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Experimental study on the synergistic removal of carbamazepine from
water by vacuum ultraviolet/chlorine advanced oxidation method

XIE Yongliu, HUANG He , ZHAO Zhiwei , ZHENG Huaili
(College of Environment and Ecology. Chongging University, Chongging 400045, P. R. China)

Abstract: In order to remove the typical refractory pollutant carbamazepine (CBZ) in water, a vacuum
ultraviolet/chlorine advanced oxidation system was constructed, and the difference of CBZ removal
efficiency in different oxidation systems based on vacuum ultraviolet or free chlorine was investigated; The
effects of pH value, free chlorine dosage, bicarbonate in water, and humic acid on the removal of CBZ by
vacuum ultraviolet/chlorine system and the attenuation of free chlorine in the system were explored.
Through the free radical quenching test, the main active substances that oxidize CBZ in the vacuum

ultraviolet/chlorine system were further explored. The results show that when pH=6, the chlorine dosage
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is 8 mg/L, the initial CBZ concentration is 30 pmol/L, the CBZ removal rate exceed 99. 5% after 16
minutes of reaction in the vacuum ultraviolet/chlorine system; under the same conditions, the rate constant
of the vacuum ultraviolet/chlorine system to remove CBZ is 1. 75 and 5. 30 times that of vacuum ultraviolet
system and UV/chlorine system. Vacuum ultraviolet and free chlorine have a synergistic effect on removing
CBZ. Under acidic conditions, the removal effect of CBZ is better, and the optimal reaction pH value is 6;
the dosage of free chlorine is an important factor affecting the degradation rate of CBZ, and the best dosage
of free chlorine is 8 mg/L; while bicarbonate and natural organic matter in the water both have an
inhibitory effect on the removal of CBZ; during the degradation of CBZ by the vacuum ultraviolet/chlorine

system, the main free chlorine consumption is ultraviolet light excites and consumes and reacts weakly with

CBZ and degradation products, the system has oxidation of HO » and Cl » and direct photolysis.

Keywords: vacuum ultraviolet; free chlorine; carbamazepine; advanced oxidation technology
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Fig. 2 Degradation efficiency of carbamazepine

in different oxidation systems
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Table 1 Degradation kinetic parameters of carbamazepine

in different oxidation systems
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VUV/& 0. 339 0. 998

1 VUV/ SRR CBZ K& 755 UV/
A VUV, UV EA . AL, A TR VUV KRS
H A& FETE . € X R RECH F. Wi,

Kvuva
F = = @))
Kyuy + Koy — Kuy

K : Kvov w8 VUV/GEIRRT CBZ B —9 30
158 min~ s Koy o 8 UV/EIERR T CBZ A
P— 2% 50 )1 2F H B min ' Kww 8 VUV IRR T
CBZ R0 — 9 8 1% 5 % min ' s Koy HTE UV
KR T CBZ Bl — 2 ah 14 % 8 min ',
AR F=1.32,F (KT 1, €W VUV {k
5 B i S AR 8 20 0 A KON N, T A7 AE B
[F] 2Bk CBZ WIVERT. A0Hr R R Al 0, Bl UV S R
T.CBZ A WA KB, £ 254 nm S50 HIEOL
fi CBZ YR58 5 M Bl VUV K & v, CBZ 1Y
R A R AR X T VUV $8 IEOK £ % 22 R
= (2) ~K O, fRRZ P41 HO « 5 CBZ
ELAA R 0 SO T P A R A B A . AH G SR 3R
1,185,254 nm AN LWL A RS- AWM H
o, (O ~xLME UV sk VUV 5B,




136 I RE5xE e

FROF E O

% 44 %

WENH L= E HO -« 5 Cle . XBF A B 3ES
CBZ #f et & A K, PR IE » e i i 25 B CBZ,
M VUV/ERR S VUV IR RZ M. T AHBAR
B, FEUAR RN TEEY G £, R, X CBZ &
BREER,

H, O+ hvygs > HO «+H - 2
H.O+hvigs = H' +eq + HO - (3
HOCI + hvig; = HO -+ Cl - €Y)
OCl + hvygs > Cl «+ O (5
HOCI + hvss — HO «+Cl » (6)
OClI"+ hvgs — Cl «+ O D

2.2 SHFIREMHMm

R SN 1 22/ 255 M BN A R PN A TG
Yok B s2 i CBZ REfR R . #E CBZ WAV
30 pmol/L.pHEN 7. 0 (5T . 2 A A
BT CBZ A R 520, W 3 7R s Xl g0 45
AR — BN T 5 UG U 80 B 5] 4
Fi7R

cJC,

I2 lt ‘6 /;;. 1‘0 12 14 16
t/min
3 BHRSENEX VUV/SERE CBZ HIE20H

Fig. 3 Effect of free chlorine dosage on vacuum

UV/chlorine degradation of CBZ

2 4 8 1.2 1.6
H &8N/ (mg- L)
El4 FARBEBHSEMET CBZ HIBEMFIERREHTH

Fig. 4 Degradation rate constant change of CBZ

0 0.5

under different free chlorine dosage

A& 3. 4 AT Bl H A SR 0 mg/L
HME] 8 mg/L, CBZ () 5 fife 18 2R B Wi 1 in o 3¢ WLk
SREBON 0,170 min "HEANE] 0. 339 min ', F X H

REHEEE T 1 A5 ks A h &80, CBZ 19
R A 1 2 R I R R I, SR 8 mg/L
i, CBZ A R A R AR P
e 3 H P A B R B A B R L, — i
VUVHKRRSWMEBHBBRAAE®mEMHEN OH - 5
Cl» B S 3 n, R &  isEY fie &
B, 25 5 BTG Y Y B A TR A I O — i
ClO™ 5 OH -« .Cl « 8w 1y R i Ve, Az s PR 55
9 L, W (8) (DM, ClO™ &3k RN
TEPE T A5 Y P ) B R B0 SR
8 mg/ LI, GRSl K S B i, 15 Yo W) 10 R A AN &
YkSEmk
ClO +Cl «= CIO -+ ClI- (8)
ClO 4+ HO «= ClO «+OH" (9
2.3 pH{EMF M
1E CBZ WA H EE M 30 pmol /L. F i A8 hn &
J 8 mg/L WZAF TR BN pH {EXT CBZ £Bx
RIS, AN R 5 BT/ s RHREG 25 F 5 MO — 2 5h
F12EA  HAOW R & 6 fis .

2 4 6 8 10 12 14 16
t/min

B 5 pHXEZZE5N/ SR CBZ R
Fig. 5 Effect of pH on vacuum UV/chlorine degradation of CBZ

0.35

0.30 -

‘s
g 0.25

<,

£
020 F

0.15

0.10

s 6 1 8 9
pH{E
B 6 [ pH{ET CBZ HIFEMRERTEHITL
Fig. 6 Degradation rate constant of CBZ at different pH values

F I 5.8 6 A1, 78 pH {EA 5.6 B, CBZ AYREfi#
HRE, HAR AR 2053510 0. 319.0. 350 min ',
pH {EH 6 B, CBZ YA HUR B O T pHAAE R 5
hs B pH M 7 8 E) 10, CBZ BIREfiisiie 5 N
B R WL R BN 0. 308 min ' FEAE ) 0. 198



% 3 Wk, 5 AR

SN R BB B EER KT FL BRI 137

o B, VUV/ G P iR RIEERIE AT
Eﬁ%ﬂ? CBZ M L8R, MK IR 2 kBT, CBZ MR
fiff AR LSRN

P IR R E R 1D pH (235
HHARES IERIESE T, A & EEATEIE
i HOCL; i pH (K. OCL St BT, fEEZS
LEHMEIRT . HOCL 5 OCL™ #1457 A2 3% 1 [ H 4,
fH HOCl 2775 CBZ A m N %M OH -« 5
Cle i OCU =4 i iGPEY i 5 CBZ A Mk
NG HERACA CLe s 55 —J7 i, HOCL By 7 7= 34l
T OCL R, FR M A BE B A 06 P Fb ) A=
B N CBZ g, W5 E£M,Cl 5 OH A
F R B R R, A= (10U R R 1 A R &
FoE . BT pH (B K VWD OH - R BEHE R, X4
FWNTEAER) CL e PR R3S 5, AR R I R
P B2, i CBZ BYREME . 3) A ALK OH -
AEFEX A BEYE OH « RV EF AR H . HOCI %u
OCl™ PR 2R 4351 R 8. 5 X 10" L/ (mol = s) Al
8.0X10° L/ (mol » )M | 25 pH {E34 AN, H i &
PR IAE S5 , A7 CBZ R A 2808018

Cl+OH —CIOH™  £=1.8X10" mol 's™"
(10
2.4 ERBEHENE

HCO, 1R UL B 7, & HO -

Cl « ByfligkF 22—, H =X (D a7,
HCO;5; + HO «— CO; + H,0 1D

HCO; +Cl+—>CI'+COy «+H"  (12)

1E CBZ I HEH % N 30 pmol/L.pH {64 6. H
AN 8 mg/L M KMFT, BT 4 4
HCO; ¥ & (0. 1.1, 5,10 mmol/L), 45 5% H %}
VUV/Z R CBZ Bsga, Qe 7 i s xR 2 %
K — s I 2 AT A A R K R G R
BRI 2,

*2 ATEIREEMREBIET CBZ BB NFSH

Table 2 Degradation kinetic parameters of CBZ at

different concentrations of HCO3

HCO3 /(mmol « L™1) K/min~! R?
0 0. 350 0.997
0.1 0. 331 0. 991
1 0. 302 0. 995
5 0. 256 0. 994
10 0.233 0. 993
HET 7 A1 2 a1 B AR PE, HCO, X VUV/

0.8 |-

0.6 -

HCO;
—=—0 mmol/L
—+—0.1 mmol/L
—4—1 mmol/L
—v—5 mmol/L
—+—10 mmol/L

cJC,

0.4

0.2

0.0 L L L
2 4 6 8 10 12 14 16
t/min

7 EHRBIIETLIN/ S CBZ BRI

Fig.7 Effect of bicarbonate on vacuum UV/chlorine

degradation of CBZ

SR R B CBZ A WHI1EH. HARERH N,
HCO; ¥&FEH 0.1.5.10 mmol/L Xt i fi% 32 Wi i %
B ks 23 91K 0. 350,0. 321,0. 302.0. 256,0. 233
min s kg K IE /N, RV REE HCO, #e R K,
CBZ (1) e itk A8 18

SRR AIHL, HCO; 5 HO » (Cl e« A R
CO; » &M VUV/EIERRZN HO » (Cl « 3B, M

CO; » 5PN TGRS » L, 251K CBZ
AR A s 2 HLCO, ¥ 238 i, H5e 4 i i v
BEAmME A A HILEE S R, 28 CBZ W%
fiff A — 201

2.5 BEBRAMNE

JEBERR (HA) 8 WA KR AL ) Z AT
FARAKM R, KR FE IR ELA i B WO RE L SCik
WG IR T, KA WL T LU= 4 HO -
Oy VH, O ZETE TR EAL A, 1T LU 5 YL e i .

16 CBZ W1 tEHe % & 30 pmol/L.pH { K 6. A
BN E R 8 mg/L MM T , TRIFEAS R W B g
FARXT CBZ KBRAG5ZMA A& 8 xf ik 4h SR 4% i fh
— RS F12E A HAFOW R A& 9 iR,

1.0

08

0.6

clC,

04

02

00 2 :1 é /;;. 10 12 14 16
B8 WEBRMEZEINSMEME CBL KNI

Fig. 8 Effect of humic acid on vacuum UV/chlorine

degradation of CBZ

il 8.1 9 mI A, B FE R X VUV /S F4fi CBZ



138 N = 7 N A

% 44 %

0.35
0.30
_ 025
=
g 020
£

3
& 015
0.10

0.05

0.00 : * + . !
0 1 2 5 10
HAYRBE/(mg-L)
9 FREREBERT CBZ MMM ERZHTN
Fig. 9 Degradation rate constant change of CBZ under

different concentrations of humic acid

ELA B W I FH Bt 0 A R vk B K, CBZ 1Y
Rt fige 2 EAM A VE PR OA &8 . M5 R IR B 0 mg/
L3 %] 10 mg/L, CBZ #£ 8 min N AY % Bk % i
95. 86/ M 87. 900, 4 HA BhniE M 0 mg/L Mg/
#] 10 mg/L,CBZ B M ZHEO 0. 350 min '
3 0. 189 min ',

SRR D) S FERR XA F sk Ve H L 5
LB U B 1 V03 R BTGB ] I, 3
TR TR AT AR 6T i s b AT 53K
RREW HO « (Cl » B G812 0 5 2) s iR &
HH%5 HO « (Cl» AR N AR B, R 4L
H i3S R DL SO R H BN 1. 21 X10° ~
9.37X10° mol/L s J&§ 7t ik A AR A% o ) 7= 47 [
B2y 5 CBZ B MEE 4B . 3 BUA R NG M b
W FRAC, P L AR R 2 3] VUV /SR AR 2R %
CBZ [ R#f .

2.6 BHEHNZEHR

£ pH {E R 6 01kh B &SR 8 me/L 1Y
ST RS S SN N H R AR KR
F1 CBZ B figat R b 0 2206k, 4n &1 10 P

8

=y

H K E/ (mg- L)

N}

—v— KETFKRP
—o— CBZF§fRdFErh

2 4 6 8 10 12 14 16
t/min

10 BHSEAEEEF/KIN CBZ Kt i2 R A&

Fig. 10 Changes of free chlorine in deionized water

0

and CBZ degradation with time

Hi [ 10 W1, 7R L5 SN AT T . A il U 3

o B 8 mg/L B E &L S 8 min, [
LTSS, 5 F/K R CBZ W fif ol 72
2SN TE CBZ LB fh &= R 2 i )
R =, R, CBZ Bt # v A b S0 308 ]
AEJE T B2 AN S A CBZ K Bt 7= 5 il
AR RN FER B TR, B A= 2o |
25 RANE ST M AE 25 8 Tk dh Al CBZ B fit i #
B A 2 T AR, TR B R4 AR R %
fift CBZ st fE i, A i F 2o B s RAMNMOR T it
¥, H A5 CBZ Ko (] [ fi 7= W) 1 2 g 55 R
EP
2.7 W|TEMZ

FHOERFFEFe AL 1020 VUV K R h R 2 R i
PEMIT, G0 OH » O, « (HO, « ZEs &btk [ h
5, VUV/ SR Z B LR 36 E ) i SE £ 27 7E
Cle [Cl, « FHHIES, BT EH VUV/EE
IR R B CBZ B FZLIE D, SR FARUT B (TBA)
PR HO « FCle , 78 VUV KR dhin AR [ e g
TBA,#5¢ VUV IR R F CBZ ) & B Wi 07 35 78
VUV/EMAEZ A 100 mmol/L T B FFR £
PR HO « Z AN H A 3G Ve A, H At 56 2% 14
g W0k CBZ ¥eJ¥ K 30 pmol/L.pH {8k 6. 530
N 8 mg/L. WL R 11 Fis.

\
\

\\

[—*— 100 mmol/L

—¥— 50 mmol/L TBA

—4— 25 mmol/L TBA

[—e— 5 mmol/L TBA I

—=#— 0.5 mmol/L. TBA S

—<— 0 mmol/L TBA )

2 4 6 8
t/min

(a) REBT FAREEX VUVE R R BRCBZIEIR

10 12 14 16

*\*\

—A— VUV
—<— VUV+TBA
—=— VUV/E
—e— VUV/4+TBA

2 4 6 8 10 12 14 16

t/min

(b) BT ERVUV. VUV/AUK R ZBRCBZEZ
B 11 T EEX X CBZ BIR200
Fig. 11 Effect of tert-butanol on the removal of CBZ

H I 11 Ca) AT LA BB TBA ¥ B2 i3 &5 . CBZ



%3 Wk A, 5 A w RN R BB AR L RKF D TR A 139

{25 B A2 2040 i £ FH A, (H A8 in 50,100 mmol/L
TBA J& CBZ ZBRERIEAM, B 100 mmol/L
1) TBA © & BB E K VUV K Z K HO -, #
Jin 100 mmol/L ) TBA,16 min N CBZ (255N
11. 3%, %W HO « & VUV 1k R f# CBZ 1Y 35
YR —, #7100 mmol/L K5 ,CBZ
A REE Fife T 2 2 B0 B R M A DG M, R L 5 2R
WK 12 Jros, HZ A OCE R4F, R 2 0. 999,
I, R EREKF T CBZ BT & Z % sh 1%, =R
VUV iR &N CBZ & k£ HELMIT N, Wen
A2V % I, 185,254 nm 2244 FLES LT
B MB), X 5ARMSEALL, HiL, 7E VUV (K&
W, CBZ AR fRVE R 28 HO « SRR ELIEE#

¥=-0.006 9x+0.985
R*=0.999

0 2 4 6 8 10 12 14 16
t/min

B 12 VUV {kZErh CBZ E#XBEMEEH N
Fig. 12 Kinetics of direct photodegradation

of CBZ in VUV system

& 11(b) AT AL, VUV/ SR R CBZ 11 F fi#
AT VUV IR R, Mz E TBA o LIXF HO -
HEAT R VK, W] VUV /S0 2 il 7778 HoAl 3%
PEYI T AR M CBZ. AR Fang %% Wen %%
MIRESE . VUV /M Z b s S v s A £ 2

O« .Cl+,7E Wang & y#f5eh,Cl « 5 CBZ
FLA 5w %) R IOE 3 1 o TR B DR A AR 4R AR R &R v
Cl » XF CBZ WJFEff A FER R Tk .

ARG R A VUV IR ZR . CBZ (1 i 3=
TN HO « BOEALVE ARV 1554 CBZ 18
VUV/@E ALK R VUV S bk & p 34252 3|
185.254 nm 254N R, R WIHE CBZ 7 VUV/EA A
ik R W AE 7B LR MAT . B, 7
VUV/GEEZ 9, CBZ ki EZAHO « (Cl- 1
FALIE R A B HEDOEAER .

3 it

D UV s [ i A S AN RER 225 br
K CBZ, 1l UV/4. VUV, VUV/& 1k & %t CBZ
BYEBRMK R G SR, VUV 5 [ i &% CBZ Y& BR H

B PEEA .

2) &5 AN A PR A AE TR A A5 A R R
CBZ (W R BRE4T» S Bl N pH E R 65 A i &4
A CBZ 1M RBRRCR Z o b fiedd A i 4%
TR 8 mg/L; 7K H A B fisk 1R & RN 5 e X CBZ
R BRI LB RIVE R

DTEEZS AN i PR R A% CBZ (3
e, [ i BRI R THFE  CBZ K R ffad
R R R Y5 B R RS .

DB R AN E YRR R CBZ R 32
B HO « (Cl« (5 ACVE DL H G H]

Sk

[1]JALTA M, RONNING H T, SYDNES L K, et al
Detection of PPCPs in marine organisms from
contaminated coastal waters of the Saudi Red Sea [ ] ].
Science of the Total Environment, 2018, 621:
654-662.

[2]LIQF, ZHANG Y Q, LU Y L, et al. Risk ranking of
environmental contaminants in Xiaoging River, a
heavily polluted river along urbanizing Bohai Rim [ ]].
Chemosphere, 2018, 204 28-35.

[ 3] WILKINSON J L, HOODA P S, SWINDEN ], et al.
Spatial (bio) accumulation of pharmaceuticals, illicit
drugs, plasticisers, perfluorinated compounds and
metabolites in river sediment, aquatic plants and
benthic organisms [ J]. Environmental Pollution, 2018,
234 . 864-875.

[4]LIUJ L, WONG M H. Pharmaceuticals and personal
care products (PPCPs): A review on environmental

China [ J 1.
International, 2013, 59: 208-224.

[ 5] i, skaE, BRI, /KIREEh 259728 PPCPs 1Y IR
R R B BERE L) ], ¥k He AR, 2020, 39 (1)
43-51.

WANG Q, ZHANG M J, CHEN H B. Review on

contamination  in Environment

occurrence and treatment technology of PPCPs in water

environment [ J ]. Water Purification Technology,
2020, 39(1): 43-51. (in Chinese)

[6 ] WANG D, SUI Q, LU S G, et al. Occurrence and
removal of six pharmaceuticals and personal care
products in a wastewater treatment plant employing
anaerobic/anoxic/aerobic and UV  processes in

Shanghai, China [ ] ].

Pollution Research, 2014, 21(6) . 4276-4285.

[7]WUHT, FAN J, YANG Y H, et al. Hydrothermal

Environmental Science and



140 T K5 3®E A FROP E DO

% 44 %

synthesis of Graphene-Ti0); nanowire with an enhanced
photocatalytic activity [ J]. Russian Journal of Physical
Chemistry A, 2015, 89(7). 1189-1194.

[8]WANGWL, WUQY, HUANG N, et al. Synergistic
effect between UV and chlorine (UV/chlorine) on the
degradation of carbamazepine: Influence factors and
radical species [ ]J]. Water Research, 2016, 98:
190-198.

L9 1 WkiAtA, HAEOL, ZH. pH {EA DO X UVA-LED )t
Wi A S RUD B RS IR < Bl 2 WL AR [T ). kS
PEE TSR (P30, 2020, 42(3): 141-148,
YAO ] J, GAN]J Y, XIA B. Influence of pH and DO
on UVA-LED photodegradation of ofloxacin: Kinetics,
mechanism and pathway [ J]. Journal of Civil and
Environmental Engineering, 2020, 42 (3). 141-148.
(in Chinese)

[10] EREHE, PR, KEZ, 5. PPCPs 7E/K M Pyl
Je R b BBRHEARAT R SR (1], /KA F AR, 2019,
45(9) . 11-16, 23.

WANG X Y, SHUANG C D, ZHANG B J, et al
Occurrences and removal of pharmaceuticals and

( PPCPs ) in
environments: A review [ J]. Technology of Water
Treatment, 2019, 45(9): 11-16, 23. (in Chinese)

(11] #42. BIR%E, ok, . AR LAy &
B BR QR T AR AR [T, LR HEREE TR
PO L 2021, 43(4); 154-161.

ZHAIJ., XIA'Y H, CHENG S P, et al. Activation of

manganese-oxidizing bacterium and removal of 17a-

personal  careproducts aqueous

ethinylestradiol by biogenic manganese oxides [ ] .
Journal of Civil and Environmental Engineering, 2021,
43(4): 154-161. (in Chinese)

[12] SR A - AL 45 BUE Wi AL A BOR 2Bk 1k
BUAE RIS EL]/OL]. £R 5358 TR R O
P2 ). https://kns. cnki. net/kems/detail/50. 1218.
TU. 20210415, 1614. 002. html. 2021, 43 (6):
113-123.
ZHOU L A, JIANG Q, SUN S Q, et al. Removal of
antibiotics from water by bioelectrochemical system: A
review [ J/OL ]. Journal of Civil and Environmental
Engineering. https://kns. cnki. net/kems/detail/50.
1218. TU. 20210415. 1614. 002. html. 2021, 43 (6):
113-123. (in Chinese)

[13] ZHANG Q, WANG L, CHEN B Y, et al
Understanding and modeling the formation and

transformation of hydrogen peroxide in water irradiated

by 254 nm ultraviolet (UV) and 185 nm vacuum UV
(VUV) . Effects of pH and oxygen [J]. Chemosphere,
2020, 244, 125483.

[14] IMOBERDORF G, MOHSENI M. Kinetic study and
modeling of the vacuum-UV photoinduced degradation
of 2, 4-D [J]. Chemical Engineering Journal, 2012,
187. 114-122.

[15] VTl BESEAN VUV IR R BE /K 8 2898 IR B T

BRATSELD]. BRI AR RS, 2018,
JIANG S. Degradation of propranolol and imipramine
in aqueous solution by vacuum-ultraviolet [D]. Wuhan:
Huazhong University of Science and Technology,
2018. (in Chinese)

[16] FANG ] Y, FU Y, SHANG C. The roles of reactive
species in micropollutant degradation in the UV/free
chlorine system [ ] ]. Environmental Science &
Technology, 2014, 48(3): 1859-1868.

[17] YANG L X, ZHANG Z H. Degradation of six typical
pesticides in water by VUV/UV/chlorine process:
Evaluation of the synergistic effect [ ]J]. Water
Research, 2019, 161: 439-447.

[18] CHENG S S, ZHANG X R, SONG W H, et al.
Photochemical oxidation of PPCPs using a combination
of solar irradiation and free available chlorine [J].
Science of the Total Environment, 2019, 682:
629-638.

[19] MATTHEW B M, ANASTASIO C. A chemical probe
technique for the determination of reactive halogen
species in aqueous solution: Part 1 - bromide solutions
[J]. Atmospheric Chemistry and Physics, 2006, 6(9);
2423-2437.

[20] NAM SW, YOON Y, CHOI D J, et al. Degradation
characteristics of metoprolol during UV/chlorination
reaction and a factorial design optimization [ J]. Journal
of Hazardous Materials, 2015, 285: 453-463.

[21] CRAPULLI F, SANTORO D, SASGES M R, et al.
Mechanistic modeling of vacuum UV  advanced
oxidation process in an annular photoreactor [ J]. Water
Research, 2014, 64: 209-225.

[22] WEN D, LI W T, LV J, et al. Methylene blue
degradation by the VUV/UV/persulfate process:
Effect of pH on the roles of photolysis and oxidation
[J]. Journal of Materials, 2020,
391, 121855.

Hazardous

(%% R



