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Fig.1 Schematic diagram of high gravity rotating packed bed"*
1—packing, 2—air inlet, 3—rotor, 4—liquid distributor,
5—liquid inlet, 6—liquid outlet, 7—air outlet, 8—shell,

9—electric motor
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Fig.2 Schematic diagram of impinging stream-rotating packed
bed "
1—circular row rotor, 2—liquid inlet tube, 3—impingement
flow structure, 4—liquid outlet, 5—packing, 6—electric mo-
tor, 7—shell
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Fig.3 Process flow diagram for IS-RPB extraction of nitroben-
zene wastewater*’

1—nitrobenzene solution tank,2—pump,3—valve,4—rotameter,

5—cyclohexane tank, 6—IS-RPB, 7—intermixture tank
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IR R BE 2 B BOZ AR RIS A AR B PR BT T BETT
H,O, <> H" + HO; (11)
O, + HO, — ‘OH + O, + O, (12)

A R ) B R R O, I i B 4 R OK
R O, i H B, 5 5% K w89 H,0, I 1 7= A B[R] 7
FRAETEZ - OH ] LUAR R BE A 12 w8 2 7K rp il R
£ B E . #8555 Rl RPB-O, .RPB-O,/H,0, .BR-O,
PL K BR-O,/H,0, 4 Fh R R 414 T 25 Ak B A 36 K S
UK K, 45 52 W, 78 RPB-O,/H,0, 1K & ', B % pH
B TH R L O, B A B A A 3 2R Ak & 1 1) TR 3 88 k
M 0.08430 min~' #2753 0.11008 min™',RPB-O,/H,0,
TR R R A A WY L BR % & T RPB-H,0, 5
RPB-O, 2 f T AR EA. & 6nl%,RPB-O,/H,0,
T2 F RPB-O, 1. 25 X filf 3 28 19 25 B R 1] 55 90% LA
b, 1 BR-O,/H,0, T. 25 Al BR-O, T 2 % il 4 1 25 %
RIARE ,RPB-O,/H,0, T. 2 H O, 5 Ak I i 33 % % %
(0.11008 min™) B i 25 F BR-0,/H,0,(0.02231 min™),

Jiao 4171 2R FH mi R 1T % (RSM) #E 57 T RPB-O,/
H, O, i il 3 28 25 B WU A9 T2 S 808 i R 4 1
O], S0 IR R Tk R M ) > O, k>
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= RPB-O/HO, ~ I I
o 80F . .
g -~ RPB-O,
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t/ min
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Fig.6 The degradation rate of nitrobenzene by different system™®

H,O, e B >R 3, H H,O, W B 5 O, vk i 2 i), LA
K O, ¥ B FB 8 1 N 7 2 0] 22 B AE I & o 7636 B
24 F U8 FR AL BR 10 min, AY R R AY 25 R R AT 3k
76.1% 1% 45 5 RSM UL & 77 A& FUE (78.2% ) 1 f
ZEAUN 2.68% ,UEHA T R FH RSM LA 7 & T - 1ol
RPB-O,/H,0, 4b Hf fif§ 3 7 (1) 25 bR 20K I 1 1k &b B
%M.

i i 7E O,/H,O, K & Hhom A i ¥ 4 & & 7 i 1k
A7 R AR . Yang % U0RH RPB-Ti*/
O,/H, 0O, B fif TR 1 i 7 28 2 7K, I 5 RPB-O,/H,0, i
Xt b, B ALER AN 7 iR, O, 1Y B B2 5k 5 1l 4 4
B2 57 Befi RO, b DU % 0 o L A Ti
fEfs 5 H,0,85 AR Ti,O " %Wt — L ik O, 1y
I3 e 2l BRI S Ak CO, \H,O 5 /horF
ML¥ . 1EB=40 ¥k pH=4.0.Q,=120 L-h™' H,0,/O,
FEJR H A 0.48 .C,..=0.5 mmol- L™ [ 45 {1 76 3 b
30 min, il 37K L B R N 94.64%, lt RPB-O,/H,0, 2
BRFE T 16.84%.

Tk LLAE LL Ml i AR RS A RPB-O,/H,0,
1o A B R Ak B M A SRR K . SRR AER)

------------------ Liquid surface

/mé%&i‘afe\)
products

— o0
B ey
-OH

B 7 RPB-Ti*/O,/H,0, A 5 Ffif i 5 % 52 1 L3 )

Fig.7 Reaction mechanism for the degradation of nitroben-
zene by RPB-Ti**/O,/H,0,""
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i pH=2.5.8=40.Q.=75 L-h™" . Q=120 L-h™" . C,
40 mg-L7'. C,.=1.8 mmol-L"", C, ,=5.0 mmol-L"
B2 R AR AL BE 25 min, i 2E K PR F 4 99.82%,
TOC ZBRA N 59.24% , i FE K e I 200 mg- L' [
K 0.27 mg- L', ik B R —HHE bR e . AR 34 2%
5, A1 I F RPB-O,/H,0, T. 25, % i Mn i 15 fif§ 3
K TOC EBRFE S E T 21.43%.21.08%, il A
MR AR R T 5 O, B I AR B LA 03 1 0 8 A=
BTHEAHE  ATH,0, 2L O, " EFE Z 11 -OH, i
T 42 fe i 2R L R e

1 ¥ A AL E AR R &, RPB-O,/H,0, T.Z K %
7 3 AR AT LAY AR A ALY B RO S T8 kT B
M52 23z N BR S s Ak O, i <A Bl
AH AL AR 2E T O, 78 A T i 3 %, N H,0, =&
FRA PR T O, BRI 3R 52 B0 A 32 2K 1 7K A 1 R Ak
B, SR OL/H,O, M Z8 X R 7K 1) Ak B AL SR 52 pH (B 1Y
MRS K FERRYE ST L H,0, & 8 5 AR B i — b
FE W T, oAk O, 7= A - OH, S LR R .
2.3.3 RPB-O/Fenton & %

Fenton S Ak 1 19 52 5T & 72 R M 45 14 1 R Fe” fi
b H,0, & A 4% R N7, 2B LA R M 3T Y - OH i X
HHLE YY), i o CO, H,O ffb a4k . H 3
BB ALEE N (13)~(17) I

Fe’* + H,O, — Fe’* + -OH + OH" (13)
Fe’*+ -OH — Fe’" + OH” (14)
‘OH + H,0, > H,0+ -O,H (15)

MATHLY RH FE A, - OH 5 RH B2 77 4 38 B i
LR HET R AE AR RO, AR B Fe®t Ak 22 i 17 4 U
SN
RH + :OH — R- + H,O (16)
R- + Fe’* — Fe’" + Product (17)

Fenton & & ", Fe™ & [ i i #E - OH, i 15 H,O,
B ) FH R AR, T H,0, 5 Fe® X i 4 S 4k 7742 3F O,
51 B Fenton 5 O, % Ak i AHFS A& 38 i B 18] 45 JH 7]
W2 R H,0, 5 O, Rl %, 7= AE B Z [ - OH ", O,
H5WW P Fe M H,O, W 4T
Fe**+ O, +H — Fe’" + -OH + O, (18)
20, + H,0, — 2:OH + 30, (19)

A R 28 (18) . (19) AJ T, O,/Fenton {4 & 7=
Az - OH [ 3 2R 5 O, [m] 7K 4 rb i fiff (14 1% ot 38 38 1 1
Fb L PR 4 R B8 ) 2ok 4k O,/Fenton & %, #l
FH = 0 L RV G 2 K A7 % B b 3
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I % 4502 F) H] RPB-O,/Fenton A B 1 L% 4
W 175 mg- L7 (il B 4 K 7K, JF 15 RPB-Fenton
RPB-O,.BR-O,/Fenton 37 T. 2. k47 T Xt It . 7EB8=80.
pH=4.5.Q;=75L-h"" .C, =40 mg-L"' .Q =140 L-h™",
Fe™ B4 iniE 1 mmol-L™"' .n(H,0,) : n(Fe**)=5 1) 514
T, 4 3 BN Fenton BRI 4E #R4b 3 40 min, fif 328 K
IKEBRFF COD £BR#% 530 99.6% 1 87.6% , b Hi
14 il L 2K 1k AN 0.7 mg-L', COD {E 4 33.5 mg-L ™"
A [A] 25 1 F RPB-O,/Fenton % 5 RPB-Fenton i A H ,
Bl B 8 K BRR A COD L BRF 0 54 1 T 36.3%
4.5% ,5 RPB-O, LA L4342 & 1 7.2% f147.1%,
5 BR-O,/Fenton i AH H 43 B4 & T 11.3% F147.8%
=Rk &, RPB-O,/Fenton 1 1 %5 4 I 6] 79 15 2 %
LR AR A T AR O, B .

RPB-O,/Fenton f& &, #8 5 J1 H R A &g b T
O,/Fenton 1k £ 1% fi i & , Fe* # H,0, 3% [&] 1 4 fi# 1k
KR AL O, 41 i , 22 Fh 2 R 3 [m] 58 b 28 L 2 1) -
OH , #1150 & 7K 1 B Al 0%, HC R 0L A5 PR TR A, 454
fij B, SR Fenton 57 %) F Fe” Fl H,O, B9 ¥k} Eb il
SKEE L HLO, B it 23 3 BUR BEUZE W R T L Fe™ i
) 5 Joabh B 89 R K COD {35 K, 76 4k B 58 1 s
W 2 A K R R TR 3 B IR TG
2.3.4 RPB-O,Na,S,O, k%

T B TR £ R A S Ak v TR RE A8 R AR R A MLTS e )
TZE W5 e, 5 OHAM L, - SO, AT B & i 48
AL (E=2.5~3.1 V), 2P B X5 & A A 1 F0 i sl
95 B T AT BTG YL WA B e 0 R v R AR R
T i R ARk R R, W Ak — s SR (i m
MUV B O, HL AR ) SR SIS S B R R T B
FRHL(-SO;) . X TF O,/Na,S,0, & & , 4 O, % T i i
PR 3 v Wb i N 2R BE O, il = AE T 2 1) - OH,
[ if BE W% 1k S, 02 7= 4k -SOL((20)) , 5B AL X A HLYY
14 R it e 170
5,02+ -OH — HSO; + -SO; + 1/20, (20)

i O, #1% Na,S,O, b B AN 3 2K 15 7K, [ Y 45
il 25 B Ry O, 1Y A% T, % 300 g <02 L gt O, 1 i
FEAR A% 32 BR, 5 300t it 2 46 16 fL R B2 AIC, 1R R Hfk
BCRAN T, Qiao 7R B # B AR 1L O,/Na,S,0,
AL R A A R K TR B L T 45 S AR 30 min
J& . RPB-O,/Na,S,O, & & 1 fif & % 1Y F% fik % H
90.59%. 5 BR-O,/Na,S,0, T. 2 Al H , A 3 2 B i R
PE 7 19.15% , i #8 & J) 58 £k O,/Na,S,0, 4b ¥ &
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X M, XA

B JE R P2 K, R 1 G I T IR BT B B O R 4y
F- [Vl 4 L2 B 0, % Ll H AR A R A R T A R
9 K B R BE R B . 5 RPB-O, 1 RPB-Na,S,0, Al It ,
RPB-O,/Na,S,0, X fi 5 8 1y & B 2 40 5l & & 7
21.15% F163.45% B R 4364019 S,0; (E°=2.01 V)
BRERE , EAGRE i B R BR D B ss , R O, 4 i
A -OH A UG i R AL, AT £ -SO;, H 2
Al EA SRR R 09 B el R () 8 Ok il BE2R R 7K 1Y
AU B A% . RPB-O,/Na,S,0, X il 5 5 (1) K2 1% W it 1
RN 8 frs .

Gas phase

————-—3 -!—- ---------- Interface
V,
& o
0, \ @ ————————————————— Na,$,0, J) Lauid P?aﬁe
CoTTTTTTTTTTTTT 8,0,

OH- OH-

‘ Irilénnediates or CO,¥H?O_ >

B 8 RPB-O,/Na,S,0, W fif fits 3 4 Jz o WL 17"

Fig.8 Reaction mechanism for the degradation of nitroben-

zene by RPB-0,/Na,s,0, "

RPB-O,/Na,S,0, & & | F RPB #& =5 O, 1% it , 35 i
WAR T O, M BT, 43 ff = £ 8 Z2 - OH , T A2 2 X6 3 B
BR L (IS AL T, P2 2R 1 - SO, 5 - OH LA 4 Ak, 12
TR R Y I A R L (FLfo R R R Ak B K S
Wb SO, 3R 8 HEC R b T K 5 B R 3 — 5 1
23X NAR Je B8 77 A= i, 78 R K A 3158 B N 7% T
X - SO B9 Ak B | i 7] &1
2.3.5 RPB-IEHHEMEL O, EUER

AL 4 T S A Ak R R K AR B 3 AR v DR
TR 2 G T 3B AT A AR Y AR O, B R i 4k
F LA X AFTE 4045 4 ) AL W AL R | B 2 7 A
R R E i 27N R X g3
O, A MG YW AL O, K A 4 20 By 7= A4 o 2 1 -
OH B fif A3 HLT5 Yo 9, 45 ML v] 5 4 1k 5] 2 1o 35 A 4%
G A 1 AL R i 1 b A4 2R O, B SR A R R
AH BG4 A Ak R0 Sl 340 4 Ak 550 w] 2 2R TR A
BH O E WD T kIG5 Y

[T A T 70048 A T P 5 A R0 2 1T 1 5 P A6 st K
it DA N 3 B0 34 5 BE AR G A% e 2 A R A Ak R
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TR NR 7 N I 5 NPT E I - i B S o SO 12
IS-RPB 3 £k i WL VR G 19 R e, AT DR S 1 50 A%, ol
2 AT HIORE T A 05 2 I AR

22 MG BT LA 1S-RPB 2y J2 If 4 il £ 40 K #2 5E SU fk
B (FeOOH) , I 7E RPB 1 HI KA Ak O, B fif filf ik 8 K&
Ko ZEFEFR WA 1S-RPB 1 ] 76 J 15 1] 4 (<4 min) il
25 R /N (R T AR 4r 8 511 FeOOH, 5 STR
FALG B 45T 7 A%, BRI AL O, M PERETE 4F
STUG A FE AN AT AE . LA 1S-RPB il 55 9 48Kk FeOOH
Y K JE ¥ A AL ), 76 RPB i 4k O, Ab 35 i 56 6 %
K, E =40, pH=7.C,=40 mg-L", Q;=60 L-h™",
Q=60 L-h™, Cr.0,=0.5 g-L" {9 £ 1F T 1 ¥ &b 38 20
min, il £ 2 (1) B A% #0038 100%, 40 min i COD 1
E R HA3594%, Xf Lt STR-O,/FeOOH, f§i i RPB-0O,/
FeOOH T 20 B8 1 L B 42 & — %, COD R %
$E 1 25% . FI A 8 R 45 50 T IR OT BT B
B U /N T A B T, O, 7 U W LA B A Ak 3R LB
DAL A ™ B30 e, s O, 7 i A 751 2% 1o W R LA R A
ko , FIHEBE HH RS O,/FeOOH L MR &, 1T
DL o 205 A fipp T R 2%, S 20K K O TR BE A

7 52 Bl FH 2ok B o, 4 A A AN B [l e K R
TR ) T R 2 3 BT O FIIR 2%, R 4 s B4 e A Ak
Wyt AR R T B RIGEE & R B T IV L AR A
AL T A Tk ) T A 0 R LS AR e AT
G & UL A3 AE B A L 4 A7 R P 7 A5 A T B A7 B 3R
B MK AL G PR PN ) R EAE T 2E =
ES G R o N € o 7 N e I DA
T PR SR A 53 A AR R T LA iR AL R A% BT A
M 1 AR HE B D) AR K Ar T O BN A
I 5 0 4 i 20 43 7E 2R JEURE 3 18 (9 3450 4 H

Shao %7475 % H#A 1 113l % Cu-MnO,/y-Al,O,
HEAL ], FEB HAE R RPB BURHE S A1 O, 4 fiit fl 3
R K, SE ¥ R B, 78 RPB W LR 45 min il 4 19
Cu-MnO,/y-AlLLO, HA b M i 5 76 STR F 6 h il % 19
PEAL R BEAH 24 ; RPB-Cu-MnO,/y-Al,O,/O, L 1A %
H Y O, M 1k 43 ff T 3 5 81 2 4 RPB-O, O, H 43 fiff 1
RRE .84 X SR Y B3N 81.7%, TOC &
BN 93.4%, O, Fl %5 5] 82.2% . *I Lk RPB-O,,
il 5L 4 B [ i R AR 5 21.3%, TOC £ B R 55 3 4%,
O, M FH R 20% ; XF H BR-O,, O, F FH R4 5 50% .
RPB Jl £ 1) it A Tt 2h 207 58 Ak T O, 1 1% il 72, o ikt
T O, 1Y 53 fif , TR B 1) R 2 ) 52 R il & 9 Cu-MnO,/
At
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y-AlLO, i Ak 5 I 2 17 A 4 48 804k W v BB 3 10, o O,
P14 TR B 4 it 41 A4 T = B A 05 PR 67 a5, RPB RT3 25 A i
b O, AR A VE T HE & T O, 1 I 22, DA T o % % i
FEOR I B A

Li 2571 i #5758 1k Mn-Fe/ZSM-5 i 4k O, %
fift i K & K L #E B=20. pH=6. C,=25 mg-L",
Q=60 L-h™" By 45 1 T 18 FF AL 28 40 min, fif§ 268 L B
KK 99.9%, TOC % Br 2 72.6%, [t BR 2 &
33.5%. LA Mn-Fe/ZSM-5 i 1k 5% 9E 2 41 f# 1L O, 4b
PR B R KA P 5 K S X TOC 1 22 B 2R A7 Al
K 62.9% , i FH [ A4 Ak 550 04 418 20 R 6, T 45 e 4
B P R M A R S T AR

o B 7 ) A O A R A TR T LA K 4 R T
(], LV A 3 oG Ay R S 4™ HBORIA ] 1T AR A AS D 2 A 4
1T 4 JE Aoy TE AR R T Y B 5] A, Y R 2 T
PEA L B T ARG . 7E RPB R EAE X A AE L O,
VA B B U A i b 2 T AR R ) YR A R DA B TR
AH O[] 2R 181 T 47 380 32 A Wi n P, 7258 4k O, KM A% it
14 [e) B, 386 0 1 O, 5 i Ak 700 Y 151 55 1 114 4% ke, O, 0
LTS Y W A A T 70 2% T R B LA B v 1] 7= g £ i B sk
FEMER, O, F Ak KA IR K M 30CR R o B YA 1k
NGy 4l RN T 6 kTS Y FLARE AR R AT 2k A
i F L AE 22 Al S5 AF A A8 3R T 0 1 A7 Ak A s Ok
I P I 0, A 350 4 e b 0 B 380 4 Ak 300 1 o, 388 T
K Ak HR Y AR

3 ZLit5RE

) T 7 o6 1 W Bk b B g e R i R R R R
7K, AT AR A T A r A Bl ) A R TR A R0 A
fird 5 2 1 3 B 5 M B B D 8R4 nZ VIR ) 5 5 BB T
FEL R i A LA ORI PR K, Bk 4 9 R e L A AR AR
T B Tl PR A 3 £ Ak B 8] 5 M) P D 54K O, A4k
TR AL R BRI K, T AT BB R I B R
O, W BE A& i O, I3, 0 1 X firg A 28 1) I fige 28 2R o
B HE S BORAE Ny — Rl Tk s fb R AE6S
R R TR AL TR S R AT ) B RO L A
R8I0 53% i 2 24 £ [ e B A8 [ AR AE AT 2, HA Ak B
ORI TRV T PR A A R T A T A R R
SRR UL, 4545 18 T BORA T I B4R R

TE 4 Ji X il 2R 2R 2 B K 1oy A B A v B2 S R E
1 et 50 R i AT LTS e W), 22 B ELW 3R B A i i Ak
BT, BRI IEM P LT A
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(1) i F O, 1% [t b 7% Shy 8 JE 42 o 3k 2, 488 0 Ok
PR AE OB rb i 455 B R () B A 1) F B A% 0%, n] LA
oA 3 SRR 2 #0830 1A 45 B () B i — 2 4R T O, R
FH AN 7K 4 4k PR g

(2)RPB i (1 SEURR b T i 3 e 57 RS e b 7 i)
B 1 Al 458 R R LA A 5 R R MR T Y
TR, PR O R A A AL B SR B R R o A
F18y [ A b 7910 2% S B0 EE g 5 Ak AR 5 A A 4K O, Al Ak
Aib 3R ORI KR AR E IB AT AT 5

(3) B HE N EMA H AR, b2, 2
A2 R R ) H A A S I 2 R Ak PR Ak 2 SR
1 Bt A2, F T AR BEAT ML K ELBOR B4, Aok n] LAKT
R T ) - F A 2R R AR e fie i B R P K AT IR T R
FH R E 70 5 3 =2 )i B ) A R R Ak 2 RN

(4) Bk 35 FH 1 ROWCRE 1 Tl fh 8 3 7 %6 i, 4
X R T 45 A8 R AR AT O AL, DL S 3R O )
AL A4S T2 Ak FR R 2 R K A Tl AR A

Sk

(1] Pholvh, AIF, e, S . AHEOR K AL BECR BF 2 Bk ()]
Tbkab#, 2017, 37(11): 1-5.

SUN Xi-xi, FU Ping, LI Rui-hua, et al. Research progress in
the treatment of nitrobenzene-containing wastewater[ J]. Indus-
trial Water Treatment, 2017, 37(11): 1-5.

[2] 52, AWM, XVAE, 5. FEHERRAE YKL BEH AR B

ML) ] AL TIRG, 2013, 33(4): 299-303.
GUO Liang, JJIAO Wei-zhou, LIU You-zhi, et al. Research
progresses in treatment of wastewater containing nitrobenzene
compounds [J]. Environmental Protection of Chemical Indus-
try, 2013, 33(4): 299-303.

[3] WEIZHOU J, YOUZHI L, WENLI L, et al. Degradation of
nitrobenzene-containing wastewater with O, and H,O, by
high gravity technology[J]. China Petroleum Processing & Pet-
rochemical Technology: Beijing, China, 2013.

[4] GB 8978-1996. 15 /K& A HERARHELS]. 1996.

GB 8978-1996. Comprehensive Sewage Discharge Standards
[S].1996.

[5] 2002GB. A A\ B I AIE i 3¢ K R b k[ S 1. 2002,
2002GB. Environmental Quality Standards for Surface Water
of the People’s Republic of ChinalS]. 2002.

(6] Avmif, L, X148, 45 . 87 oAb 2k ik ol fif-Fenton 1k

Wi i B K () ). Ak T2, 2017, 68(1) 2 297-304.
YU Li-sheng, JIAO Wei-zhou, LIU You-zhi, et al. Degrada-
tion of nitrobenzene wastewater under Fe’/GAC-Fenton en-
hanced by ultrasound [J]. CIESC Journal, 2017, 68 (1) :
297-304.

[7] XIE T,JING Z, HU J, et al. Degradation of nitrobenzene-containing
wastewater by a microbial-fuel-cell-coupled constructed wet-
land[J]. Ecological Engineering, 2018, 112: 65-71.

[8] HANY, QI M, ZHANG L, et al. Degradation of nitrobenzene

by synchronistic oxidation and reduction in an internal circula-

N XK 2022 % %304 %104 (1069-1080)



1078 XUTE U, AR
tion micro electrolysis reactor[)]. Journal of Hazardous Materi- 102-108.
als, 2019, 365: 448-456. [23] CHEN X, SUN X, WANG X, et al. Two-stage air stripping

[9] ANOTAI J, TANVANIT P, GARCIA-SEGURA S, et al. combined with hydrolysis acidification process for coal gasifi-
Electro-assisted Fenton treatment of ammunition wastewater cation wastewater pretreatment[J]. Water Science and Tech-
containing nitramine explosives[)]. Process Safety and Environ- nology, 2019, 79(11): 2185-2194.
mental Protection, 2017, 109: 429-436. [24] QUAN X, CHENG Z, XU F, et al. Structural optimization of

[10] ZULFIQAR M, SUFIAN S, RABAT N E, et al. Development of the porous section in a water-sparged aerocyclone reactor to
Photo-Fenton oxidation as green strategy for phenol degrada- enhance the air-stripping efficiency of ammonial]]. Journal of
tion enhancement via DMF-controlled TiO, nanotubes under Environmental Chemical Engineering,2014,2(2):1199-1206.
various oxidizing agents[J]. Journal of Environmental Chemi- [25] KESKINKAN O, CAKIR A, ERKUS A, et al. Extended Aeration
cal Engineering, 2021, 9(1): 104933. Activated Sludge Reactor (EAASR) for Removal of Nitroben-

(1] A&HE XA E 55 O/ e 5 OB R B R e ()], zene: Air Stripped or Biologically Removed?[}]. International
A58 AR, 2006, 13(1): 48-51. Journal of Chemical Reactor Engineering, 2016, 14 (1) :
DIAO Jin-xiang, LIU You-zhi, JIAO Wei-zhou, et al. Research 453-461.
progress on the applications of high-gravity rotating packed [26] #eakog, di, XIa%, % . B\EHRMAeRBS O,/H,0, B4
bed[J]. Chemical Production and Technology, 2006, 13(1): Kb S e BE RN LR R K ()], & RE A R, 2015, 23(6)
48-51. 589-593.

[12] LIP, WEI X, SHAO S , et al. Degradation of nitrobenzene in FENG Zhi-rong, JIAO Wei-zhou, LIU You-zhi, et al. Com-
wastewater by O,/FeOOH in a rotating packed bed[]]. Chemi- bined treatment of air stripping-O, and H,O, oxidation for
cal Engineering and Processing, 2020, 153: 107981. high concentration nitrobenzene-containing wastewater en-

[13] LIY, LU Y, LIU X J, et al. Mass-transfer characteristics in a ro- hanced by high gravity technology[J]. Chinese Journal of Ener-
tating zigzag bed as a Higee devicel]]. Separation and Purifi- getic Materials( Hanneng Cailiao), 2015, 23(6): 589-593.
cation Technology, 2017, 186: 156-165. [27] ABBEAE, XA, MR Y ok - e OB R 22 AL Btk fiE 5

[14] NING P, PAN J Q, LI X, et al. Accelerated desulphurization WOIR AR R[], kA T, 2009, 37(4): 4-7.
of waste lead battery paste in a high-gravity rotating packed QI Gui-sheng, LIU You-zhi, JIAO Wei-zhou. Relations of ex-
bed[J]. Chemical Engineering and Processing: Process Intensi- traction mass-transfer and micromixing characteristics in an im-
fication, 2016, 104: 148-153. pinging stream-rotating packed bed[]]. Chemical Engineering,

[15] XUE C, LIU Y, JIAO W. Mass transfer of acrylonitrile wastewa- 2009, 37(4): 4-7.
ter treatment by high gravity air stripping technology[J]. Desal- [28] XIAR, BoeA, BRI 18 5 0 -E 7% EORE R 28 BCES 4% o PE g
ination and Water Treatment, 2016, 57(27): 12424-12432. Wigel)]. L THERE, 2003(10): 1108-1111.

[16] JIAO W, WEI X, SHAO S, et al. Catalytic decomposition and LIU You-zhi, QI Gui-sheng, YANG Li-rui. Study on the mass
mass transfer of aqueous ozone promoted by Fe-Mn-Cu/ transfer characteristics in impinging stream-rotating packed
y-Al,O, in a rotating packed bed[]]. Chinese Journal of Chemi- bed extractor[]]. Chemical Industry and Engineering Progress,
cal Engineering, 2022, 45: 133-142. 2003(10): 1108=1111.

[17] WEI X, SHAO S, DING X, et al. Degradation of phenol with [29] #hME#E, 5KTT &, skib, 45 R IG S CO, A HUB AR b 21 5 ik i
heterogeneous catalytic ozonation enhanced by high gravity BHHLEK)]. TolkKALEE, 2006, 26(12): 53-56.
technologyl]].Journal of Cleaner Production,2020,248:119179. SUN Xu-hui, ZHANG Wan-you, ZHANG Jing, et al. Extrac-

[18] Z=MEFH . 88 J7 3% il % FeOOH i 1k 5% % I fige il 3L K 2 K [D . tion of highly concentrated organic matter in wastewater with
K. Hrdb ke, 2021. supercritical CO, [J]. Industrial Water Treatment, 2006, 26
LI Peng-yang. Preparation of FeOOH and catalytic ozonation (12): 53-56.
of nitrobenzene wastewater by High gravity method [D]. Tai- [30] YANGPF, LUO S, ZHANG D S, et al. Extraction of nitroben-
yuan: North University of China, 2021. zene from aqueous solution in impinging stream-rotating

[19] hdb k2% . 5 o 45 40 DL K o o — e e MR R R . packed bed[]]. Chemical Engineering and Processing-Process
CN201420542007.1[P]. 2015-01-21. Intensification, 2018, 124: 255-260.

North University of China. Impact flow structure and impact [31] BARRETO-RODRIGUES M, SILVA F T, PAIVA T C B. Com-
flow-rotary packing bed device: CN201420542007.1 [P]. bined zero-valent iron and fenton processes for the treatment
2015-01-21. of Brazilian TNT industry wastewater[]]. Journal of Hazardous

[20] CHANG J, BO ZHANG L, DU Y, et al. Separation of indium Materials, 2009, 165(1-3): 1224-1228.
from iron in a rotating packed bed contactor using Di-2-ethyl- [32] LUOJ, SONG G, LIU J, et al. Mechanism of enhanced nitrate
hexylphosphoric acid[}]. Separation and Purification Technol- reduction via micro-electrolysis at the powdered zero-valent
ogy, 2016, 164: 12-18. iron/activated carbon interface[}]. Journal of Colloid and Inter-

[21] AKGUL M. Enhancement of the anionic dye adsorption capaci- face Science, 2014, 435: 21-25.
ty of clinoptilolite by Fe**-grafting [J]. Journal of Hazardous [33] scmm, fEeh, X048, & B Gl fif ik Ab 2 DNT 4 7
Materials, 2014, 267: 1-8. KO K HEZ 4, 2014, 37(3): 33-38.

[22] LIP, DU L, JING J, et al. Preparation of FeEOOH nanoparti- LIU Wen-li, JJIAO Wei-zhou, LIU You-zhi, et al. Treatment of

cles using an impinging stream-rotating packed bed and their
catalytic activity for ozonation of nitrobenzene[J]. Journal of

the Taiwan Institute of Chemical Engineers, 2021, 127:

Chinese Journal of Energetic Materials, Vol.30, No.10, 2022 (1069—-1080)

Sttt

DNT wastewater by iron-carbon micro-electrolysis method[J].
Chinese Journal of Explosives & Propellants, 2014, 37 (3) :
33-38.

www.energetic-materials.org.cn



T 7 o p A B R R R 2 I K Y BT 5

1079

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

AL L — R — A A e D A - SR SRR A Ak B R R
KB SN 2 B % i : CN202111621193.9[P . 2022-04-22.
North University of China. Reaction device and method for in-
tegrated reinforced iron carbon microelectrolysis-ozone cou-
pling
CN202111621193.9[P]. 2022-04-22.

KOZMA G, RONAVARI A, KONYA Z, et al. Environmentally
benign synthesis methods of zero-valent iron nanoparticles[]].
ACS Sustainable Chemistry & Engineering, 2016, 4 (1) :
291-297.

CHEN J F, WANG Y H, GUO F, et al. Synthesis of nanoparti-
cles with novel technology: High-gravity reactive precipitation

treatment of nitrobenzene wastewater:

[J]. Industrial & Engineering Chemistry Research, 2000, 39
(4): 948-954.

CHEN J, SHAO L. Mass production of nanoparticles by high
gravity reactive precipitation technology with low cost[J]. Chi-
na Particuology, 2003, 1(2): 64-69.

JIAO W, QIN Y, LUO S, et al. Continuous preparation of na-
noscale zero-valent impinging
packed bed reactor and their application in reduction of nitro-
benzenel)].Journal of Nanoparticle Research,2017,19(2): 1-9.
JIAO W, QIN Y, LUO S, et al. Simultaneous formation of na-

noscale zero-valent iron and degradation of nitrobenzene in

iron using stream-rotating

wastewater in an impinging stream-rotating packed bed reactor
[J]. Chemical Engineering Journal, 2017, 321: 564-571.
QIAO J, JJIAO W, LIU Y. Degradation of nitrobenzene-co-
ntaining wastewater by sequential nanoscale zero valent
iron-persulfate process [J]. Green Energy & Environment,
2021, 6(6): 910-919.

BELTRAN F J. Ozone reaction kinetics for water and wastewa-
ter systems[ M ]. crc Press, 2003.

ALNAIZY R, AKGERMAN A. Oxidative treatment of high ex-
plosives contaminated wastewater[)]. Water Research, 1999,
33(9): 2021-2030.

R, By TNT K O, F A ab #E Ryl s i o2 ()], &g
HFE, 2003,11(4): 201-204,208.

WU Yao-guo, ZHAO Da-wei. Experimental studies on the deg-
radation of TNT-containing wastewater by ozone oxidization[}J].
Chinese Journal of Energetic Materials (Hanneng Cailiao) ,
2003,11(4): 201-204,208.

TR .M T 7 A 5 S Sk R A K i AR S Bl o L
BEFFEID]. R bk, 2019.

YANG Pei-zhen. Kinetics and mechanism of degradation of ni-
trobenzene in aqueous solution by ozonation enhanced by
high-gravity[ D]. Taiyuan: North University of China, 2019.
GUO Y, ZHAO E, WANG J, et al. Comparison of emerging
contaminant abatement by conventional ozonation, catalytic
ozonation, O,/H,0, and electro-peroxone processes[]] Jour-
nal of Hazardous Materials, 2020, 389: 121829.

HOIGNE ), BADER H. Rate constants of reactions of ozone
with organic and inorganic compounds in water—I:
non-dissociating organic compounds [J]. Water Research,
1983, 17(2): 173-183.

HR2EE, LU, XA R R AL AR T
R[] ALY, 2020, 39(12): 4798-4811.

SHAO Sheng-juan, JIAO Wei-zhou, LIU You-zhi, et al. Re-
search progress of high gravity enhanced ozone-based ad-

vanced oxidation technology[]]. Chemical Industry and Engi-

CHINESE JOURNAL OF ENERGETIC MATERIALS

[48]

[52]

[54]

[55]

[58]

[60]

e

neering Progress, 2020, 39(12): 4798-4811.

W35 AT T O /H,0, FALKERE & S B2 B K BT 55 (D .
K bR, 2015.

GUO Liang. Degradation of nitrobenzene-containing wastewa-
ter by O,/H,0, enhanced by high gravity[D]. Taiyuan: North
University of China, 2015.

YANG P, LUO S, LIU H, et al. Aqueous ozone decomposi-
tion kinetics in a rotating packed bed[]]. Journal of the Taiwan
Institute of Chemical Engineers, 2019, 96: 11-17.

JIAO W, SHAO S, YANG P, et al. Kinetics and mechanism of
nitrobenzene degradation by hydroxyl radicals-based ozona-
tion process enhanced by high gravity technologylJ]. Frontiers of
Chemical Science and Engineering, 2021, 15(5): 1197-1205.
JIAO W, YANG P, GAO W, et al. Apparent kinetics of the
ozone oxidation of nitrobenzene in aqueous solution en-
hanced by high gravity technology [J]. Chemical Engineering
and Processing-Process Intensification, 2019, 146: 107690.
ZENG Z, ZOU H, LI X, et al. Ozonation of phenol with O,/Fe( Il )
in acidic environment in a rotating packed bed[])]. Industrial &
Engineering Chemistry Research, 2012, 51 (31) : 10509-
10516.

B C, BEE, AT, &R E R O,/Fe( 1) S LI
AR K )], AL T, 2018, 38(3): 76-80.

YANG Peng-fei, YANG Pei-zhen, ZHANG Dong-shen, et al.
Oxidative degradation of nitrobenzene wastewater over O,/Fe( I )
enhanced by high gravity [J]. Modern Chemical Industry,
2018, 38(3): 76-80.

JIAO W, LUO S, HE Z, et al. Applications of high gravity
technologies for wastewater treatment: A review[]]. Chemical
Engineering Journal, 2017, 313: 912-927.

LIN C C, CHAO CY, LIU M Y, et al. Feasibility of ozone ab-
sorption by H,0, solution in rotating packed beds[)]. Journal
of Hazardous Materials, 2009, 167(1-3): 1014-1020.

SR, AU, XA, L AR RS TR B A R
e E BRI SR BT ]. SRR RL, 2014(5): 702-708.
GUO Liang, JIAO Wei-zhou, LIU You-zhi, et al. Treatment of
nitrobenzene-containing wastewater using different combined
processes with ozone [J]. Chinese Journal of Energetic Materi-
als( Hanneng Cailiao), 2014(5): 702-708.

JIAO W, YU L, FENG Z, et al. Optimization of nitrobenzene
wastewater treatment with O,/H,O, in a rotating packed bed
using response surface methodology[]]. Desalination and Wa-
ter Treatment, 2016, 57(42): 19996—20004.

YANG P, LUO S, LIU Y, et al. Degradation of nitrobenzene
wastewater in an acidic environment by Ti(IV)/H,0,/O, in a
rotating packed bed[]]. Environmental Science and Pollution
Research, 2018, 25(25): 25060—25070.

Foker, B, XIAER, % . RPB-Mn*"/O,/H,O, kb # fiff 3 2K
PEKD]. BURAET., 2016, 36(11): 98-101+103.

WANG Yong-hong, JIAO Wei-zhou, LIU You-zhi, et al. Deg-
radation of nitrobenzene wastewater with Mn**/H,0,/O, in a
rotating packed bed [J]. Modern Chemical Industry, 2016, 36
(11): 98-101+103.

A, S5, XS0, 55 . Fenton Ak 3k [ M HMX R K oA
B RS S B Ty 24 [) ] K254, 2014, 37(2): 53-56.
JIAO Wei-zhou, GUO Liang, LIU Wen-li, et al. Oxidation re-
action kinetics of degrading organic matter in HMX wastewa-

ter by fenton oxidation method [J]. Chinese Journal of Explo-

2022 % %304 %104 (1069-1080)



1080 XUTE U, AR

sives & Propellants, 2014, 37(2): 53-56. fate oxidation[]]. Chemical Engineering Journal, 2014, 252:

[61] GU Z, PAN X, GUO S, et al. Dinitrodiazophenol industrial 166-172.
wastewater treatment by a sequential ozone Fenton process [69] WANG F, WU C, LI Q. Treatment of refractory organics in
[J]. Environmental Science and Pollution Research, 2019, 26 strongly alkaline dinitrodiazophenol wastewater with micro-
(31): 32666-32671. wave irradiation-activated persulfate[J]. Chemosphere, 2020,

[62] #Ms &, X, FEM, & BE S HE T O,/Fenton i 4b B 7 254: 126773.

A K )] TR 4, 2018, 18(4): 728-734. [70] SAPUTRA E, MUHAMMAD S, SUN H, et al. A comparative
YANG Peng-fei, LIU Ying, JIAO Wei-zhou, et al. Treatment study of spinel structured Mn,O,, Co,0,and Fe,O, nanoparti-
of nitrobenzene-containing wastewater by O,/Fenton in high cles in catalytic oxidation of phenolic contaminants in aque-
gravity [J]. The Chinese Journal of Process Engineering, 2018, ous solutions [J]. Journal of Colloid and Interface Science,
18(4): 728-734. 2013, 407: 467-473.

[63] WANG J, WANG S. Activation of persulfate (PS) and peroxy- [71] QIAO J, LUO S, YANG P, et al. Degradation of
monosulfate (PMS) and application for the degradation of nitrobenzene-containing wastewater by ozone/persulfate oxi-
emerging contaminants [J]. Chemical Engineering Journal, dation process in a rotating packed bed[]]. Journal of the Tai-
2018, 334: 1502-1517. wan Institute of Chemical Engineers, 2019, 99: 1-8.

[64] WACLAWEK S, LUTZE H V, GRUBEL K, et al. Chemistry of [72] WANG C, LI A, SHUANG C. The effect on ozone catalytic
persulfates in water and wastewater treatment: A review [J]. performance of prepared-FeOOH by different precursors [J].
Chemical Engineering Journal, 2017, 330: 44-62. Journal of Environmental Management, 2018, 228: 158—164.

[65] JI'Y, SHI Y, WANG L, et al. Denitration and renitration pro- [73] WU J, GAO H, YAO S, et al. Degradation of crystal violet by
cesses in sulfate radical-mediated degradation of nitrobenzene catalytic ozonation using Fe/activated carbon catalyst[]]. Sepa-
[J]. Chemical Engineering Journal, 2017, 315: 591-597. ration and Purification Technology, 2015, 147: 179-185.

[66] PASALARI H, ESRAFILI A, YEGANE BADI M, et al. Degrada- [74] SHAO S, LI Z, GAO K, et al. Preparation of Cu-MnO,/
tion of 2,4-Dinitrophenol using persulfate activated by Cu®" in v-Al,O, by high gravity-assisted impregnation method for het-
photocatalytic system (UV/SPS/Cu®") from aqueous solution: erogeneous catalytic ozonation of nitrobenzenel[]]. Separation
optimisation and operational parameters[]]. International Jour- and Purification Technology, 2022, 280: 119896.
nal of Environmental Analytical Chemistry, 2022, 102 (3) : [75] SHAO S, LEI D, SONG Y, et al. Cu-MnO,/y-Al,O, catalyzed
804-819. ozonation of nitrobenzene in a high-gravity Rotating Packed

[67] MIRSHAFIEE A, DARVISH M. Degradation of 2,4, 6-trinitrotol- Bed [J]. Industrial & Engineering Chemistry Research, 2021,
uene (TNT) from aqueous solution by coupled electrocoagula- 60(5): 2123-2135.
tion process with persulfate salt[J]. Journal of Environmental [76] LI Z, JING J, GAO K, et al. Degradation of nitrobenzene by
Health Science and Engineering, 2021, 19(1): 1035-1041. high-gravity intensified heterogeneous catalytic ozonation with

[68] CHEN W S, JHOU Y C, HUANG C P. Mineralization of dini- Mn-Fe/ZSM-5 catalysts [J]. Chemical Engineering and
trotoluenes in industrial wastewater by electro-activated persul- Processing-Process Intensification, 2021, 169: 108642.

Research Progress of High Gravity Enhanced Nitrobenzene Wastewater Degradation

LIU Yang, JIAO Wei-zhou, LIU You-zhi
(Shanxi Province Key Laboratory of Higee-Oriented Chemical Engineering and School of Chemical Engineering and Technology, North University of China,

Taiyuan, 030051, China)

Abstract: Nitrobenzene compounds widely exist in the explosives, petrochemical, dye and other industries, and a large amount
of nitrobenzene wastewater are produced in the production process, which is of great concern to scientists because of its stable
structure, high toxicity and poor biodegradability. Traditional wastewater treatment methods have limited mass transfer and low
treatment efficiency, and the enhanced treatment of nitrobenzene wastewater using high gravity technology has become a new
and promising method. In this paper, the research progress in the treatment of nitrobenzene wastewater by high gravity en-
hanced physical method, reduction method and advanced ozone oxidation method is reviewed, including enhancing mass trans-
fer process, material preparation, catalytic degradation and so on, and the key issues of scale-up process and future develop-
ment for improving structure and extending the liquid residence time for high gravity enhanced treatment of nitrobenzene waste-
water that should be concerned are discussed and prospected.
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