounding the bubble (b; vertical axis is
arbitrary). In the hot spot theory, the cavitation bubble is divided into
three regions: gas phase, interfacial zone, and bulk phase. The
temperature decreases rapidly from as high as 5000 K at the bubble
core to ambient in the bulk solution. 'OH is generated from
thermolysis of water molecules in the gas phase and diffuses to the
interface and bulk solution due to the concentration gradient. Organic
pollutants undergo two major degradation pathways, thermolysis and
radical oxidation, thereby exhibiting a increasing trend in spatial
distribution as compared to temperature and ‘OH

concentration is estimated to be up to 4 mM (Gutierrez
et al. 1991). The thickness of the interfacial region is
estimated to be 200 nm (Mason et al. 1990). The temper-
ature of bulk phase surrounding the cavitation bubble is
ambient. The ‘OH formed in the bubble core diffuses to the
bubble-water interface and then to the bulk phase due to
‘OH concentration gradient, as shown in Fig. 1b (Adewuyi
2005a). Therefore, in a sonicated solution, an organic
molecule undergoes degradation by two different path-
ways: decomposition by heat in the gas and interfacial
regions of the cavitation bubbles and ‘'OH oxidation in the
gas, interfacial, and bulk regions, as indicated in the follow
equation (Adewuyi 2001; Hoffmann et al. 1996; Mendez-
Arriaga et al. 2008; Riesz et al. 1985; Weavers et al. 2005):
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where (%) is the observed degradation rate of a given
obs

organic pollutant in the unit of M min~ !, Kihermolysis and
kon are the thermolysis and ‘OH oxidation rate constants
for the organic pollutant, respectively; [C] and [ OH] rep-
resent the concentrations of the pollutant and ‘'OH in
solution, respectively.

In the past three decades, intensive efforts have been
exerted to understand various factors determining the effec-
tiveness of ultrasound in removing organic pollutants from
waters. In general, three factors affect the removal efficiency
of organic pollutants in waters, ultrasonic operational con-
ditions (e.g., ultrasonic intensity, frequency, and mode),
physicochemical properties of organic pollutants (e.g., sur-
face excess, I', octanol-water partition coefficient, Kow,
Henry’s law constant, Ky, and diffusivity, D), and solution
chemistry (e.g., ionic strength and pH) (Adewuyi 2005a, b;
Bolong et al. 2009; Brotchie et al. 2009; Colussi et al. 1999;
Francony and Petrier 1996; Jiang et al. 2002; Mendez-
Arriaga et al. 2008; Mizukoshi et al. 1999; Nanzai et al. 2008;
Pee et al. 2015; Petrier et al. 1996; Xiao et al. 2013b). Studies
on the impacts of solution chemistry on sonochemical
degradation of contaminants have focused mainly on the pH
(Chakinala et al. 2007; Ince et al. 2009; Jiang et al. 2002;
Tauber et al. 2000; Uddin and Hayashi 2009), since it is
considered the most practical and easiest adjustable parame-
ter during treatment processes. These studies are vital for a
better understanding of the application of ultrasound in
drinking water and wastewater treatments, since water
sources usually exhibit different pH values, depending on the
geological conditions of groundwater or the origins of
wastewaters (i.e., industrial or domestic wastewaters).

Although pH exerts a significant influence on removal
efficiency of organic pollutants, the influence is not always
consistent and there is lack of systematic investigation on
the pH effect. The rationale for this review is to provide a
comprehensive review to fulfill the knowledge gap in pH
effects on sonochemical degradation of organic pollutants.
In particular, we conducted a systematic literature inves-
tigation on pH effects, covering a temporal range from
1990s to 2010s, totaling 78 peer-reviewed literature, see
Table 1. Among the list, combined systems such as ultra-
sound-UV, ultrasound-ozone, and ultrasound-Fenton are
also included, as well as studies that include no or unclear
explanations on the pH effects (Cyr et al. 1999; Goel et al.
2013; Goskonda et al. 2002; Hua et al. 1995; Okouchi et al.
1992; Shimizu et al. 2007; Shriwas and Gogate 2011; Suri
et al. 1999; Wang et al. 2008; Wu et al. 1992, 2001b; Yoo
et al. 1997; Zhang et al. 2007; Zhou and Ma 2006). We
discuss how pH alters cavitation effects including collapse

temperature and ‘OH formation, followed by pH-induced
changes in physicochemical properties for organic pollu-
tants, effects of coexisting species in water (i.e., water
matrices), and consequent degradation kinetics of organic
pollutants in the sonication system. To the best of our
knowledge, this is the first summary of pH effects on the
sonochemical degradation kinetics of organic pollutants.

pH effects on collapse temperature, radical yield
and reactivity, and consequently degradation
Kinetics of organic pollutants

Collapse temperature

According to Eq. 2, collapse temperature of a cavitation
bubble (i.e., Khermolysis)» production of free radicals (i.e.,
[[OH]), and their distribution surrounding the bubble all
impact organic pollutant degradation kinetics to different
extents (Fig. 1b). At collapse, the maximum temperature
(Thmax, K) for cavitation bubbles is expressed as follows:
Pm

Tmax = To {(K - I)P} (3)
where T is the ambient temperature (K), K is the specific
heat ratio (unitless), P,, is the pressure in liquid upon
bubble collapse (Pa), and P is the pressure inside of the
bubble at its maximum size (Pa). According to Eq. 3, the
collapse temperature of cavitation bubbles depends on the
saturation of different gases into solution (i.e., K) and
ultrasonic operational parameters such as intensity and
frequency that will alter P and P,,. The pH indirectly
affects the collapse temperature of cavitation bubbles (case
#1 and 2 in Table 1). For instance, Drijvers et al. (1996)
observed that CO, formed from mineralization of tri-
chloroethylene during sonication diffuses into the gas
phase at acidic pH, thereby reducing the specific heat ratio
of vapor and thus the collapse temperature. They also
attributed the unchanged sonochemical degradation kinet-
ics of chlorobenzene at different pH to the low CO, yield,
thus fixing the specific heat index and consequent collapse
temperature of cavitation bubbles (Drijvers et al. 1998).

Radical yield

For the radical oxidation, the degradation kinetics of
organic pollutants are controlled by both radical reactivity
(i.e., kop) and quantity (i.e., [OH]), as shown in Eq. 2.
Many studies (case #3—18 in Table 1) observed decreasing
degradation kinetics of organic pollutants with increasing
pH and cited three explanations for the ‘OH yield: (1) OH
self-combines to form H,O, at high pH; (2) ‘'OH is scav-
enged by the buffer solutions, such as HCO; and CO3~ at

@ Springer



Environ Chem Lett (2016) 14:163-182

166

Hd y31y 18 uonepeidop
poonpar ayy 03 ped] jousydoIo[yo-
JO SWLIOJ POZIUOI PUE SUONIN|OS

(8002)
XNOYOIJJEN

aurey[e ur HO. JO uoneroossip pidey sox Hd ynm sasearoap ajer uonepeidaqg [ouaydoroyd-+  AN/SN 916 ny  L71-S'G  pue moepwey 7]
PIRIK HO. M0[
ur Sunnsar gd ySry je mof aynb st N 009
UONENUIOUOD o [IyMm ‘Hd d1pIoe Je -uoyudg ‘00T ‘001 (L00D)
uoneulioy HO. PAIeNIoe] o poA[ossiq  SoX  Hd yiim sasea1odp AfIeaul] uonepersoq Touaydoioryd-g /SN ‘0S ‘8¢ iy 96— ‘e Suery I
Hd yS1y 18 vonepeidop 1oySIy
sny) pue p[IA HO. 2Iow ur Junynsax sonfea Hd 1oy31y Je poAIasqo u0Z0 (92002)
Hd yam sasearodp €0 jo A[iqels  Sox SI 9Jel uonepeIdop ur asearour YIS [ouaydourwe-d /SN 0T ny 1L ®RH 01
Hd surpeye
' _£0D Aq paSueAeds ST HO. Hd ypim sasearoop u0Z0 (®L002)
ng Hd yum sosearour uoneuio} HO. AN uoy) sasealoul del uoneperdaq $8 MO[[oA 2A1OBIY /SN 0T ny 71 ‘[ 19 9H 6
Jjel1 uonepeIdap Joy3ry ur Junnsal 8 Hd 2aoqe sasearour Inq ‘g Hd #002)
Hd 1oyS1y e pouLIo} oIe S[edIpel JIO]N SO  210Joq J[qels SUIewWl del UONEpeISd  UIuue) pPasuspuod adeln SN 0T iy TI—v  IB 19 BYS[ANAS 8
Hd
431y Je 9Je1 uonepeIIOp PadNpal Ay} #002)
0) pe9[ [[& 9Ap JO SULIO} PIZIUOI pue 10AnD)
‘1opnq _£OQDH poppe £q SuiSuaaeds 9] 93ue1o -1uedZa],
HO. ‘“O°H wioj 0} uoneurquioddr HO. SOX Hd ynm soseoroop 9jer uonepeiso  QANORAI ¢/ oSuelo pIOY el 00€ iy S'6-¢€ pue 2ou] L
uornepeISop I9JseJ € ul sjnsal
11 9aoqe Hd je s191s0 proe oreyyd
JoJ uonoear sisA[oIpAy nq ‘Hd 1T Hd 2r0qe sesearour inq ‘11 Hd (2002)
uo juopuadopul SI UOTJEPIXO [BOIPEY SOA  210Joq 9[gels SUIeWal djel uonepeIsaq S19)S9 pIoR JI[eyIyd SN 00T ny STV RCRERTH 9
(z000)
uornepeI3op paonpar ON meddy
ur Junnsar Hd ySiy Je soye1oossip HO.  ON Hd ynm sasea1oop ayer uonepeidoq pyY[nsip uoqre) el 0T Iy Iy 11-8  pue 1Anmapy S
uonepeIdop
ToySry ur Suppnsar Hd surexye ‘OH (0002)
je sasearour uonisodwoddp O  IN Hd ynm sosearour 9je1 uoneperdoqg 01 Pa1oAndedy  /AN/SN AN iy 11-§ ‘Te 19 Sung ¥
uonepeI3op
ToySry ur Sunpnsar Hd sureyye tO‘H (6661)
Je sasearoul uonisodwoddp O  UN Hd ynm sasearour aje1 uonepeidag T Mo[[A [Auoydordn)  /AN/SN AN ny 11-€ ‘[e 19 uood €
sonfea Hd juarapyip
Je $9[qqnq uone}IAed jo aInjerodwo)
asdeqoo juanbasqns pue xopur jeoy 93ues Hd pa1sal J8 paAIasqo (8661)
oyroads douanyur 0) mMo[ 00} ST QD ON  SI sonouny uonepeidop uo joedwr oN QUIZULqOIO[YD SN 0zs Iy Iy 01-Ltv e 1 sioaluqg T
UOTJBIIALD
sny) pue siodea Jo oner 1eay dyroads
oy Suronpar aseyd sed ojur sesngjIp 9661)
uonIpuod JIPIdE 1B (0D pauio  ON Hd ynm sosearour 9je1 uonepeldaqg QUIIAYI0IO[YILL], .Sn 0TS ‘0T ny 01-Lt e 10 soalug I
sed
uoneueldxyg ‘yd uoneAIdsqO sjuen[jod oruesiQ $sa001d Aousnbaly  uonemmeg  oFuer gd QUAINY ON

syueinfiod omwesio jo

uonepeI3op [BOIWAYO0UOS U0 S3109jj Hd jo Arewrwuns aimjeror] | dqeq,

pringer

A's



167

Environ Chem Lett (2016) 14:163-182

N g HY
+ENZV\ < 'H Ny < +cH Zv\

Hd 19yS1y je sosearour uay)

pue ‘Hd im HEN 01 | SHEN ‘L 01 g woxy Hd ye 9[qels urewol pue (L00D)
01, .H®N woy soSueyd ourzeIpAH  SOX Hd ynm sasearoop ayer uonepeidoq QuizelpAH SN 00T ny 680 eI IEN €T
(€002
del uonepeI3ap ay) SHqIyul f umolq dIseq ‘9] an[q ‘[B 19 J19AnD
Hd mo[ 1®  H Jo uonenuaouod ySi  ON Hd ynm sosearour 9je1 uoneperdoq JISBq ‘G| 9N[q 2ANIBIY SN 00€ iy wLy—€ -uesze], T
11 < Hd e uor
9pIX0 03 sasodwod9p HO. pue ‘sonfea (1002)
Hd jua19)J1p B Sonouny uonepeI3op Hd yam sasearoop Sunay)
SQUIWLIAJOP [edIpel 921) Jo 9jodiq  ON uQy) $9seaIoul el uonepersoq QUBYR0IO[YILIT -1 ¢] SN 0T ny  ¢71-96'¢ pue weppen |7
(uomnjos [eNnau Ul A §' ‘UonN[os
oIpwoe Ut A £7) HA yim sasea1oop (0002)
[eo1pe1 HO. Jo [enuajod uoneprxQ  ON Hd ynm sasearoop ayer uonepeidoq JuareyydeuAylo SN 0T v 71 T’ 0T
Hd yS1y 18 uonepeidop
paonpai ayy 03 ped] punodwod jo
SULIO} PIZIuol pue uor dprxoudydoniu Hd ySy 1e 9[qeIs urewar pue (1661) T8 3
Y} Jo AN[Iqe)s paseaIou] SAX Hd yim sasearoap arel uonepeisoq [ouaydonu-d SN 0z 0 7I-¢ noreuonoy 6l
uonepeI3ap IoysIy ur
Sunnsar HO. 21ow sp[RIA Hd orproe uojuaq (99102)
J& 9, POAJOSSIP JO UOTIENUAIUOD IYTIH SOX Hd i sasea1oop oyer uonepeidaq 0 a3urIQ SAAp 0ZY /OH OoN iy 1—T 'R ER) 8]
Hd y31q 18 123 03 paredwod
se HO. 2Jow sp[a1k Hd oiproe uojuq (1102) T8 30
& 9 POAJOSSIP JO UONBIUIOUOD IOYSIH  SOX Hd ynm sasearoap ayer uonepeidoq uomur]  /AN/SN 00T ny $'6-6C elewnsiey /]
uonepeI3op Mmof ut
synsar Hd o1proe je proe ouoydsoyd uonnjos (6002)
Aq Sur3uaAeds [eoIpe1 ‘uonepei3ap pojenyes <N 10j jdeoxe Hd yim 20 N yseAeyq
sojeurwiop A3oIqoydoIpAH  SOX  SOSBAIOdP UQY) SIseaIoul uonepeiSoq [ouaydoioryoig-+g SN 68t Iy Iy 11-¢ pue uippy 9]
Jjer uonepeIdop Ioy3iy ur Junnsax HA ym proe onadeAxou Elé(er4d] (1107) wayd
Hd yS1y 18 powwio} st HO. 2QI0]A  S9X sasearour A[reaur] 9jel uoneperdoq -oydoroyorq-+ /SN AN ny  101-¢¢€ pue uend) GJ
uonepeI3op
Y31y ur synsar gd aureye pue o1proe
je 9Ap JO SWLIO} [eNNAU Y} o[IYMm (6002)
‘g 01 ¢ Hd 18 uonEpEISap MO] 2y} 0} 8'1] 0] G WOIJ SISBAIUI UAY) ‘G O} moepwey
SPBS] CQTH Wiioj 0} UONBUIqUOd2I HO, YN | HA woly saseardop ajel uonepersa( G¢ an[q pRYy SN 00LI §°TT ny 8'II-1 Ppueaueqpoyy ]
Hd yS1y 1e uonepersep paonpar (8002)
oy} 0) peo[ uajoIdngr Jo SWIOJ PAZIuol ‘Te 390 eSery
pue {OH W0} 0] UONRUIqUIOI HO. SOA Hd yim sasearoap ajel uonepeisaq udjoxdnqy sn 00€ iy 11-€ -ZOPUOIN €]
sed
uoneueldxyg ‘yd uoneAIdsqO sjuen[jod orue3iQ $s2001d Aousnbaly  uonemmeg  oFuer gd QQUAINY ON

penunuod | dqe[,

pringer

A



Environ Chem Lett (2016) 14:163-182

168

Hd mor

J8 UONEBPIXO [BOIPEI PUB SISA[OULIDY)
JO 92139p Y3IIY Ul S)[NSAI WIOJ [eNNAU
ur punodwod jo AorqoydorpAy

(6661)

JuBISUOD Me[ S ATUSH YSIH SOX Hd i sasearoop dyer uonepeidaq [ouaydoioyD-g SN 0C ny 11-¢€ BN pue ury  |¢
Juruee-¢
quIue[e 10J PIAIISQO pue ‘ourwe[Kjuad-u
Hd mop st joedwt ou pue ‘oururefjuad ‘ourwre[A1nq-u
J& UONEPIXO [BJIPRI PUEB SISA[OULIAY) ‘ourwre[A1nq ‘ourwre[Adoid ‘ourure[Adoad-u
Y31y Ul S)[NSaI WIOJ [ennau JOJ SOSBAIOIP U} SASBAIOUI ‘SPIOR ‘proe orourjuad-u
ur punodwod jo AyorqoydorpAy orourjuad pue oroueinq ‘orouedoxd ‘proe droueing-u (6661) 'Te 10
ueIsuod me[ S AU YSTH soX  J0j Hd M soseaI1oap 9jel uonepeIso ‘proe orouedoxd-u SN GIS ny 1€ Iewnyoysy  Og
Hd mor
Je UONEPIXO [BIIPEI PUE SISA[OULIIY)
JO 92139p Y31y UT S$)[NSAI WIOJ [eNnou
ur punodwod jo AyorqoydorpAy (L661)
/IUeISu0d Me[ S ATUSH YSTH SoX Hd ymm sasearoap 9je1 uonepeiseq TouaydoIoyD-g SN 0C 0 11-¢ TR 6T
Hd mog
Je UONEPIXO [BJIPEI pue SISA[OULIAY)
yS1y ur sj[nsar wiIoj [ennau
ur punoduwiod jo AyrorqoydoIpAy Hd gim (9661)
JJUBISUOd me[ S AIUOH YSIH SOx S9SBAIOOP AJIeaul] djel uonepeIseq Tousydoroyd-g  O%H/SN 0T 0 11-€ BIROUT 8T
Hd sureye e uonepeidop Y
sassaxdop _HO Aq HO. Jo SurSuaaeos
pue HO. Jo [enuajod uoneprxo
PasBaIOap UM ‘UOTIEPRISOpP MO]
oy ur synsalr Hd o1pIoe Je uor yey[ns Hd ynm sosearoap (€100)
uaS01pAy Aq SuiSusAeos [eoIpey  ON UQY) SISLAIOUT 9)el UOTePRISI(] arereyiyd Ao SN 00% ny 11-2 TP /T
Hd surreye 18 paroaej
SI WLIOJ [eNNaU Ul HQ JUIWEPOYT
Jo uonepeI3ap Iym ‘uonepei3ap
JOUSTY Ul J[NSI UOTIIPUOD
JIpIoR 38 HO. JO Tenuajod uorieprxo Hd pim sasearour (€102
I10Y31Y pue P[AIA [BOIpRI ISR AU, SOX UQY) SOSBAIOP el UonEpeISI 0o QuUIWEPOYY SN 0S Iy  G¢€I1-6'1 ‘e oefoueg 9g
uorjepeI3op Ioy3Iy ul JnsaI UOTIPUOD (2102
a1pIoe Je HO. Jo Tenusjod uoneprxo Hd ynm sasearodp eson
I10Y31Y pue P[AIA [BOIpRI Id)SB) AU, SOX UQY) SOSBAIOUT dJel UONepeI3a uoryyered [AYION OH ON iy 787TT pue [ned ST
uornepeIdaop
paonpar ay) 0) Surpes] Hd
Ty31y 18 (_FQDH ‘_;*0D “o'T) 1ojnq
Kq paSuaAeds sI [edrper pue ‘Hd
)M SOsBaIOdp loq Amuenb ¢OTH (6002)
pue [ediper HO. jo [enuajod uonepixQ  Sox Hd ym sasearoap 9je1 uonepeidoq g sutwepoyy »OH OoN ny 01-¢ ‘e 3uep T
sed
uoneueldxyg ‘yd uoneAIdsqO sjuen[jod orue3iQ $s2001d Aousnbaly  uonemmeg  oFuer gd QQUAINY ON

penunuod | dqe[,

pringer

A's



169

Environ Chem Lett (2016) 14:163-182

uonepeI3ap
JSeJ SNy} ‘90eJIUI J9)eMm—3[qqng
oy} Je UOnE[NWNOdE JO 92I3op

Y31y ur synsar gd mof Je uLoy [ennau Hd (€661)
ur punodwods jo AyoiqoydoIpAy Y31t sox  IOYSIY JB MO[S SI SONouny uonepeIsaq [ouaydontu-d SN 0C iy AN ‘8190150D)  6¢
uornepeI3aop
Jsej sy} ‘OoefIoiul I9jem—o[qqnq
oy} Je UONE[NWNOJE JO 92I30p
Y31y ur synsar gd mof Je uoy [ennau (z661)
ur punodwod jo AyorqoydoIpAy ySt Sox Hd i sasearoop oyer uonepeida [ouayq SN 0C ny 71-¢ Te e ouodids 8¢
Hd mor
Je UOTIBPIXO [eJIPEI PUB SISA[OULIY)
Jo 92159p ySIY Ul $)[NSAI WI0J [eNNAU
ur punodwod jo AyorqoydorpAy HA ypm (T002) 'TB 12
Jiuelsuod mef s ATuoH YSTH  SOX S9sBAIOAp A[IEdul] 9jel uonepeiso(q Touoydonu-d SN 0¥ ‘St ny L—€ TeWNYBAIS /¢
Hd moj je uoneprxo
[eo1pel pue sIsA[jouLiay) Y3y
ur s)[nsaI wioj rennau ur punodwod (S002)
Jo juejsuod me[ S ATuoH Y3IH SOL Hd i sasea1oop djer uonepei3aq [ouaydonuiq-#'g SN 0C iy 8- ‘B OND  9¢
Hd mor
Je UOIIBPIXO [BJIPEI PUB SISA[OULIY)
Jo 90150p YSIY Ul S)[NSAI WI0J [eNNAU
ur punodwod Jo KorqoydorpAy (¥000)
Jiuelsuod mef s ATuoH YSTH  SOX Hd yim sosearosp ayer uonepeISoq pIoe orozuag SN SS¢ v $'9-G'C Te 10 g[Surs  G¢
Hd mor
Je UOIIEPIXO [eJIpEI Pue SISA[OULIY) ZHY 02
JO 90139p yIIY UT S$)[NSAI WIOJ [eNNoU 10] Hd Aq 10edwir ou ‘ZHY SIS
ur punodwod jo AyoiqoydoIpAy 10} Hd Y31y JB 9[qRIS SUIBWI pue proe (2002)
Jiuelsuod me[ s ATuol YSTH  SOX Hd ym sasearosp ajel uonepeISoq  OIAIoRYIOW ‘Proe JIAIoY sn SIS ‘0T ny 01-¢ Te1e U ¢
Hd mog
Je UOIIEPIXO [eJIpEI pue SISA[OUWLISY)
JO 92139p Y31y ur S}[nsar W0y [ennau
ur punodwod jo AyorqoydorpAy (0002)
/uelsuod mef s A1uoH YSIH SO Hd yim saseardap ajel uonepeiseq [ouaydoniN-{ SN 1€ Iy % ‘Te 19 1qne], €€
Julfiue
10 9[qe)S SUTEWIAI USY) PUE SISBAIOUT
Hd mog ‘Jouayd 10J SOSBAIOAP UAY) paFuryoun aurqiue pue joudyd
J& UOTIEPIXO [EdIpeI pue SISA[OUWISY) SUTEWIAI ‘SPIOE JTOUBINGOIO[YD pue ‘SpIoE J10UBINQOIOTYD
JO 92139p Y31y Ul S)[NSAI WIOJ [eNNAU ‘oroueing ‘orouedoidororyo orouedoid pue droueng-| ‘sproe
ur punodwod jo AyoiqoydorpAy 105 Hd Y31y JB 9[qRIS SUTEWAI pue orouedoxdoroqyo-g (0002) & 1@
Suejsuod mef s A1uoH YSIH SO Hd yim sasearoap arel uonepeisoq pue orouedoid-| SN SIS ny 71-C Tewnpoysy ¢
sed
uoneueldxyg ‘yd uoneAIdsqO sjuen[jod orue3iQ $s2001d Aousnbaly  uonemmeg  oFuer gd QQUAINY ON

penunuod | dqe[,

pringer

A



Environ Chem Lett (2016) 14:163-182

170

uonepeI3ap
JSeJ SNy} ‘90eJINUI J9)eM—3[qqng
oy} Je UONE[NWNOJE JO 92ITop

(L00D)

ySty ur synsax Hd moJ Je WiIoJ [ennou L18 [eyoaIe]N 9T
ur punodwod jo AyoiqoydoipAy yStH IN Hd yim saseardap 9jer uonepeidoq G Jor[q 2ANORYY SN ‘6LT ‘0T 1y 01-¢ pue [puequlepn 8t
o3uer
Hd [1e 03 s[qearidde £y jou nq (L00T) Te 10
‘uoneperdop oreurwop A)orqoydoIpAH  SOx Hd i sasea1oop dyer uonepei3aq proe o1[4o1eS SN 0C iy 11-¢ elRUDNRYD L}
uornepeIdop
ISk} SNy ‘90rJIANUI J9)eM—I[qqNq
9y} Je UONB[NWNOJE JO 92I3op
Y3y ur synsax Hd mo[ Je wiIoj [ennau 9[qBIS SUTRWAI UAY) pue M-unsAsororu (9002)
ur punodwood jo AyorqoydoipAy yStH UN ‘Hd |im sasea1oap 9je1 uonepeisoq A T-UnSAD0IOTA SN 09 ny L6-€T ‘e 10 3uos  9f
PoAISSqO ST SOT)aUTY UOIepRISIp [oueyleAxoyrakjod
ur ooueLIRA OU 0S ‘ST Hd jeym Iopewr a3uer Hd paisa) Je AxouaydA100 ‘proe (S002)
ou orydsuen skem[e sI juejoejing  ON  PAAIdSqO SI uonepeIdap uo joedwr oN JIUOJNS UAZUAQ[AIO0) SN $6€ ‘0T ny $'L—8'T 810 SIOABOAN  Gf
sonfea Hd juaregip
J& UOIepeISOp Ul 9OUBLIEA OU a3uel (S002)
9I0J21A) PUE WLIOJ PIZIUOI OU JABY| Hd p21s9) 18 paAIasqo sI uonepeisop NNAEN
sonfea *yd noy)im oueylOWORYLL], ON QUEBYJOWIOTEYLI} UT JO9JJ0 SN QUBYJOWOTEYLL], SN 0z ny 01-¢ pue IoWayS  f§
uonepeIdop
ISeJ SNy ‘90rJIANUI J9)eM—I[qqnq
oy} Je UONE[NWNOJE JO 92I30p
Y3y ur synsar Hd mo[ Je wiIoj [ennau g 93ueIo (S002)
ur punodwood jo AyorqoydoIipAy yStH YN Hd ym sasearoap 9je1 uonepeiseq proe , a8ueio poy SN 00¢€ ny 1°9-¢ P UZO €F
uonepeIdop
ISk} SNy ‘9oeINUI J9)eM—I[qqNnq
9y} J& UONB[NWNOJE JO I2ITop
Y31y ur synsar gd mof Je uioj fennau (S002)
ur punodwod jo AyoiqoydoipAy ySty sex  Hd Ioy3Iy 38 MO[S ST 9jer uonepeIidaq a8ueIo AN SN 002 1y G'9-7 T’ROSINO T
uonepei3op
JSeJ SNy ‘90eINUI J9)eM—a[qqng
9y} 7B UONEB[NWNOJE JO 92I3op
Y31y ur sypnsar gd mof Je uloj fennau (®1002)
ur punodwod jo AyorqoydoIpAy YySrH Sox Hd yim sosea1oop 9jel uonepeIsaq [ousayq AN/SN 0€ ny 11-¢€ RLRER VY
uornepeI3op
JSeJ SNy} ‘90eJIUI J9)em—a[qqng
9y} Je UONE[NWNOJE JO 92ITop pIoe
ySty ur synsax Hd mof Je W0 [ennou anooefxousydoIo[yorq (1002)
ur punodwod jo AyoiqoydoIpAy yStH Sox Hd ym saseardap 9jer uonepeidoq -+ SN ov9 Oy Q11-CC ’W WG OF
sed
uoneueldxyg ‘yd uoneAIdsqO sjuen[jod orue3iQ $s2001d Aousnbaly  uonemmeg  oFuer gd QQUAINY ON

penunuod | dqe[,

pringer

A's



171

Environ Chem Lett (2016) 14:163-182

uornepeI3op

ISeJ SNy ‘90rJIANUI 19)eM—I[qqNnq

9y} Je UONE[NWNOJE JO 92I3op

ySy ur synsax Hd mof Je WiIoj [ennou
ur punodwod jo AyoiqoydoIpAy ySry

uornepeIdop

ISk} SNy ‘90rJINUI J9)eM—I[qqNq

oy} Je UONE[NWNOJE JO 92ITop

Y31y ur synsax Hd mo[ Je wiIoj [ennau
ur punodwod jo AyorqoydoIpAy ySty

uonepeIdop

JseJ SNy} ‘9oryIaIuI I9JBM—a[qqnq

Y} JB UOTIB[NWINJJE JO 9IFOp

Y31y ur synsar Hd mof je wiioj [ennau
ur punodwod jo AyorqoydorpAy ysrg

QoeyIalul Ay} Je uonisoduiodap

19)sey ur synsax Hd ysiy je

Kyorow [ouayd orydoIpAy pue ureyo

&% o1qoydoIpAy ayJ, ‘uonepei3ap

JSeJ SNy} ‘90eJINUI J9)eM—3[qqng

9y} Je UONE[NWNOJE JO 92ITop

ySiy ur synsax Hd mo[ Je w0 [ennau
ur punodwod jo AyorqoydoIpAy yStyq

uonepeIdop

ISeJ SNy ‘90rJIANUI J9)eM—I[qqNnq

oy} Je UONE[NWNOJE JO 99I30p

Y31y ur synsar Hd mo[ Je wioj [ennau
ur punodwod jo AyorqoydoIpAy yStyq

uonepeIdop

ISk} SNy ‘90eJINUI J9)eM—I[qqnq

9y} J& UONB[NWNOJE JO 92ITop

Y31y ur synsar gd mof Je uiioj fennau
ur punodwod jo AyorqoydoIpAy yStyq

uonepei3op

ISy SNy} ‘9oejIoiul I9jem—a[qqnq

9y} & UONB[NUWINIJE JO 9ITop

Y31y ur synsar gd mof Je uioj fennau
ur punodwod jo AyoiqoydoIpAy yStyg

uornepeI3op

JSeJ SNy} ‘90eJIaIuI I9emM—a[qqnq

9y} J& UONB[NWINIJE JO 92ITop

yS1y ur synsax gd Mo[ Je oy [ennau
ur punodwod jo AyoiqoydoIpAy ysSry

AN

SOX

ON

SOX

SOX

SOX

AN

SOX

Hd i sasea1oop dyer uonepei3a

Hd ynm sosearoop ayer uonepeidoq

Hd ynm sasearodp dyer uonepeidoq

Hd yim sasearour
Uy} SOSBaIOdp djel uonepeidoq

Hd 19yS1y J8 MOTS ST 9jeI uonepeISo

uonn[os duleye ur
S9s8a109p uay) ‘Hd [ennou pue JIpIoE
Je QWS Surewal 9jel uonepeIsoq

J[qeIS SUTRWIAI USY)
‘Hd yim sasearoap ajel uonepeIsoq

Hd yim sasearoap djel uonepeIsa

anpq foyydeN

88 pal poy

ouan[ojoNIuLy
SQUAN[OJONTUI

[ouaydjAuou-u-1

a8ueIo AN

v-Touoydstg

g durepoyy

a3ueIo (AP

SN

OH

ou/sn

SN

SN

SN

SN

SN

(€100

8LC 1y 8'0l—¢ ‘[ele noreyreq 9¢

(z100)

oN my 11-¢ T30 uemyes GG

(1100)
Sueny

0C 1y 70 pue usyp - ¢¢

(6002)

198 0T ‘0 8'01-¢€ ‘19 90U €6

(8000)

00T ‘S 1y 9-¢C TeRnsIbo 7S

(8007) @oug

00¢ 1y SoI-¢ pue unyayny - I¢

(8007) Te 19
Apefeuyog 0§

(L00D)

0C ny 8—C e 1o Suem  6F

uoneue[dxyg

uoneAIasqO

sjuen[jod orue3iQ

$S3001d

sed

JAouanbary  uoneimeg  ofuer gd AUAIRIY ON

penunuod | dqe[,

pringer

A



Environ Chem Lett (2016) 14:163-182

172

a3uer gd paise)

Je POAIaSqO SI sorjeuny| uonepeiSop (S661)
uoAI3 st uoneue[dxo ON  SOX Ul 9OUQIQIJIP JUBOYIUTIS ON qrejeoe [Auoydontu-d SN AN I OH v 8—¢ ‘Te@eny /9
(z661)
uoAIS st uoneue[dxe ON  ON Hd ynm sesearour 9jer uoneperdoq 9PLIO[YORII) U0qIE)) SN 0z iy 01—+ 'R 99
Hd gia sesearoop %0 N (z661)
udAIS st uoneue[dxe ON SOX udy) $oseaIoul el uonepersoq [ouayq SN 00C ‘OH ‘Iry ZI-1 ‘e WyonoyO  S9
Hd xo7 18 9je1
uonepei3op Y3y ur synsar jouayd
wioj [ennau jo AyorqoydorpAy
Y31y pue ‘ojer uonepeIop moj ur
3unnsar 9[qqnq padieys A[oane3ou 0cs (9000)
s sosndar Hd y3iy je ojejoudyg  Sox Hd i sasea1oop dyer uonepeidaq [ouayq SN ‘00€ ‘0T Iy ‘ary 01— Qou[pueeprs] +9
JuI[Iue I0j 91kl uonepeISp L Hd 1915e 9[qeIs surewar
yS1y 0) Spe JUBISUOD JJI UOIOLAI uay) Hd yim soseaoul aurfiue
yS1y ‘jousydonru-{ 10j uonepei3ap Jo uoneperdop ‘Hd ym sasearoop (2002)
jueutwop AyorqoydoipAy pue a3rey) Sox [ouaydonru-4 jo 9jel uonepeIdoq qurqiue ‘oudydoniN- SN 019 0 8-7TT ‘e 3uelf €9
[ouayd jo uonepeiiop OLL
pue uondiospe sny) pue SopIxo Hd ynm sasearosp ‘ouz (2102)
[e1ouw jo 9Sreyo aoejins oy} s1oje Hd  Sox Uy} SaseaIOUI 9)el uonepeidoq ouwyd  /AN/SN ov iy 11-¢ ‘e nfuy 79
9Je1 uonepeIdop Ioy3ry ur
3unpnsar 9[qqnq padieyo A[oane3ou
01 payoene Aqised atow st Hd mof 9[qe)S SUTeUIdI Uy} (6002)
je oSreyo 1oysry yim uroexogordr)  S9x ‘Hd yim sasearodp dyer uonepeiseq uroexogoidr) e 0zs iy 11-¢ r’RPEGA 19
a3reyo aysoddo ym
SIUBUIWERIUOD 210w Sunoenie Aqaiay) Jreouridooonprad
‘Hd o1proe Je padreyo Aeanisod + < Hd 18 9[qeIs Ssurewas ‘91eUOoJ NS 0102
A[Sursearour st 90ejans o[qqng  SOA  Inq ‘¢ > Hd 1e y31y s1 el uonepeidoq QuE}O00ION[IoJ sn 219 A% 11-€ ‘e Suyd 09
Jel
uonepeI3ap Y31y ur 3unnsar 90eyIns
SII UO PaqIospe 94p aIow sjoeIne OIL (L007) ySurs
Hd o1proe ur ¢Q1], padreyd A[oANIsod SOL Hd yim saseardop 9jer uonepeidoq 861 Pa1aANOBY  /AN/SN Ly 0 6-S'¢ pue mey]  6S
Soje1 uonepeIgop
pasearour Sunnsar Hd 1oy3y
Je pagdreyd A[SUISBAIOUI WI009q (1002)
sojerpawaiur auaydoryjozuaqrq ON Hd ynm sasearour 9je1 uoneperdoq Juoydonyozuaqiq SN 0T iy 6—¢€ e wry]  §S
uonepeI3op
JSBJ SNy ‘9oBJIaIuI I9jeM—a[qqnq
9y} & UONB[NWINIJE JO 92ITop
yS1y ur synsax gd Mo[ Je w0y [ennau Hd ySiy 18 91qeIs surewar pue (€102)
ur punodwod jo AyorqoydoipAy yStyg sox Hd yiim saseo1odp djer uonepeiSo  9Jeuoj[ns duUB}O00IONPId] AN/SN 009 iy 11-€ ‘e Suex /¢
sed
uoneueldxyg ‘yd uoneAIdsqO sjuen[jod orue3iQ $s2001d Aousnbaly  uonemmeg  oFuer gd QQUAINY ON

penunuod | dqe[,

pringer

A's



173

Environ Chem Lett (2016) 14:163-182

UOTBIIABD OTWEBUAPOIPAY Sjoudp DH

punosen[n sajoudp SN
pauodar jou sjoudp YN

ZHY Jo Jun ay} ur st Aouanbaig

p

2

q

e

a8uer gd pasey

J& POAISqO SI SOIJQUDY UonepeIsop QUOZO (€102)

udAIS st uoneue[dxe ON SOX Ul 9OURIJJIP JUBOYIUSIS ON g uisog /SN 07 0 “°N ‘av 11-€ SLREREs TE-Y)
(1100
HA ym Je3on

udAIS st uoneue[dxe oON  ON SOSBAIOAP AJIeaul] djel uonepeIdoq uoryjered [AYION SN 0z ny €6-ST pue semlys  //
C1 0} § WO} SISBAIOUL UdY) ‘g 0) dg-31 (8002

uoAIS st uoneue[dxo oN YN ¢ Hd woiy sosearoop el uonepersoq PI JUBI[LI 9ANJBIY SN 0T iy 71 ‘e 19 Suepy 9L
uojuoq (L002)

uaAId st uoneue[dxs oON YN Hd ynm sasearoap ajer uonepeidaqg 8 Yor[q 2ANJBYY /SN 0T ny LT ‘1@ Sueyz G/

uonnjos sutfexye ut tOLL

sasearour Jnq ‘Hd [ennau pue o1proe /°O°H (L002)

uoAIg st uoneue[dxo ON  SOX Je 9[qe)s SUIBWIAI dJel UoNepeI3a an[q QUIAYIN /SN 6¢€ iy Z1-€ TR nziuyS 4/
S1su00zaA eikydiog (9002)

udAIS st uoneue[dxe oN YN Hd ynm sasearoap ayer uonepeidoq wolj opLeyodesAjod SN 0z ny 6£9-¢ BN PUEnNOYZ ¢/
J[qels Ssurewal ualy (T00T) 1B 10

udAIS st uoneue[dxo ON SOX Hd ynm sasearour 9je1 uoneperdoqg T[ouaydooyd- 9! 0T iy 01-1 BpUOYSOD 7L
(Q1002)

udAIS st uoneue[dxa ON  SOX Hd ynm sosearour 9je1 uoneperdaqg pIoe J1AJROIO[YILLL,  A()/SN 0€ ny gii—erl ‘'R IL

a3uer Hd paise)

Je POAISSqO SI SO1oUD| UonepeIsp (6661)

uoAI3 st uoneue[dxo oN  ON Ul 9OUQIQJJIP JUBOYIUTIS ON QUO[AYI0IOYILIL], SN 0C iy 11—¢€ el UNS (L

a3uer gd paise)

Je PIAIdSqO SI SIIjoUD uonepeI3ap (6661)

uoAI3 st uoneue[dxo oN  ON Ul 9OUQIQJJIP JUBOYIUTIS ON QUOIAYI0IOYIII], SN 0C iy I1-1°¢€ TR I 69
(L66T)

uaAIS st uoneue[dxs ON SO Hd ynm sasearoap ajel uonepeidaq pIo® JLId[RA-U SN 00T ny  901-8°¢ ‘19 00K 89

sed
uoneueldxyg ‘yd uoneAIdsqO sjuen[jod orue3iQ $s2001d Aousnbaly  uonemmeg  oFuer gd QQUAINY ON

penunuod | dqe[,

pringer

A



174

Environ Chem Lett (2016) 14:163-182

high pH; and (3) 'OH deprotonates at pH > 11 (Adewuyi
and Appaw 2002; Ghodbane and Hamdaoui 2009; Ince and
Tezcanli-Guyer 2004; Mendez-Arriaga et al. 2008; Svi-
telska et al. 2004; Uddin and Hayashi 2009; Yim et al.
2002). However, in synergistic systems combining ultra-
sound, UV, ozone, and H,0,, the effect of pH on radical
yield and consequent organic pollutant degradation kinetics
is more complex. Particularly, ultrasound-ozone combina-
tion exhibited increased degradation kinetics with an
increase in pH (He et al. 2007a, b; Quan and Chen 2011;
Sierka 1984). Elovitz et al. (2000) attributed the enhanced
degradation kinetics to the OH™ initiated decomposition of
ozone and possible high 'OH yield at high pH in the
ultrasound-ozone system. The ultrasound-UV-H,O, sys-
tem has the same trends as seen in the ultrasound-ozone
system (Fung et al. 2000; Poon et al. 1999). In the com-
bined system of ultrasound-Fenton, acidic condition was
favorable for degradation since dissolved iron facilitates
‘OH formation at low pH through Fenton reaction, while
iron concentration is quite low at high pH (Cai et al. 2016a,
b; Katsumata et al. 2011; Liang et al. 2007).

On the other hand, different free radical formation and
reaction pathways at various pH result in different quan-
tities of oxidative radicals during sonication, thereby
altering the degradation kinetics of organic pollutants
(Adewuyi and Appaw 2002; Bielski et al. 1985; Buxton
et al. 1988; Czapski and Dorfman 1964; Ross and Ross
1977; Fung et al. 2000; He et al. 2007a, b; Kotonarou et al.
1992; Matheson and Rabani 1965; Orzechowska et al.
1995; Pang et al. 2011; Poon et al. 1999; Sehested et al.
1968; Sierka and Amy 1985; Svitelska et al. 2004; Weavers
et al. 2000; Yu 2004). However, very few studies have
quantitatively investigated oxidative radicals at different
pH during sonolysis. Therefore, it is necessary to revisit
this issue and scrutinize the potential influence of free
radicals (e.g., hydroperoxyl radical, 'HO, ) on organic
pollutant degradation.

Radical reactivity

The reactivity of ‘OH (i.e., kon in Eq. 2) is also used to
explain the sonochemical degradation trend of organic
pollutants at different pH values (case #19-27 in Table 1).
For example, different degradation rates of non-ionizable
chemicals were attributed to the higher oxidation potential
of 'OH in acidic solutions (E° = 2.78 V) than that in
neutral and basic solutions (E° < 1.80 V) (Park et al.
2000). The oxidation potential of ‘'OH was also considered
to contribute the varied degradation kinetics of rhodamine
B and methyl parathion in a pH-dependent manner in
ultrasonic systems (Patil and Gogate 2012; Wang et al.

@ Springer

2009). Nakui et al. (2007) correlated hydrazine degradation
kinetics to reaction rate constants at different pH values,
confirming varied ‘OH reactivity in the presence H" and
OH™.

pH effects on physicochemical properties of target
organic pollutants and their degradation kinetics

In Eq. 2, the proportion of each pathway (i.e., kihermolysis OF
kon) to the whole degradation is dependent on the
physicochemical properties of organic pollutants (Adewuyi
2001; Hoffmann et al. 1996; Xiao et al. 2014b). Usually,
pH affects degradation kinetics of non-ionizable organic
pollutants by altering quantity and reactivity of free radi-
cals. For acidic or basic organic pollutants, pH controls the
protonation of organic acids and bases and thus their
degradation kinetics, as shown in Fig. 2. In particular, the
pH-dependent protonation or deprotonation results in
changes in volatility of a compound described by Henry’s
law constants (Ky) (Ashokkumar et al. 1999, 2000; Guo
et al. 2005; Ku et al. 1997; Lin et al. 1996; Lin and Ma
1999; Price et al. 2002; Singla et al. 2004; Sivakumar et al.
2002; Tauber et al. 2000), hydrophobicity described by
octanol-water partition coefficient (Kow) (Behnajady et al.
2008; Chakinala et al. 2007; Chen and Huang 2011; Cost
et al. 1993; Dalhatou et al. 2013; Gultekin and Ince 2008;
Ince et al. 2009; Okitsu et al. 2005, 2008; Ozen et al. 2005;
Peller et al. 2001; Saharan et al. 2012; Serpone et al. 1992;
Shemer and Narkis 2005; Song et al. 2006; Vajnhandl and
Le Marechal 2007; Wang et al. 2007; Weavers et al. 2005;
Wu et al. 2001a; Yang et al. 2013), and Coulombic inter-
actions between the compound and the cavitation bubbles

HOC
‘OH

HOC

OH HOC

HOC

HOC

<

acidic

alkaline

Fig. 2 Speciation, location, and degradation of a hypothetical acidic
organic compound (HOC = OC~ + HY) from acidic to alkaline
condition in a sonicated solution. Note the HOC in neutral form at
acidic pH accumulates on the bubble—water interface and diffuses into
bubble core resulting in intensive radical oxidation and thermolysis
reaction, while OC™ in deprotonated form at alkaline pH remains in
the bulk solution, where radical oxidation is the major reaction
pathway
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(Anju et al. 2012; Cheng et al. 2010; De Bel et al. 2009;
Jiang et al. 2002; Kaur and Singh 2007; Kidak and Ince
2006; Kim et al. 2001).

Volatility

The volatility of an organic compound in aqueous solution
is described by the Henry’s law constant of Ky (Pa m’ -
mol ™), which is a measure of the partition of a compound
between the gas and water phases defined by Eq. 4:
p

Ky =-— 4

H [C] ( )
where p is the partial pressure of target compound in the
aqueous solution (Pa). Similar to any other thermodynamic

properties, Ky is dependent on temperature, as indicated by
Eq. 5:

—AsonH (1 1
Ky = Kpjexp <T] (T — F)) (5)

where Ao, H is the enthalpy of solution (J molfl), R is the
universal gas constant (J K" mol™"), 7° is the standard
temperature (K), and Kp; is the Henry’s law constant at 7°.
Therefore, temperature control for the bulk solution is
critical for sonolysis experiments to minimize the changed
volatility of an organic compound due to the temperature
increase during sonication.

Many studies have investigated the influences of Ky on
sonochemical degradation kinetics (Ayyildiz et al. 2007,
Colussi et al. 1999; De Visscher 2003; Nanzai et al. 2008;
Petrier et al. 1998, 2010). The ionized form of a volatile or
semi-volatile compound (e.g., phenol) at higher pH
remains in the bulk phase during sonication, but at lower
pH the neutral species with high Henry’s law constant
diffuses onto the bubble—water interface and evaporates
into the gaseous phase, where intensive thermolysis and
oxidation occur (Mason and Tiehm 2001; Mason and
Lorimer 2002; Suslick 1989, 1990; Suslick et al. 1986). As
shown in Table 1 (case #28-37), a decrease in degradation
rates was observed for volatile or semi-volatile organic
pollutants, such as chlorophenol and nitrophenol, with an
increase in pH at various ultrasound frequencies
(20-1000 kHz) and purging gases (i.e., air, argon and
oxygen). All pK, values fall into the tested pH range in
each study to assure the protonation state of the organic
pollutants. Since not all organic molecules diffuse into gas
phase of cavitation bubbles, hydrophobicity-induced
accumulation of organic pollutants onto bubble—water
interface also accounted for the enhanced degradation for
neutral form species as compared to the ionic species.

Hydrophobicity

Octanol water partition coefficient, Kow, is a physico-
chemical property that is a measure of the hydrophobicity
of a compound (McNaught and Wilkinson 2000), as indi-
cated in the following equation:

[C] in octanol phase
Kow = 6
oW [C] in water phase (6)

Many studies have evaluated the effect of Kow on the
sonolytic degradation of organic contaminants (Emery
et al. 2005; Fu et al. 2007; Nanzai et al. 2008; Park et al.
2011; Wu and Ondruschka 2006). Particularly, faster
sonolytic kinetics of non-volatile acidic organic pollutants
were observed at low pH, because the increased
hydrophobicity of protonated species resulted in more
molecules accumulating and degrading at the interface of
cavitation bubbles, the site of reactivity (Mason and Tiehm
2001; Mason and Lorimer 2002; Suslick 1989, 1990;
Suslick et al. 1986). As shown in Table 1, cases #38-57,
the majority of these studies reported reduced degradation
of organic pollutants in ionized form at high pH. For
example, Jiang et al. (2002) studied the sonolysis of 4-ni-
trophenol (NP = NP~ + H', pK, = 7.08) and aniline
(ANI" = ANI + H*, pK, = 4.6) with pH ranging from 2
to 9. They observed that the degradation rate of 4-nitro-
phenol decreased with an increase in pH, but the degra-
dation rate of aniline increased with an increase in pH.
They attributed the faster degradation rates of neutral
4-nitrophenol and aniline over their ionic forms to the
protonation of phenoxide group for 4-nitrophenol at acidic
pH and deprotonation of ammonium group for aniline at
alkaline pH, respectively. The higher hydrophobicity of
neutral form than the ionic form results in a higher degree
of accumulation at bubble—water interfaces for the neutral
species. It is worth mentioning that hydrophobicity was
also the predominant factor that has been frequently used to
account for organic pollutant degradation in ultrasound-
UV, ultrasound-TiO,, and hydrodynamic cavitation sys-
tems (Chen and Huang 2011; Wu et al. 2001a; Yang et al.
2013).

Since surfactants always stay transphilic in different pH
solutions due to a polar head and hydrophobic tail struc-
ture, no impact on the surfactant sonolysis was observed
(Weavers et al. 2005). On the other hand, compounds
without pK, values such as trihalomethane have no ionized
form and little degradation variance for trihalomethane was
observed in tested pH range (Shemer and Narkis 2005).
These unchanged degradation kinetics further confirms the
hydrophobicity explanation for pH effects.
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Charge

Watmough et al. (1992) used a 1 kV potential electrode to
record the dye (i.e., methylene blue and sky blue dye)
deposition on paper in a sonicated solution. Their results
implied that the ultrasound-induced gas bubbles carry a
negative electric charge with a field charge of about
7 x 10° Vm™ . Therefore, the electrostatic attractive
force between the positively charged organic molecule and
the negatively charged bubble—water interface was repor-
ted to contribute to the altered degradation Kkinetics at
different pH values (case #58-64 in Table 1). De Bel
et al. (2009) reported that the sonochemical degradation
rate constants for zwitterion ciprofloxacin (pK,; = 3.64,
pK. = 5.05, pKy3 = 6.95 and pK,, = 8.95) was almost
four times larger at pH 3.0 than those at pH 7.0 and 10.0.
They explained that the electrostatic attractive force
between the positively charged ciprofloxacin molecule (43
charged at pH < 3.64; 42 charged between pH 3.64 and
5.05; 41 charged between pH 5.05 and 6.95; O charged
between pH 6.95 and 8.95; and —1 charged at pH > 8.95)
and the negatively charged bubble—water interface resulted
in a faster degradation kinetics under acidic condition than
neutral and alkaline pH (De Bel et al. 2009). In addition,
Kim et al. (2001) stated that dibenzothiophene during
sonolysis became increasingly charged at higher pH
resulting in increased degradation rates.

Other researchers have come up with alternate expla-
nations. For example, Cheng et al. (2008) monitored
degradation of perfluorooctane sulfonate and perfluorooc-
tanoate at different pH values and attributed the fast
kinetics at low pH to interactions of protons with the
bubble-water interface. They suggested that the bubble—
water interface became increasingly positively charged as
pH decreased below 4 and therefore attracted more con-
taminants with opposite charge (Cheng et al. 2010). Like-
wise, Jiang et al. (2002) and Kidak and Ince (2006) both
claimed hydrophobicity and charge of 4-nitrophenol and
phenol molecules as reasons for decreasing degradation
with respect to pH values (Jiang et al. 2002; Kidak and Ince
2006). In sonocatalysis systems, pH altered the surface
charge of metal oxides and thus adsorption of phenol and
reactive red dye 198 onto the oxide surface leading to
varied degradation (Anju et al. 2012; Kaur and Singh
2007).

Many of these studies have utilized combinations of
explanations for organic pollutant sonolysis at different pH
in the heterogeneous cavitational system. For example,
Mendez-Arriaga et al. (2008) observed that the initial
degradation rate at pH 3.0 was significantly higher than
those at pH 5.0 and 11.0 during sonolysis of ibuprofen.
They explained that the protonation of the carboxylic group
of ibuprofen at pH values lower than its pK,, 4.9, led to a
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faster degradation rate because the increased hydropho-
bicity of protonated ibuprofen results in more ibuprofen
molecules accumulating and degrading at the interface of
the cavitation bubble (Mendez-Arriaga et al. 2008). Addi-
tionally, they also discussed that ‘'OH recombined to form
H,0; at high pH resulting in a low radical yield that further
slowed down the degradation process of ibuprofen. Since
the sonochemical process involves thermolysis, ‘OH oxi-
dation, and formation of byproducts in gas, interfacial, and
bulk regions of cavitation bubbles, a single physicochem-
ical property of organic pollutants may have limited
capability to accurately govern the complex Kkinetics,
especially when the compound covers a diversity of
structures and a wide range of physicochemical properties.

pH effects on water matrices and subsequent
organic pollutant degradation kinetics

In addition to the physicochemical properties of organic
pollutants, solution chemistry including both inorganic and
organic matrices in waters is a critical factor in determining
the final degradation kinetics by altering [ OH] and [C] in
Eq. 2. Generally, inorganic matrices can change the
sonochemical degradation of contaminants through two
mechanisms: competing for ‘'OH and altering the accumu-
lation of organic compounds at the bubble—water interface
through salting-out effects. Studies on effects of inorganic
scavengers on organic pollutant degradation kinetics in
different pH solutions are mostly focused on buffer ions,
such as HCO3, CO3~, HPO3™ and SO; ™. At acidic con-
ditions, SO;~ and HPO%’ are reported to scavenge OH
(Uddin and Hayashi 2009; Xu et al. 2013), whereas HCO3
and CO3~ consumed the free radical in bulk solution at
alkaline pH (He et al. 2007a; Ince and Tezcanli-Guyer
2004; Wang et al. 2009). Cheng et al. (2010) investigated
the effect of specific anions on sonolysis of perfluorooctane
sulfonate and perfluorooctanoate at the frequency of
612 kHz. They observed the role that anions played on the
degradation kinetics followed the Hofmeister series:
ClO; >NO; > Cl~ > SO}". They speculated that the
coordinating structure of water clusters at the bubble—water
interface may be forced to transform due to the presence of
these ions and alter water vapor transported into the bub-
ble, resulting in a decreased collapse temperature.

On the other hand, the natural organic matters, such as
Suwannee River fulvic and humic acid, have been selected
as representative organic matrices to examine their influ-
ence on sonochemical degradation of organic pollutants
(Cheng et al. 2008; Laughrey et al. 2001; Lu and Weavers
2002; Taylor et al. 1999; Xiao et al. 2013a, 2014a).
Reduced sonochemical degradation of target contaminants,
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such as 4-chlorobiphenyl (4-CB) (Lu and Weavers 2002)
and polycyclic aromatic hydrocarbons (Taylor et al. 1999)
by natural organic matters have been reported. Both attri-
bute the reduced degradation kinetics to two effects: (1)
natural organic matters competes with target contaminants
for 'OH, potentially hindering the degradation process; and
(2) Suwannee River fulvic acid alters the threshold of
transient cavitation via surface tension (y, J m_z) changes,
reducing the bubble—water interfacial temperatures and
ultimately degradation rates. However, some studies sug-
gest that the presence of natural organic matters has no
impact on the sonochemical degradation of contaminants,
such as methyl tert-butyl ether (Kang et al. 1999). Exam-
ining the pH effects on sonochemical removal of organic
pollutants in the presence organic matrices is a more
complex process, since any change in a single parameter
results in an alteration in both target compounds and
organic matrices. So far, there is a lack of systematic
studies exploring the impact of organic matrices on organic
pollutant sonolysis under different pH conditions.

Conclusion

In the present review, several common explanations were
summarized for the pH effects on sonochemical degrada-
tion: volatility and hydrophobicity of the target compound,
Coulombic interactions between compound and cavitation
bubble, and radical quantity and reactivity in different pH
solutions, as tabulated in Table 2. The physicochemical
property, pK, value of ionizable organic pollutants seems
to be one of the most critical factors in determining
sonochemical degradation kinetics at different pH.
Volatility, hydrophobicity and Coulombic interactions are
the most widely used explanations for sonochemical
degradation of organic pollutants with pK, values. How-
ever, these explanations are not sufficient to explain the
degradation variance at different pH for organic pollutants
without ionizable groups (e.g., PAHs and carbamazepine),
since they do not protonate or deprotonate with pH.
Instead, the oxidation potential and quantity yield of ‘OH

with respect to pH was proposed to account for the
degradation kinetics of organic pollutants during
sonication.

Although the proposed explanations are valid in each
individual case, they are not necessarily valid in all cases
implying further study is required for clear interpretation of
pH effects in sonochemical processes, as cavitation bubble
dynamics, molecular properties of organic pollutants, and
solution matrix all contribute to the complexity of sono-
chemical responses (e.g., radical quantity, bubble charge,
and number of organic molecules accumulated on bubble—
water interface). In particular, identifying and elucidating
radical reaction pathways in the ultrasonic or combined
systems is crucial to determine the radical yield and related
degradation variance with respect to pH. In addition, the
potential interference of coexisting buffer ions (e.g.,
H,PO;, HPO3™, HCO;, and CO3") to radical quantifica-
tion needs to be addressed. Further, the charge of cavitation
bubbles needs to be verified and quantified with more
concreted evidence. Winter et al. (2009) summarized the
surface-selective photoelectron spectroscopy results and
molecular dynamics simulations and concluded that the
air—water interface was more positively charged than the
bulk due to the presence of hydronium ion in acidic solu-
tion. This conflicts with observations from Watmough et al.
(1992) that cavitation bubbles are negatively charged.
Although these studies confirmed that the surface charge
on bubbles changes with pH, it is controversial whether the
charge becomes more positive or negative as pH changes.

In addition, due to the limited knowledge of fluid and
bubble dynamics in ultrasonic reactors, it is quite difficult
to fully understand the characteristics of ultrasonic systems
and combined effects of the thermodynamics and kinetics
of target contaminants. In particular, bubbles in the ultra-
sound field are subjected to high velocity oscillations and
translations (Leighton 1994). These phenomena signifi-
cantly affect the fluid dynamics in the reactor (Wei et al.
2015; Wei and Weavers 2016), resulting in a more com-
plex factor to take into consideration when it comes to
prediction of the degradation Kkinetics using a single
physicochemical property of an organic pollutant. In

Table 2 Summary of existing explanations for pH effects on sonochemical degradation of organic pollutants

Organic Dominant factor Explanations
pollutants
With pK, Physicochemical Ky or Increased hydrophobicity of neutral form results in accumulation and degradation at the bubble
properties Kow interface or thermolysis in the gas phase for volatile compounds
Charge The opposite electrostatic charge between ionized form and cavitation bubble surface affects
distribution of organic pollutants in vicinity of bubbles and thus degradation kinetics

Without Free radical Quantity  Enhanced ‘OH production accelerates degradation kinetics based on the reaction rate law

pK, Reactivity Higher reactivity (e.g., oxidation potential) of ‘OH at acidic pH than that at neutral and basic pH

increases degradation kinetics

@ Springer



178

Environ Chem Lett (2016) 14:163-182

combined systems such as ultrasound-ozone, it is obviously
more problematic to correlate the bubble and fluid
dynamics to degradation kinetics, especially for the deter-
mination of radical reaction pathways and free radical
quantity in the presence of ozone or catalytic UV
processes.

In summary, it is of particular interests and importance
to conduct the following future studies to clarify the pH
effects in ultrasonic systems: (1) quantifying free radical
yield and concentration distribution, molecule accumula-
tion on bubble water surface, and electrostatic interaction
between compounds and bubbles to evaluate the relative
contribution of each mechanism; (2) investigating the
bubble and fluid dynamics at different pH conditions to
reveal their influence to organic pollutant degradation; (3)
improving or designing new analytical technique to over-
come the low detection limit of free radicals (e.g., HO,™)
in the presence of other radicals and species for current
instruments; and (4) examining the influence of composi-
tion and concentration of water matrices, especially
organic matrix, on the sonochemical treatment of
wastewater under different pH conditions.
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