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Mechanism and Influencing Factors of 2—MIB Degradation by Micro-nano
Nubbles Combined with PMS
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Abstract: 2-methylisoborneol (2-MIB) is a representative odorant in drinking water. The study
investigated the kinetics and degradation mechanisms of 2—MIB using a micro-nano bubble combined
with a peroxymonosulfate system (MNBs—PMS). The effects of various parameters, such as PMS dosage,
gas source, gas flow rate, and pH, on the degradation of 2-MIB were examined. The results showed that
the extreme high temperature and pressure generated during MNBs rupture could better activate PMS.
Under the same conditions, the removal efficiency of the combined system was 3—5 times greater than that
of PMS or MNBs alone, with reaction rates achieving 4-6 times, highlighting a significant synergistic
effect. The removal efficiency positively correlated with PMS dosage and gas flow rate. When the PMS

dosage increased from 0.5 mmol/L to 5 mmol/L, the reaction rate constant increased from 0.005 0 min~" to
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0.011 2 min~". The experimental group with a gas flow rate of 50 mL/min showed a 40% improvement in

removal efficiency compared to the group with a flow rate of 10 mL/min, with optimal efficiency achieved

at pH 9 within a range of 3 to 9. Using oxygen as the gas source improved dissolved oxygen levels in the

water. The presence of natural inorganic anions and humic substances influenced degradation, with the

effects varying based on their type and concentration. Quenching experiments identified hydroxyl radicals

(+OH) and sulfate radicals (-SO,”) as the primary active species responsible for the degradation of 2—MIB.

Additionally, the study explored the intermediate products formed during the degradation of 2—-MIB in the

MNBs—PMS system and proposed possible degradation pathways.
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Fig.1 Experimental setup of MNBs—PMS
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Fig.2 Effect of PMS dosages on the degradation rate of
2-MIB

2.2.2 K&

A X 2-MIB 2 BRBCR 1952 g DL & 3, WT
UL, 2-MIB L BRECR 5 R R IEA G,
120 min J& , #5424 10,30 A1 50 mL/min 21 A4 25 Bk
Ry H K 50% . 64% F1 70%., £S48 M 10 mL/min
5% 50 mL/min B, & {E A2 M 0. 005 0 min™' #41 Z=
0.009 2 min™'. R & S H AN, K R A L BR R
IR o 0 B 8 B T o 3 2 PR A B o A T
PER RN AR T = E LM AR,
AU, S X i S e R A A e R 5 T
Fo BRI, Bl B A A A, AT e s T
REAIG, T SO TR o T B 2D | S 9 38 i AN
RELRMESR TR, B AE L BR

100
I 10 mI/min
30 mL/min
30 I 50 ml./min
<60
3
g 4
20
0 30 60 90 120

t/min
B3 #SEX2-MIBEBRNIM
Fig.3 Effect of air intakes on the degradation rate of
2-MIB

2.2.3 [

SR A b A R SE R R A - OH ™ A
I, BE T AR A SRR SRR UL AR R
RORWSZ M, 25 R R, = U RSk 3200 1 oy
31%. 64% F1 80%, %, “< MNBs Y k {5 4 0.012 5
min™, % # F 25X MNBs (0. 008 1 min™) F1 &<
MNBs (0. 002 7 min™") o ] WLAE S0 i 2 vp = A= A
HI LAY BE I HEF R - SO R X RER
TR VT B R b i A S B R A A T A
SERYAFTEREBS AR - SO, 1Y ROV RE 42, IF HLBIUAE S vz
(4 fl 2P o FG T 7 ) — D RS B, AT i 2R A AL
15 G ek gk >
2.2.4 pH

pH B ACTETE 23 R 0 /K PR BRI b ) 5 64 1k 22
MR AL IR IR NV, O % %€ T AN TR] pH X



www. cnww 1985. com

AW, 5 o R AT F) PMS [ i 2-MIB 69 L4 &% v B &

%415 H 15

2-MIB LBRFCR B0 . >4 pH 530k 3.5.7 91},
2-MIB [ #2853 )M 53% . 61% . 64% F1 712% . JAA
R R B pH A IR, MNBs—PMS 14 2 76
PEAAE T BEAS I8 2 B4 1 BRSO . NI R A
C0,0,/Sn0, {4k PMS, 7 pH=9 /= £ 15 8 | e fE %
BRAC . 283158, pH M 348 /5 & 9 B, S 1 R M
0. 006 2 min " 4 HN1E 0. 010 7 min™', 5 IEAY A
ARl pH AL AT A=A bl A S AR A 1T
SEMTG Je Wy ) L BRSO  FERRYE ST, PMS AH XS
FasE , H 23 BHAS - SO, 1 - OH By A8 Ji 2 76 Btk S5 1
T, PMS i i, )RR R A ORI, R AR
B @R E R (HAE pH>10 OSRBPE RS T, - S0, )L
THEREEAL R - OH[ AN (2) Fr7R ], - OH AR R N 3=
BRSO H 3 AL A AR TS0, T, SRR R
X5 YW L BRACR R R

*S0,” + OH — -OH + S0,>
2.2.5 THLHAET

KRR b 35 3 7 78 25 Fp R HLBT 5+, -S0,
F1 - OH 19 /&5 8 AL 30 i B A A B AT X) H A A HL TS G
Py UL KoK i KSR o B AR SR A S i P o B ¢
T CI" \HCO, .SO,* F NO, %F 2—-MIB 2= Bk A2 1, 45
AN 4 F 7R o RIRAK T TCHLIT B 1 v B S Bl 3¢
J7 R T ARSI Y — b 5 S s vk
470, 1 mmol/L., Hivp SO XK R b AR /Y 42
FHE R WL, 2-MIB % BR Z H 64% T+ % 76%; CI 1E
I 90 min 2 A BH I (442 HEVE F i JH Al o v s 5
SRR A N W Sl e A 7 S i SR
80,7 (k=0.011 2 min™)>%5 4 (k=0. 008 1 min™")>
HCO, (k=0. 007 7 min™')>NO, (k=0. 007 6 min™")>CI"
(k=0.006 8 min™) ,

B —HE B 76 Z BT AIFIE o SO, 38 H B A
St PMS (1) 52 6 A FH AN BH S sl A7 A2 0 il 7R >
{EAEAIF G o5 B HAR SEVE A, — 7 1T AT g2
F-OH 5 80,7 %4 T2 (3) i i s g, A= 1 T 44
APE TSR - SO, . 3 —J7 T, SO, Fil- SO, W AR B
i TERERER (S,047)  TEH IR T S,07 AUk o il
(BRI AR o T 2 (5) O 1Y
PEAT SR 2R v - SO, MR B E— 88 .

(2)

SO + -OH—> OH™ + -S0,” (3)
S0, +S07 —> 8,0 +e, (4)
8,0, —252.50, (5)

1.0

0.8

0.6

clc,

—8—-0.1 mmol/L CI”
—4—0.1 mmol/L HCO,~
-w 0.1 mmol/L 5042’

~0-0.1 mmol/L, NO,~
0 30

0.2

60 90 120

t/min
B4 FTHBAEFXT2-MIB B 7 2= 59 50
Fig.4 Effect of different inorganic anions on the
degradation rate of 2-MIB

CI" \HCO, \NO, = F 5 7 (W SL g0 45 5 5 Hifth ~#
LR A5 AL, BRSO 32 [T B T2 A
WER R . Yang S5 WL £2 5] C1RE W% 1 &) 3 5k
PMS 2B 3 A (R 1, S 1 8 0 e #1284k
AR {H 10 mmol/L (1) CI# WLELH XF WU A 1 5 it
FEI B A B AE R, ansX(6)~(8) TR, CI0
REWZ 55 - OH Fl - SO, e by 7= A= S AL M B s (9 58 H B
e (-Cl), H 7 W BE Y CI 224 i 75 G By B i
HCO, & F H 2 2 4 e il e 4k &= g - S0,
F1-OH 29 HCO, iy L ARG BR , A (9) |
(10) It 7~ 19 B R, A6 AR A8 A M ) i R AR B Pl i
(+COy) , HIX R GIF FH B iR Eh vie B2 0 442 v T 3
% o Diao 2 7E PMS & & 1 il A 10 mmol/L 1Y
NO,™, LB B2 S PR . Pl fRESE BT NOy Xt
SO, WITEBRAER , =X (1D FrR . 7] LR B 11k
Al AE 2 B S AR R P i BRI T R
FEUR S AR M EIER Sk Z . B, FE
SRR R, 620G 56 K B B 2R R R R
B DA DR R G0 1 A R Rs e Pk

Cl'+-80,” —> -Cl + S0, (6)
ClI" + -OH —>CIOH" (7)
CIOH™ + H' —> -Cl + H,0 (8)
HCO, + S0, —> -CO, + HSO,” (9)
HCO, + -OH —> -CO, + H,0 (10)
NO, + S0, —> -NO; + S0, (11)

2.2.6 WAL
SR TR, A YL R IR KA A H 2
AURR T, 8 B BUE A LR (TOC) N s , 7E KR

« 35 .



FA1E B 158

OE 4 K HE oK

www. cnww1985. com

HRINAS )R BE A P R (HA ), BIFSE T A DL 5
XF2-MIB ZEBR B R o 25 R0, 752 HC g
2-MIB % bR % H 64% , 46 P 1Y A7 76 W f 75 2-MIB
FBRR TR, M TOCHRE N 0. 6.2. 4 mg/L I EBRR
5 R BT 22% F130%, [ I 3 M 0. 008 1
min~ 43 51 F% A% 4 0. 004 4 F10. 003 2 min™', X F
H1E R R AN S 5 B RS R R R,
H52-MIBM g HFe TR T A REE, Kh
) KSR A ML e B v] LAFE R B el S ke i L (H
A FHANCAE 5 v B E 3 30 k., APvfe B ekl o K
SRA MUY AL PMS 77 A= (1 [ H 2 5 X [ 2
THBRBE AL, T LA Z AT
2.3 BHREMEXR

kT UE B AN 8] 355 4 9 56 T 2-MIB B i 1Y) o1
HREE , A EPR SZ5 X MNBs—PMS /& 2 iR = i A
H SRR S HEA T 2 , 25 AL 3R W, T LWL %R 2] = L
K 1:2:2: 1 JFXF I B DMPO—--OH DU 45 1F {5 5 1
AR LR 12121012 12 1 FFRFRE A DMPO-+S0, 75
FARIEAS 50 DL, i AR A6 I 213 4 9 510,
-0, 55 . ML TS0, F1+-0H,'0,F1-0, Ay 4
B PE#E 5 , 7E MNBs—PMS 4 & H1 - SO, il - OH i 32 %L
YER . TR NARZ AT MeOH F1TBA #4717
KL, MeOH w] DL [R] BF 4K - OH #1-S0,”, T TBA
F B K -OH, F MNBs—PMS & £ w20 5 A 1
mmol/L ] TBA Fl MeOH, JZ i 120 min J& , 2-MIB [
fif# 2R I 649% 3 WK 2 58% F 21% , A S5 107 1 R
0k M 0.008 1 min™ 437 T % 24 0. 006 8 F10. 001 8
min”'. 3% ¥ B 7E MNBs—PMS & % - S0, % 25 &
2-MIB [ DTHRE - OH B Ry b 3
2.4 PEMERRZINRE YT

K & B (Gaussian 16) %] 2-MIB 4 F-45 14
WATRAC IG5, W TR AR BB EOT Al 2-MIB 43
T B R B A, VAR 5 52 SRR (F) R R G
(FO R T (PO i . o 0 [R5 R
F L r M FCEAZ M, S A R e R 32
FI SRR B A T T SR T A A
TEABFFE T, T - S0, F- OH 2558 3 f e 1 el BL 1y
FETE R IGE  FER L 7. 2-MIB ik
iR 5(a) s, b Rt AL o B
FC.H.0., &i1%,011(0.2182) \H29(0.056 5) .
C3(0.054 1) .C4(0. 053 4) eI REUE R AR, itk

HEWT N Ty 52 B v

R T R AR S 5 A2 Y B R RE L
i Multiwfn F2 75 3H 5 1 18] 46 S A FF (CDD) |, JF 4
il AT CDD Ry AR &, an &l 5 (b) B, Horpr,
g E R FPIE M IE A, CDD A il
B IX 38k 5 32 2R HL TGk, i CDD Ay IE (B Y X 38k 5 25 5
KA ERRN . AE 2-MIB H1 011 (=0.206 0) . C3
(-0.0528) .C4(-0.0455) .C2(-0.041 5) . H29
(—0. 034 1) CDD £ i 5 > BH f 5 D45 {17 ] 1]
B, R A A7 3 A R B A T Y R L L A
B ATHEI X 5457 555 5 32 B 2R L U o

9 99

a. 2-MIB [ fk2E 254 b. 2-MIB B XU IR A5 (14 S5 1 4]
E5 2-MBHMHZFLEHEETFTIEAFHEETE

Fig.5 Chemical structure and condensed dual descriptor

and isosurface of 2—-MIB

585 A I oR B TR 4 U R 5 X b 2 3 S
Tl 57 1 A8 T S 3, A e i 800 B IO AN i Y T
BERW S B . 255 00T, 2-MIB Hh 011 K A= R
AT BB e K, FLUR A H29 .C3.C4, #EWT 2-MIB 43
To 5% A I A A7 TR R (—OH) Al
$:(—CH,).

N T i — 4 4 I MNBs—-PMS {4 & 1 2-MIB 1
T RERE MR BEAR , R JH GC-MS 21350 2-MIB (1
W e = My HEA T A, SR ANER 1 TR

F1 MNBs-PMS & % 2-MIB #4318 7= ¥ 5 AiE
Tab.1 Characteristics of some detected intermediate

products of 2-MIB in MNBs-PMS

{4 B B i)/ NE S .
o min ﬁ¥ﬁ(ﬁﬁ%mw SRR
W1 7.227 |CH,0| 57(72) /»\v/[;¢°
Y2 8.841 | C,H,| 107(150) 2}%/
B3| 11.798 | C,H, | 107(135) [;;lgf;/

HRAE R 1A B A 10 0 A LR i A, T BEY

- 36 -



YW,

www. cnww 1985. com

5 R AR F) PMS A% 2-MIB 69 AL B %

AN %41 % % 15 8

Rk ik i A2 L 1] © Tz (B rh R4 D0 ] B 1 7= 4, H:
RNEBRE ) o KR T ise sz A B ARG
B A BRI R BL A B I, A2 B — R A7)
(an#y 5z 2 F0 3 7R ), SR I A B0 P aE — 20 W 24 A=
P R R 2SN B Cln B 1 ) L BRI 2
PEFEPE RN P B PR # A BT T R o iR i B AR A
W5 DFT A L5 A GE T HA B, RIRK
PP 2-MIB ¥ 3 FEAS TR 90 7a 2%, 1 2-MIB [ fiff A
JSC ) T 2S5 /N - ) T WL R (B TR f v B R 2 e
It K F 2-MIB, [K It 5% F} MNBs—PMS 4k B £ 2-MIB
IKFES | WELIR XU Sk 2 FEAIR 7

e gt OH
Rﬁv\ﬁlﬂrfﬁ Bs by i ——>
il u;‘ 4
ezt §-1n0
/
1
‘ﬁﬂ:ﬂ'ﬂ\
TR v TTTTTT
1 L 1
< IO
| S
1 | OHM:JW
Y o T T e
\/\/(/0:\)\/“\5 EMOH: 'o/\/k: AR L 1
! 1 !

E 6 MNBs-PMS f& % fr 2-MIB I i b % BR 12
Fig.6 Possible degradation pathway of 2-MIB by
MNBs-PMS

3 ##

(D  MNBs-PMS 14 % fig 1% 52 3 P b 5 AR 19 48
PG AN, PRI RO B XA S5 RE e MR A Y
2-MIB R B M 1 45 i R0 e i AR 23 BR A< ATk
75%UL [F) B A 1 PR 15 G XU , R W] T HAE

R AR e A LTS A7 1 B4 T

@ B4 m PMS B wT LA 2 THA R
H I 2 R H 5 15 e W i i L3 5 SRR 5 i
A RIIEA G, SR 50 mL/min (1) 2 BRACER
10 mL/min BIEETF T 40% ; e IR N 480 TE B8
PEZRAE T BERS K B B4 i L BRASCR B pH id R 2%
AR AR A T 5 2K rb SR SR (9188 5 G B o A A AE R
S R BRACRE , BRSO 52 T 8 7S RNk 2
FRI52 I, Hh SO 1R 22 25 BRACR 19 32 71 F B
2, T HA D2l 5%

3 MNBs-PMS A 2 [ fif 2-MIB i £ = A2
(14 3% P Ak W F 4L 45 -SO, L -OHL 'O, F -0, o

>N

W, S0, . OHjjaz%iE’J{ﬁri%ﬁ SO, Y BTk B

e o AR R A DU AT DT T 5545 SR A
2—-MIB 1] R [ R i B A%« B i e 0 A A B
FRILI IR T, AR5 FEE— 25 Wt 4 A0 i (T R S
N T

SE A -

[1] WANG CM, YUJW, CHEN Y, et al. Co-occurrence
of odor-causing dioxanes and dioxolanes with bis (2—
chloro—1-methylethyl) ether in Huangpu River source
water and fates in O,-BAC process [J]. Journal of

Hazardous Materials, 2022, 430: 128435.

[2] KIMKY, KHAN J B, CHOIIC, et al. Temporal and
spatial distribution of geosmin and 2-MIB in the
[1]. of
Environmental Agriculture, 2015, 34(1): 14-20.

LIL, YANGSH, YUSL, et al. Variation and removal

Daecheong  Reservoir Korean  Journal

[3]
of 2—=MIB in full-scale treatment plants with source water
from Lake Tai, China [J]. Water Research, 2019,
162: 180-189.

[4] TAE KK, YONG G P. Geosmin and 2-MIB removal by

full-scale drinking water treatment processes in the

Republic of Korea [J]. Water, 2021, 13(5): 628.

[5] MA L, PENG F Y, LI H P, et al Adsorption of

geosmin and 2-methylisoborneol onto granular activated

carbon in water: isotherms, thermodynamics, kinetics,

[J]. Water

Technology, 2019, 80(4): 644-653.

YAO W K, QU Q Y, VON GUNTEN U, et al.

and influencing factors Science and

[6]
Comparison of methylisoborneol and geosmin abatement
in surface water by conventional ozonation and an
electro-peroxone process [J]. Water Research, 2017,
108: 373-382.

GHANBARI F, MORADI M, GOHARI F. Degradation

of 2, 4, 6-trichlorophenol in aqueous solutions using

(7]

peroxymonosulfate/activated  carbon/UV  process via

sulfate and hydroxyl radicals [J]. Journal of Water
Process Engineering, 2016, 9: 22-28.

[8] WACLAWEK S, LUTZE H V, GRUBEL K, et al.
Chemistry of persulfates in water and wastewater
treatment: a review [J]. Chemical Engineering Journal ,
2017, 330: 44-62.

[9] HUANG B K, WU Z L, ZHOU H Y, et al. Recent
advances in single-atom catalysts for advanced oxidation

[J]. of
2021, 412 125253.

processes in water purification Journal

Hazardous Materials,

« 37 .



541K H15H ‘:P 2 K /ﬁk 7K www. cnww 1985, com
[10] DONGJY, YANG P Z, CHEN J, et al. Nitrophenolic organic micro-pollutants: a theoretical study [J]. Water

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

byproducts formation during sulfate radical oxidation and
their fate in simulated drinking water treatment processes
[J]. Water Research, 2022, 224 119054.

SUS G, GUO W L, YI C L, et al. Degradation of
amoxicillin in aqueous solution using sulphate radicals
under ultrasound irradiation[J]. Ultrasonics Sonochemistry,
2012, 19(3): 469-474.

TEMESGEN T, BUITT, HANM Y, et al. Micro and
nanobubble technologies as a new horizon for water-
a review [J]. Advances in
Colloid and Interface Science, 2017, 246. 40-51.
ZHANG J B, ZOU J J, DAI C, et al. Nanobubbles

treatment techniques:

improve peroxymonosulfate-based advanced oxidation:
high
collaborative mechanism [J].
Materials, 2024, 472: 134499.
YU C, HE J, LAN S'Y, et al

efficiency, low toxicity/cost, and novel

Journal of Hazardous

Enhanced utilization
efficiency of peroxymonosulfate via water vortex—driven
piezo-activation for removing organic contaminants from
water [J]. Environmental Science and Ecotechnology,
2022, 10: 100165.

BU L J, ZHOU S Q, SHI Z, et al. Removal of 2-MIB
and  geosmin by  electrogenerated  persulfate:
pathways (1]
Chemosphere, 2017, 168: 1309-1316.

ZHAO Z, HUANG X J, ZHANG Z Q, et al. Removal

performance, mechanism  and

efficiency and mechanism of geosmin by modified micro-

nano bubbles in drinking water treatment process [J].

Journal of Water Process Engineering, 2024, 60:
105125.
LIU J L, AN F X, ZHU C Y, et al. Efficient

transformation of DDT with peroxymonosulfate activation
by different crystallographic MnO, [J]. Science of the
Total Environment, 2021, 759: 142864.

YUAN R X, HU L, YU P, et al. Nanostructured Co,0,
grown on nickel foam: an efficient and readily recyclable
3D catalyst for
activation [ J ]. Chemosphere, 2018, 198: 204-215.
ZHANG J, TAN L R, HAGEDOORN P L, et al. Micro-
bubbles

heterogeneous  peroxymonosulfate

nano assisted laccase for  biocatalytic
degradation of bisphenols [J]. Journal of Water Process
Engineering, 2022, 48: 102880.

ZHANG R, WANG X X, ZHOU L, et al. The impact of

dissolved oxygen on sulfate radical-induced oxidation of

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Research, 2018, 135: 144-154.

NI T J, YANG Z B, ZHANG H, e al
Peroxymonosulfate activation by Co,0,/Sn0,for efficient
degradation of ofloxacin under visible light [J]. Journal
of Colloid and Interface Science, 2022, 615: 650-662.
LONG MY, LI D, LI HM, et al. Synergetic effect of
photocatalysis and peroxymonosulfate activated by
MFe,0, (M = Co, Zn) for
photocatalytic activity under visible light irradiation [J].
RSC Advances, 2022, 12(32): 20946-20955.

OH W D, DONG Z, LIM T T. Generation of sulfate

Mn, or enhanced

radical through heterogeneous catalysis for organic
contaminants removal: current development, challenges
[J].  Applied
Environmental, 2016, 194: 169-201.

and  prospects Catalysis ~ B:

ABDUL L, SI X, SUN K, et al. Degradation of
bisphenol A in  aqueous  environment using
peroxymonosulfate activated with carbonate :

performance, possible pathway, and mechanism [1].
Journal of Environmental Chemical Engineering, 2021,
9(4): 105419.

DIAO Z H, DONG F X, YAN L, et al. Synergistic
oxidation of bisphenol A in a heterogeneous ultrasound-
enhanced sludge biochar catalyst/persulfate process:
reactivity and mechanism [J]. Journal of Hazardous
Materials, 2020, 384: 121385.

YANG Q N, NIU X Y, ZHU Y J, et al. Modulating
anion defect in La, Sr, ,Co, Fe,,0,— & for enhanced
catalytic performance on peroxymonosulfate activation:
importance of hydrated electrons and metal-oxygen
covalency [J]. Journal of Hazardous Materials, 2022,
432: 128686.

WANG X L, DING Y Z, DIONYSIOU D D, et al.
Efficient activation of peroxymonosulfate by copper
sulfide for diethyl phthalate degradation: performance,
radical generation and mechanism [J]. Science of the

Total Environment, 2020, 749. 142387.

« 38 -

EZE BN RTW(2001- ), Lo, Wiy N A, A
FEA:, EERTFE )5 0] IR K I h iR
ol B A
E-mail:22312079@zju.edu.cn
W B 83 :2024-09-24
&2 B #3:2024-11-05
(i 2= 5 )



