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KRG SRR AR R A IS REER

FikE KRN, EHS 96 (2021) ELAAY
 9786K171(R]
« 28X5|H
- SHRITRIK
o TEARAATY
R

ZIMENNSEYNTE | ERKGEZFESR ; Hit , FIRAHFS, BRLERASIET A
M2 RE. TR , PRGKBABRRTHIBRIE S | BEfERS. EK+F
FENEK, PRI, URERRERMRmENS, UETEBBRERNRENSE. KkLHE
BEHEANBARMEN AN BRIR, ASOFMELE T BRI IBRERIFE , Aot
BT HAEBNE KT KSR ML SRR RAR |, BiEREUFLTZ. Bk KR
SPHETIFREYN |, BIFAEYIER, ESRAMBEEY RN , FERNEILHEY
RIEMEEBEE., &E , 2HT7T BRTEGOKUBREAMER |, FFHRE T RREPKBEARTR
B RIS,

XER

o BURAKBA MR SIFEMER | KIRMEFEY.
o WAMAYIERE IR ERERINR,
o RRGUKBHAITTERBEHRE | RA SR,

A

K BEINNBFET BIRR I BAEREN PR ER/ N 1uim I EaR
(Alheshibrizz A , 2016 ), IRIEFESMAE R 7 AERFEAKIE GREHKIE) Fik
WK, REAKTBERBRMEB R A EASERTE , HSE4A20-30 nm , ghZRH
127100 nmE%% (Tyrrell and Attard 2001) , TIHRAKIBHIEE B /R A — T 2B
R, HYORR R/ 1 pm, XBISEEK BRI R SR AT 5T 77 A EB R A S TN RS
EASREFDSET MELKBRGIFTIEMNNAFERAES. Bal , EVRMEE ,
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AFEEHRB. RETW. BERN, ZE-KZHRESFHTIAEHN B TAERRENKS
A(Qiu et al. 2017) , ATRMEESL. MHUINEERT ; AMXLERF AR ZEFEIRIFHA
&, BiTERfEL (Haoetal 2020) . ZFLAEIL (Ulatowski et al. 2019) . BETHIA
(Ulatowski et al. 2019) Fskzh155i% (Oliveira et al. 2018) FEAHURLNKS A, B—H
|, KRR R EEESER.

H5EBMSRA (BR/NT50um) SKEZXSA (BRATImm) R, RGKBRIME
ISRV , FEAYME R . RFEMEFTIRHNY AR 2 XE , TRHEREERHN
BAMRBIMAE. E7J<UE€ﬁﬁEﬂﬁﬁ EEIﬁ':7kﬁ/ﬁﬁﬁ 7J<m- PIE EMJEEHJUMA
ARHER., I K

Han ., 2020) . fE#E&K Zhengé—*F 2015) %uiﬁﬁ%%ﬂfm Kyzas’—i‘-;,2015 B4k
i#, 2019) ffr fEERCRMKSBRE RN A |, TUTHCRAK SRR UG8k A IE R R
RIBEIREN N , NN FREMAK BRIV BPAEEEER. G4, KENS
Kik& , |EE L, A EFIRLEK(Zhou et al. 2021) , FERKFEE_EEINE AN
A 7E(Cen etal. 2020 ) , FHEMN T AR FERMERFIEA., BT RKEFGKBEARRNEL
7. TTRIBEY , AERBOKFRBHISEY , AT T REMRFTERER. A, TR,
BRFETREE L] KAEME SR | (BRIERTET ALK SANFEA AN RKERR
ST HESEEFNERL  ROBHARKFENY. | BER/RAAXE. Z—FAH , TFEEY
FIET 2N AT kAR | {BIRADE ,mﬁ%%lﬁ%ﬂLchﬁs%,VW#ﬁ/a SiraEYRARMEGS S
ReBHINEDIEESE |, RINEAREYIE  DUEHERARH TR, VA,

AR ROEEENE LERIEARRIKTBRERMRT , RN T BABATELIEZB/I5E
P KT RN FIDRAAE | ERESARMAKBREEGNIFRAEM L. &e , RN
BT T BKAIER L5 R R R AR F R BIAS XSV AR R,

EAHFE

EieEd

STHARE K SRR R FT AT AZE Johnson 1 Cooke &FRI—E = HLE] (1981) . 4]
REVE , KPR YN U FRH SRR RTRE , BT RAFERREEMETITE AL
RIREERFE , XEKBITRIREKIX 24 /N, AT , IRIELBHBNTE | RIKFIRERE
R EAERME I E D AT ARSI R AT AR AR A FR1IRRIE. (1); XIF1E2016 ] :

Mg=20r
(1)

‘QEP APASBRNSMNERZE | AR SR ER ; om’:u/a//&ﬁiﬁﬁﬂﬁéﬁé’ﬁﬁ r jqﬁ/ﬂiiﬁ
. BRERLERT , NEFENSHNIE |, JERTSAKME TRmeiRiET | SR
EBZ%%o B0, 24257100 nmESBRESKX1.5%10 ° Pa ; ZRMEFKH72 m N/m\ HBRAR
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$1:010 ° Palt(Gurung et al. 2016 ) , iTHELERKAAEIZA100 nmEPZEKS R BEFE/K P 724E
10 ps(Ljunggren and Eriksson 1997) ; Nirmalkar & A , 2018) . %A1 , B4k , kLK
KSEIFET I IZ 5T (Alheshibri et al. 2016 ) , FEEBEITEI IR EHRK IBIREREAH
HAIN AR | ELZHEIRESS T KB IRERIE. KE\EREN T, X7
PAERFENR/ NS SR EmES |, TR,

HEABTEE , REBFIRER B IIEKIEKE L (Demangeat 2015) , AR
RSB ATAIEKFEB IR EEZINA (Azevedo et al. 2016 ; Liu etal. 2013) . S/BH_E
FHRESHRTEYRX , BESEFRME/N , EFHEEMEERESSAAEMAEK, —
WO TERAR |, #1240 50 nm K9SB _EF R ER{KZE 2.7 nm/s (Alheshibri et al. 2016 ).,
FENIAK BRI T A2 AT ; B, KRG BEKFRFHIERBEK. JER
OIRRFEAN. (2018 ) REFR , KRYPKSBRIFRIE/LD A NRIFEE , EHHIETFHER
RIFEE , RIIRFEBENARLE . BB RERE FLREAWSLY. (Nirmalkar et al.
2018 ). NfER—%4) , Weijs A, (2012) FIANFEANFRAT R TIREMKIRE |, 3k
RIS ALK S RIB T Frics S A BRIP4 8R (Weijs A, 2012),

Ah , SRR AESRERE., BRBRAER S| RNEREBEE R zeta BAKE
i, XERIFPRERIIE R | BTINERAASAZ BRERRAEFREIRS 1
(Parmar #1 Majumder 2013 ) . Zeta FA{u A BMIUNBAE RGN KIIFEEM. MREFR
PR MARIIERESM zeta B (TASIE) , MEMFFSKIBEE ; B0, B4R
BABREMEH (Gurung etal. 2016) . RFIBEFHER OH BFHMKBREFRAFRE
HHEEFE , E2RSITIERK H; O "B+ , AMEMAWNEZE (Boshenyatov et al.
2019) . MMRABZ ANAEEESARFFEAERNRET XA E IR ; Bk, 4
KRBRIME BAELZIRFREMMWAM (Calgaroto et al. 2014) . IRIEX(EFAR-HEH T
AFEHTERAIEIRARTY | aAFE[Eq. (2)—A7FE. (5) ; Satpute 1 Earthman 20211 :

pFnt+prep=peXt+pst

prep=3keoc22

o=e0eWA
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A=0ekZ BJ[E]2 R ATKq2
(5)

HF pinc ARFPES | P rep ARIBRERMRNAEFZ AR FNFTERNEZRTFTED | p exh
SNEREES |, p s HRESKAF=ERIE S |, ke ECENREEI 1.1 %108 Nm2 C2),0 £
SBRRMENEE | FAkEWEEZE Debye-Hickel G FEARE zeta FALITE | € 0g
NEEHERTRIMKNETEE , ¢ BMERNEEEH , A 2EFKE | xi £ zeta By, | %3
EBFHEFURE , Bl OH - 72 pH 10 -4 ™ m 37, THEE | k g Wl /REEEH , N
ARIFTRAES 1.

PRI T RIELBIOH - \mHE R R ARA AR OB R TR , ATfEas
KBRIMEARKFAENE, ANAESCRFTIR | zetaFB A {EREN BpHEMA A, , RILH
fEE R RpHERIEM , zetaF I TRMHE AMEEE , SERBERIEAEAILM , BTHBFNE
SEEMIEE (MeegodaZk A | 2018) . FEERTEANARPHIEEIRN , K AEE RILLE KRS
KtaZetamfu , XEBATRANSKRALAEEMREF (OH") HXTFEEF HY) T
2, BERMIFERIE BN SER R KRB BRKN Zetar i, SRS |, B
FEEHRT OH SkFEEMEE (Nirmalkar et al. 2018) , FITE pH 3 LU T HIZRE M1 Freh
PR SAK zeta BRAAEEAE BRI , SBRBEHNTEEMSES (Zhang et al.
2020) . 30 mV 4 zeta FA{ K/ MBI AR BEB = E R F NI B TFHKKBIFRIZENIG
HR{H (Ushikubo etal. 2010 ) ,

BEBH , ORRY T FFE BTSRRI K S BRFEE LS , BIEssE R NER

(Yasuietal. 2018) . BFisivi®ie (Weijs etal. 2012) | FREHERL (Yount 1979) | i+
2E[RFERY  (Atchley and Prosperetti 1989) , sS85 (Yasui et al. 2016) . #AM , B
KUK BRI EIMEEM FEH — SR A BEER KRB L — L.

[BUERHER

KPR K SR EBEFASEART , SESBES , ANMESBEEFEKERE 2P AR
LR FF RIS BRSNS EXEREXY BER S K DRI (L et al.,
2014 ) , NS BP9ERE FEER IR KE Rk RS EOBERE AT, g/, R, B
KK BB REBANLRER , B ASBNRERSSBREERREE (Kim et al.
2018) , 0 , 1000 DMEARA 5 mm RS AAFAR S REFAA 0.0785 m 2 (E/KFA = 6.54 x
10-5 m?3) , MARRHAFRINEZR A 100 nm WS AREKREFAA 0.0785 m 2 (E (kTR = 6.54
x10°m3) (KFVSHE=524x1022 m?3) |, YKAMEZLT1.25 %10 VBf , BREA
B3, 1523925 m ® (Batagoda et al. 2019) ., WMFIATA , ELZRSKAUBE SBRER
fREkS | I ERTAEFGK AN ERERNY . KRS B EFKRLRER , BEOMR
ST REEBERARSER, HESBMRNEE SRR —EMRIRER , <A SmRHY
x.
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FAEBBERREN

ZIWMRRE | BBEFEIENKNNTUERASSIEUKBERIFEBHE (Masuda et al.
2015) . FEHRKSBEBHERIERES | W EFFRZMB AR ERERIEMN, BT SRR E
SHRAmMAERZIZN , REEFI LNSKRESFHEABRREIRAONFRE. RN, H4493)
BRIBGRN E4ER , HIHRAKKD FEZERSIREFES (Krishnan et al. 2006) , 1M
SERE , FELMEMSR (ROS) , AFEREBHE (OH) | BEMAETFEHE (0,
) ML ESE ('0,) (Atkinson Z A, 2019 4E ; Liu %A, 2015 4F ; Lyu % A, 2019
F) , —EHRELEN ARk E BEIPHIRERREAEE T IMFE. KIF@E
A. (2020 FIFRET5,5-—FF £-1-ILIEHN-E4H)(DMPO) B e sk R F Nkl AR & 04T
TRAKBINES-KBRGEFHWEBE. 7£ DMPO JRER 100 mM i , ARIBH AL |
HR T -YKBREFREBIRRELAA 1.5 uM (Michailidi A , 2020) . FFA. (
2020 ) {8 2-Afz. AR (BQ) F1 NaN fEATBRFISA#EK-OH, O, - 'O, , DAMkEEE
SEERNRMBATTRER N FH , FFEHLS : -OH, O, ' O ;A UHABFTHKSBAR
&, M-OHERMR Y FIEFMEM (Wang et al. 2020) . XIZFA. (2016 ) AR
PET APF IESK T B4k /AKF-OH K7EFE |, FHFATL M E/RMELEN T HEE (Liu et al.
2016 ), XEEMAEMRRENTEER T ERNATSRENTIEF , DANIEE KA K]
FAMBIIEEY (NZFIRFMMERRUEY) | WA ATREENIES.

ERBET ERMFRMR , BORGK B R KA IEURZ 2R £ KT, FFEBuERiR
BYWNEATZ A EERET EREN. RELERTR , TRMRHRENS , KRGO/
MBS ZFRIERFKTRBINERY) , XKBBE . (1) Bod|FELE, KRR, h
REEBINEFEEMBIA ; (2) REKFBRS , DUINSRAEYEERITIES . &M TIEAIR
AW R Y ASA R E MAEYIRAEETE 5 (3) A BBRERANMEMREXELIEYIFMENB L
BY , XTI T RNETHRAES,

ES KL L b

FIEHOARR EREBER. B2, KEEENEZEEMNBENEFRR & TEMSHANA
7% (Colic A , 2007 ) . [ ZATEKREKAGIRARGTINERTHRHEMENY , ISR
SANETZ0f. 9 SVUEEETSARMEMD NIEIFPRRE , AMERSE-FRER
&K, NMBERKSEYMNEN. Fitt , FNEAS EAEPKE , FHEHE |, SSHLE-REK
BB E  XEIEBRER(Zimmerman et al. 2011), 7B-FUKER SRR EUR T £ FE
%, AIFERBMAR RSz, KEE , EPRESESEHIANEN BTPREZNSE. £
GIRIF AN THAZSTERFRBALE A EN , BB RENISTEN , FREBEREK
(Fan etal. 2010) ., {RFERBRTFTIE-FRATER ATEEME | FE L4 F0h R~ R A
B, SiB-Fhi N B9 BIEEER S (Tao 2005 ) . SKKIFIERER , 4hKSBRNIEERTS T
TFENIETOE |, BT FAIAIEREEKYE | IR S T /RIKIFESZE (Fan et al. 2010 ; Sobhy
#Tao 2018 ; TaoF1Sobhy 2019 ) ., FHEH SRR = MESLRRTE @« AB-FURATE,
WEMNSE., SMERNFREZSE , B/NERTHEESS A SN [BRE ] SetEAIE N
BYIMK , FEBETR/N , JAKIEIR SR G525 B 1 F2H MR BN FERL
BARREBRFTRFLE | 3BT AFFSAZ BRHEFEERI R GEME (Luttrell 0 Yoon
1992 ; Xiao £ A2018) ., HKItE3w (2005) SELAKSBRIARGH AR E/ERIHITTIE
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WA, FFREAKBRE IR T RVUE 2 BRZRAHEA R s |, BiERE.
BAKTRANMERLE EE R AR UG R., bINERA—ERY , ISR BB R )
LR SABEM T BRI, NMBEET REFA (Mishchuk 2005) . #hFLEFA. (
2019 IR 7 BRI A MIHAAZRALFIE T AR , KIEZ 171 nmERZK <A
R, ARFRERE T e ERNIRMERTEFERT 0 110 M 293 nm MK SBRUEE
BBAELT (Nazari A , 2019) . £FA. (2007 ) BT K SBFEAN

(NBFT) Z5aikit T2 AR SRR EAARMAPREAMERLFYHE (CMP) K |, bk
WERKREA , SEERMIRE/ZETZAEM | NBFTASTRERA(E BKMRIHRZEIZ ST 40%

(Tsaietal. 2007) . Lt4h, RRMBZFEFEA. (2016 )BEFPKBFERIFEE =F I
&, HhKSBFEPH 10 8ETHEMITERRTE A IRIUIE £, @I i1F5e5) B I R IRINED | PRI
KEZRXFI80% , RPWAKBEFEAT RN AABLIEEE S REKWEND (R/RNE
EEA , 2016) . B4, BFA. (2019 ) BIRT +fk (DDA) F4E TE = BEREKE N T
W= BRAOK TRBIIR AT A (Zhou et al. 2019 )., £ERKE , KB KRTN4 DDA &
&, FFEMISHIRMEE = ERE L, TTREEE =ALETFLMIGE , NMSHE = &FERE
Rz 3R, SRYMATEFA. (2017 ) BIRTHSA (30~40 mm) FNZKSHA (150~350
nm) SFELKPRLACEIRMAE ; ISLK BRI (3 x 10 81, 3mg/L DismulganZit fa
YEINT R SRAARIGKYE |, (REET ARSI ZUARIREN | IFERERR D AIET3%IE 5284 %A
92%$E=%95% , 737 (Etchepare A , 2017) . BT LRHR , BERLKBHN AR
SWEE S & S NIIEL s PN E 27/

FRAMALE

XTI B ALK , AMAIRT % |, BIEAMEME RTINS, EYEEETe. A
MR EE (MBR) %, SEAFIEFHMAYIEUFRAREFZEIIMIA YR L F A

bb | BEREMR. FREALF. NI , EACH—FMUBAIERAR. AWERN RMAEYRAO
ER , KT ESEEUFYRMELBIRRS . FREYI RN ERRFIF ARG
. TR R SR,

SREFEAYPHHFRFTREZXERNER , BHAYENEMBOECRNIEY , ©H
ERAB BB T AT AR AN RIRER | MUEEYEE T ET , AR
MR REN. FRMEAY R VS, Fit , FEMRETHKEFER , DURSKFH
BRERE , RAATYNERE, BRERHETRERERSHER IZAR. SRR
BRREREY BIARIHRE R E AL | HUMLE A S (El-Zahaby and EI-Gendy 2016 ) , TR
ERSRBAIEAR , ARTIRERRE. DKBRFNT AR, FFEEKPRIEE A
B, RCATIAEBHHY SRS, 5KFA. (2018 ) AR T iliaAIIE , HaRE
B, BB RETRSBMASESET , ARERMREILTEHRE O 2 kXMW A
KRBBMEIHA/DIBNOMEY | Mys SRERIATIAW ] LUK B RIR BT ERT 6= 5/7t
HPRE6MARLE (Zhang etal. 2018) . ZFIEA. (2013 )L T AKX FIKAENME
KRR , ZIHKBFRESKEFTERRLRSAIR 1256 | SRR EERFA166E, .
BESh , BRI T K SUBSHIFRAMIRMK P IS RNEN |, EREY , JOKBESEMK
Bk B A SH AR METE AL F B EES VAR TVRENME |, FFEAXIBR
[SEKETHIYEBNORENEARZEERASGT EANRENER—F, ETXLEER, BA
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ReH K AR AR SHF ALY MRS FE RIS ISR K (Lietal. 2013) . &I,
Xiao # Xu (2020 ) ZAAEFEAVERSTRHUELZSHES , DURSHMEREF IR RE KL E
AOIRTAAS (Xiao A Xu 2020) . SKEOERER , Gk BRBRARBMBHRMHARENN .56
RIERMER | RETAEYRNEK , KU T EFNUFFTRENIRERBEE. o, K<
ARSI BAI80% AR, HMED/REAN, (2019) EERK, MK, AEEFEKMT
W EIK U RGP ALK S, FRITAK BT K ISR G, © A RUTRE | FTE
PNARGHIKANE SRR R EREESEIEMN , HPiafta s 3SR B Rk MbEK K 2(EH1.5
&, RN, £j&EKFHFFRERLERTHS99My/LEZER LR F4mg/L , TAvEKFH
FRAERLIHEATN4520mg/LIEE124mg/L , REBE. WKIBIEKALIEFHINH

(Rameshkumar % A , 2019) ., 1 LFTRE , SFEIR , YK KIBIEERE AHAEM LKL
ST T EART RN ARTR,

LEiEtExR

IR B3 A AR O A R AR IR (BAC) Wigid A2 RIFA MBI (DOC) HER
WU, TEMERTIZ MR T RERSEEHI S AN RIRE R SRR K R = F 5 s
B UEREFERY) , BIESEGRLEY. WELEY. 7EEN. AarERe
X, BAERESIBRRNTIZWAKREIR (Rattier FA , 2012) . FEENEKHERS |, &M
KB R B YA, SBRANBIIEER , BB THAEM SRR FLERT AT
AR, NMEEREYEHRAEYR., KR T RS ATESN ALY B XER MR
AR RNARTEFRDOC, ET I, , BACT B MAMIEMIEN ZEIEN. FTATR |, 4
KIUBBERS T ATHAENEYIEBRNTFEEYREARSHWBIMEEREE. EFLE
KE , RGP BRNNEBFEYERER |, TEEEBRMER. EAHEFA. (2019 )i
T AR SBITEME R IR KPR E TR | FFRIE T K UBFESAFAER IR AETI R
SR ; AT, IRFHEFES AEDGIRZMANE T 366% , TR R [ F1grhs 18] , i
IO M- IRAEER ; MXLLERIGHILGE , AR HEN RS2 ERE L , NE
BN TAESE Y BANSBREMERILT (Kyzas A , 2019 ) . SR , BRENK BRI TEME K
R MBI SR IE BRI FRR.

AR AGHEAYIEMEMIUEE AR , NAFERBMITE T T, BRIMENTHRTS
IREHBRSEK , KEEIRSSIUA AR RN T E AT A A, X MEER
RZMHAEMERSEFE FTAN. BEAFGET YRR IR T LRHAEYRER
(FEMESIRAAYIE) 0. (2021) , thTRERK , KBTI R AT AMAEY)
REMRAETHSMOES , T BREMFRN10.58%HIEE. o , MAEMREERNLE
MASEIME |, RPMEEYIREEMEMSRARR T RSN , ARsNES AL EEEYIR
FEMETRIRF 2 ABEMEREKT |, 97143405 F1.706%, ZLERKRP , JKSBEITNE
BAEMRERNEME TS RIMUNBEMEDN N T REARERE , RN SEEEYMREEKE
WHEEFE , FFRIRN TIEIEISIE , SEMKSEARMELBIBURIELLT , AELBIEET 50%
i, £5RAAIEE (Xiao etal. 2021) , JFRA AR AN TR T ZKMETHRRTF )
A, FRREBNITEEFRETAEE RFNOBR. SRAKERIRIBENREAR , BIF
ME. RASMNRENY , FEMRSINREY (WEBR. WokiaY). BERMEME
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PNF) EETERBFRASENENEREMR (Semblante &) 2017 ) . ERESMAEMAMKN
ZHl , EEAHARNEYMAMABINEEYIER. BIREERKIR T WNILHRKE LA HOKAR
% |, [RZ-20um, EAREEK , ZEMNMSBRK , TEFBESRLEENERR , REIT
REBTIRAFAREES , MK KBRERILER NN ER., AL, BH T EEINTH
REJEE , MASARITCARAMREBIER. TAFA. (20214) SR HERISE
TREN TR EBRRFEN , FHLR T kBB SBRFRBERBEREMEES ; 4R
RAP , FERPASBBTREMNASZT |, 152 80% LT HETFHRESNEH 15 mg-O 3 /g-
MLSS , MY REBPKIBIHETE , IEREFER 25 mg-0 3 /g-MLSS, SRR iR KA
. WA, EREEFRZARMBOT , NSREERRMEINTRITARERE , AWM
KB ARGHIERBHKIBRAZTEKX , XRPUKKBREREIRZ S T I5TeHIBER
Bz (Hashimoto % A , 2021) .

RAEY R 2%

IFEMBRAABIFEBENSET RS , SOANREREEFRAIENE RS , HP %%
TR IR, DU FEMEMRIE B ITE RS, HN e KoKmeT, SHmmFs,
BAOTHERARE. BERBRAEER, 5RFE0% , Terfasa (2017) 1THE THKIBR
SHEMROFREE , X3 : ELFERRBIIFRAGHR=F , RIPDKIIBELD T TR
WEFIT ETTIRINIAE (Terfasa 2017) . 21 , &7 FEXER AR STELSZESS , MBR
EHEIEBYLE KA IRF REEAEY STRRIE |, XFEA T IRERIEMH S A B E38m

(lorhemen % , 2016 ) . ALt , D4RFEE MBR o] #5455 o2 4# 5k W5 . Terfasa (
2017) EEZRGAWKBIIFARGP X EDIRIHT T | E5RR[E , MAHRGHET
IR AR R T FE |, (BEERSE TEEER. I, RAZIFFH ARG ZR
HRAFPLER REUEMS R |, XTUERTHRTHKIBRIEEMEE RIS TR

(Terfasa 2017 ) . fNi&@mEeFA. (2016 )=ilIBid(F ARBHEREMEIUEIITEY , ¥
TEKSBRENRETTRIFE S RNERE ; 5RKRP , 2BBEREEVIAKT , KA
KBEBEGB T EAFLR , XIBET OHSEN 52U E 2 EHH(Ghadimkhani et
al. 2016 ) .

REFENK BEBIFREYIARNNY AREB RSB HAREYEME | BRI TV AR
B, XRARMREEZTRD. S, N BRI RE 3 AR K SR 1)
SRR IR R B X ARG E.

&AW
ETHRRAKTBROSEAN

ETATR , —EMREEIANREBURIK BREB ™=4E -OH , HABRENALREN , FHE
ST ST I BT B I s RER A et RIATAFEANIE & Bk R IFER/E
M. B3, BRE-BRERN, FEMBAMETEEE NEYLIERFHRINNE

way). 5L, OHREY KEREEM U A BEITRE AN , FIIASINEKRE . TaRLS
SAUMIFMEN ; B, KBTS —Fh NS N AT A5, BuifiHan( 2020 )71
=T SRR ENK I, BEGHKSBMGPKIA/H 2 O o ERIRFEARIER | IE

8/26


https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR51
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR19
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR19
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR56
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR56
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR22
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR56
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR56
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR16
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR16
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR7

A MFARERRVEIE TR RT -OHIT=A&. mrovam , suksinsH 2 O A ERRT A -OHA 1t
—H5H 5, O . kNVARHO 5 -0 5 -, BIRERS T |, RISRIFHREER ;| EXAREF , 605
hERIARHKI B ZIREI90%L_E (BuiflHan 2020) . 4 , BT &M REVERSN | 142
T B ERIR S RIS S B RS REARIK G, L5RIUEST , UK KBFNLELA RS
far e R B4k SBR R AR AT K/ NSIA R R R E BB AT AR/ N LFARBAES |, PIFpS4 T H60]
PURSMamE, HIFEA. (2009 )R T 8 W RERITHEMKSAE (HE 720 nm) 771E
TR+ kR AR ERR SN (SDBS) MR, AT ERATHKIBRIRELT (185-254

nm) BHTREARSIES . SCOLERKRAR | 1£185-254 nmBBST T , SDBSSEMKSALEESH |, &
WA WEBEIRS , FEEEBKIB/ETES (VUV) RS SDBSH A MK,
SDBSEENZX99.8% , 24/ NI GBS (TOC) £Z15%76.8% (TasakiZA ,
2009) . FHA. (20204F) FEHRINVAKRFRMEKSE , RSV ANBH T EIEEZN
FFEMRWER, ERKF , R4 hfg , AKEEKFRNEBEERRSEC0% , LFTER
PHZE 11.08F , YEMEMFEREEIREI98% , ME AR H I EMBER(UN40%ZEEH. BMKS
ASFRIFE TN ENLSEE TREMKSER RV ERRFR A HFEIMROS |, £ RN ITFE
o, ERRTERRH T KRB, AR T ROSHILERL , HH-OHiLE| T EE/EMA.
EITHRZNEMRTRESIER (Wang et al. 2020) .

ETREMKSBOSEEL

Advanced oxidation technology based on ozone nanobubbles can remove pollutants either
through direct reaction of the compounds with ozone molecules or oxidation by -OH, which is
generated from the decomposition of ozone and bubble collapse. Both simultaneously
promote the efficiency of oxidative degradation (Khuntia et al. 2015), although the latter plays
a predominant role during the process because the standard oxidation potential of ozone
(2.07 V) is lower than that of -OH (2.80 V). In ozone-nanobubble based advanced oxidation
processes (AOPs), enhancing both types of reaction mechanisms is essential to increase the
overall oxidation efficiency. Different studies have reported that ozonation and ozone-based
AOPs are affected by water properties, such as pH, concentration and type of organic
matter. Regarding pH, it is known that the decomposition of ozone is accelerated when the
pH or concentration of OH™ increase, which facilitates the chain reaction resulting in the
formation of -OH (Tomiyasu et al. 1985). Lucas et al. (2009) studied the degradation of
organic matter involved in winery wastewater and found that the reduction rate of the
chemical oxygen demand at alkaline and neutral pHs was more accelerated than at acidic
pHs due to the formation of radical species from the decomposition of ozone (Lucas et al.
2009). Similarly, the pH of the medium strongly influences the stability of the bulk
nanobubbles as discussed in previous section. Interestingly, the reaction between ozone and
water molecules (O3 + HoO — O, + OH™ + OH") increases OH™ ions, which are
responsible for producing more negatively charged nanobubbles, resulting in considerable
delivery efficiency of ozone molecules for the oxidation process. The restricted efficiency of
ozone is due to its relatively low solubility and rapid decomposition in the aqueous phase.
Nanobubbles as ozone delivery carrier enhance ozone concentration and prolong the ozone
half-life in solution, leading to reduction of ozone wastage and increment reaction rates with
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contaminants. Batagoda et al. (2019) compared the life of ozone bubbles produced by a
regular diffuser and a nano-diffuser, showing that after 1 h of stabilisation, nano-ozone
bubbles retained ozone in water for approximately four times longer than those produced
using a regular diffuser (Batagoda et al. 2019). Hewage et al. (2020) designed an ultrasound
and ozone nanobubble-coupled method to remediate the organic pollutants in sediments, p-
terphenyl as simulated contaminant, of which the ultrasound was used to desorb the
contaminants from sediments to suspension and then the pollutants were degraded by
ozone. The results showed that ozone concentration delivered by nanobubbles was much
higher than that with regular diffuser, concurrently, the reduction rate of ozone concentration
of the former was far slower than the latter. The p-terphenyl treatment efficiency with
ultrasound but without ozone nanobubbles was only 76.7%, while that of 91.5% was
achieved when combined the two steps (Hewage et al. 2020). On the other hand, the
possibility of improving the oxidative efficiency of an ozone-based water treatment unit
depends largely on the -OH exposure. Terfasa (2017) reported that a reduction in bubble size
to the nanoscale resulted in an increase in the concentration of -OH by a minimum of 3.5-fold
when compared to the microbubble system, even in acidic media (Terfasa 2017), promoting
the oxidation of small molecular organic matter such as olefins, having C = C bonds to CO,
and converting large molecular content to small sizes for subsequent combined biological
processes such as MBRs, if necessary. 1,4-Dioxane, which has low microbial degradability
and shows potential carcinogenicity to humans, was oxidised by the ozone-nanobubble
system; the concentration decreased in the exponential decay model and dropped from
0.33 mg/L to the detection limit (0.005 mg/L) in 2-3 h, which was ascribed to the large
amount of -OH generated (Maie et al. 2020). As we can see, different types of gas source in
bulk nanobubble-based system all get impressive removal efficiency of various organic
pollutants by advanced oxidation which are briefly shown in Table 1.

Table 1 Typical researches of removal efficiency of organic pollutants by bulk nanobubble-
based advanced oxidation
Full size table >

Ozone-integrated biological technologies

Ozonation hybrids with sustainable biological methods, as discussed in the previous section,
such as biological activated carbon and membrane bioreactors, are powerful for reducing
recalcitrant chemicals and removing toxic pollutants. Wang et al. (2019) explored the
advanced treatment of bio-treated dyeing and finishing wastewater (BDFW) in textile
industries through the O3-BAC system. The dissolved organic carbon and chemical oxygen
demand removal rates were only 6% and 16.5%, respectively by individual ozonation, and
33% and 40% by BAC alone, while 43% and 45.8% reduction were achieved by the O3-BAC
combined system, respectively, the addition of ozone had no obvious improvement for
removal efficiency (Wang et al. 2019). BAC alone preferentially degrades biodegradable
fractions such as small molecular acids, ketones, alcohols, and halogen-containing
compounds but rarely degrades fluorophores, whereas ozonation is capable to transfer
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hydrophobic or hydrophilic protein-like fluorophores to less fluorescent transformation
products that are more susceptible to biodegradation via BAC treatment, which explains the
superior performance of the O3-BAC combination system. Hu et al. (2021) integrated ozone
with co-immobilised microalgae-activated sludge bacterial biodegradation to remove organic
compounds in meat processing wastewater and reported that bacterial growth was
encouraged in ozone-pretreated wastewater (7.1-8.1 log CFU/mL) compared with the non-
pretreated control (6.0 log CFU/mL). This was found to be due to the enhanced
biodegradability of contaminants in the same way as algal biomass growth; following pre-
treatment with a favourable concentration of ozone, the soluble chemical oxygen demand
achieved a removal rate of 60.1% by microalgal biotreatment, while it is only 34.4% in control
(non-ozonated wastewater), confirming the synergistic effects of these two technologies (Hu
et al. 2021). Nonetheless, the removal rate remains restricted and dissatisfactory; thus, it is
of great need to investigate whether bulk nanobubbles, which are beneficial to individual
ozonation or biological treatment methods, can facilitate hybrid treatment efficiency.

Conclusions

Although the initial proposal of bulk nanobubbles was controversial, their existence in water
has since been proven experimentally owing to the continuous exponential increase in
research efforts in recent years. It is clear that the unique features of nanobubbles such as
high stability, long lifetimes, large surface-volume ratio, high mass transfer efficiency, and
capability to generate free radicals, can provide various means to improve conventional
technologies in the water treatment field. For future perspectives, considering the wide
applications of nanobubbles in order to further exploit their usage and gain a better in depth
understanding of the parameters that having profound impacts are crucial. Nanobubbles
have significant potential as a new environmentally friendly method to remove organic
compounds as shown in Fig. 1 through their small size and existence of a surface charge,
which effectively improve the air flotation process to separate suspensions; the large specific
surface area and durability of nanobubbles allow the enhancement of the oxygen mass
transfer efficiency to promote aeration for aerobic microorganisms to biodegrade organics
and decrease the production of excess sludge in the activated sludge process, and alleviate
fouling on the membrane of MBRs; moreover, the ability to generate free radicals with
considerable oxidation function promotes the degradation of organic compounds. In this
regard, this technology has significant value for treating wastewater containing organic
pollutants.

11/26


https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR21
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#ref-CR21
https://amb-express.springeropen.com/articles/10.1186/s13568-021-01254-0#Fig1

Fig. 1

membrane
aeration hioreactor
| CO,+H,0
i argan ics
0, NBs input P { B-{__j_ )

nxuiatmnﬂ
x’ 1)

flotation 0,
\ biodegradation Rﬂs

collapse \é

hmdegrldntmn ;ﬁl |I efullltl:..n‘:g
e ) '"
h1o]0gl-.al %o
activated . ‘\,

arbe mttroorganism mummm B o

tion
microbial aggregates

The pathways for removing organic pollutants by bulk nanobubble-integrated technologies in wastewater
Full size image>

Nevertheless, further investigation of bulk nanobubbles is required. Only by solving these
challenging issues can we make a breakthrough to provide a solid theoretical basis for the
industrial scale operations of bulk nanobubbles. The topics of subsequent research can be
determined based on the following issues:

(1) Many researchers have proposed that a large amount of active oxygen will be produced
when nanobubbles rupture, and the existence of -OH during the application of nanobubbles
has been proven. However, other ROS species such as O,-"and 'O, have not been
confirmed through mature techniques; thus, their effectiveness has yet to be evaluated, and
the interpretation of ROS generation remains controversial. Additionally, various reports
verify that ROS concentration has different influences including promotion or toxicity to
plants, but the synergistic and antagonistic interaction of ROS with microbial activities during
application of nanobubble techniques are uncovered.

(2) The advantages of bulk nanobubbles in aeration during the MBR biodegradation process
have been highlighted. Nevertheless, few studies have focused on the probable mechanism
of nanobubbles in membrane cleaning, which leads to reduce the requirement of chemicals

such as antiscalants, prolong the membrane lifetime, and decrease operational expenses.

(3) Advanced oxidation processes which mainly depend on -OH, such as ozonation, have
been integrated with MBR systems for the treatment of various wastewaters, including oils
and pharmaceuticals, dyeing or textile wastewater, municipal effluent, and domestic and
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industrial wastewater. Further investigations are required to elucidate the influence of bulk
nanobubbles on the treatment efficiency of these hybrid systems.

(4) Organic compounds, which cause taste and odour problems, such as 2-
methylisopropanol and geosmin, generated from microorganisms that persistently exist in tap
water even after it has been treated by water plants, have attracted great attention from the
public in recent years. Thus, new effective methods are of urgently required, and how to
combine bulk nanobubbles with biological activated carbon to adsorb and oxidise these taste
and odor compounds via ‘OH generated by bulk nanobubbles, deserves more attention.

(5) Some investigations have indicated nanobubbles consume lower energy than other
methods, but there is no specific data for reliable quantification. A comprehensive cost-
benefit analysis should consist of the whole processes of the nanobubble treatment system,
including the production of devices, operation, maintenance, disposal, etc. The production of
devices which are low-cost competitive devices that show superior performance and can be
used in practical engineering is of great importance.

(6) So far, research on the application of bulk nanobubbles to the treatment of organic
pollutants is limited. The existence of various substances in wastewater and the influence of
the operating conditions on the treatment need to be investigated, and the process of
conversion of organic matter remains to be discussed.

Availability of data and materials

Not applicable.
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