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RREELA RAF RO, SR, H AT TR 3h X 15 K A AR TS Y W S A% 3 R A AL R 4 R B
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Fig. 1 Schematic diagram of coupled vibration-AO reactor
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Fig. 2 Microelectrode-oxygen mass transfer test platform
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AH R B i A I (2 %5)s A T SR DR AR AR o7 Y 25 Sl S SRR 25, O Al o JIEER A ]
A, DAARIE SN A R — KO A AR AR R B R, AR SCI TR B, R R K
I 42 i A8 T RN A ZE IR KRN R TC E R TROK Z M A U046 . eAh, sl (15) 2 il 22 1A 9 o 5 RV
I~ 3~6 cm Zb 1 B JE I8 B (9 RE] 3 > ) A AR 48 [ e, B A5 YIS ) AR I ) 3k 1A ] 22 4 vk
BRI E PR E o DIERE A B 45 I 7 7 2% LEMVs DI fb B2 e 1 B e — R A iE PETS U . LT,
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D) KR A 5 Zeta LA o 5 Y8R0 48 TS U6 32 T Zeta HL A7 W) 38 38 J5E 103 1SCKF 10 mL ¥5 8 3 20 1R
G, SRR E R AP, A Marlvern 1180 #% (Mastersizaer 3000, Malvern Panalytic, UK) il 15
15V BTE TG Je R BPRiAR o fdi ] Zetasizer 3000(Malvern, UK) I 4R i 1 Zeta HL 2P

2) AN R AW RIS I E . TS U D AL EPS A 4R BUIK I BH B B il (CER) 42 BT 1222,
B, B3 40 mL IE MRS AR S T S0 mL B0, BERR R 4% b W (0.1 mol-L™', pH=74,
PBS) ¥ PR AR 2 K PRI S I ATE & PBS ¥ U HE A B & AR, — M B F—1~ 200 mL 11
Babr, BT AGE B AR IE (70 g-g (UL MLSS 31), DOWEX MARATHON C, 4% T,
20~50 H), HFLAFEIK 200 rrmin' A1 4 °C & FHEFE 6 h 5, 12000 rmin™' B0 20 min, b 7% W38 o
0.45 pm Jils R 21 4 25 550 6 B R 24 EPS VWK . S EPS Hf 2288 R0 28 11 5 & 43 1) SR ) 80 ) o A ke e )
Lowry 5 52 224

3) {5 HLI 2T A G AT o A i R AR B P AR e 2T A6 14X (Niicolet Is50,  FEBR G /R BHE A FR
ONFEL, HED) PEATINAE o KA A e ik SR B B EPS EE W e 2R A TR AL S, 5otk ali Ak
B (KBr) #¢ 1:100 AF & il i1 18 B R, PR L 7E 400~4 000 em ™' (N HEAT L0404 HE, il 25 43 B¢
KK 4cem'',

4) =YD EHAE T . R =404 6B EE T (F-7000, Hitachi High-Tech Science, H 7<) i
FE L EPS 5 EReE . ORI K5 R S 4300 200~500 nm AT 250~500 nm, 494 B FE 44 10 nm,
R 1200 nmemin™'. DA 26K AE 8 25 FURCIE (9 H7 2 8T, 3D-EEM 04 R H Origing.5 3K
DL A5 i 4R R A
1.5 EBHWRIEIRE DA

IKHEZ 0.45 pm BB AU I8 )5, COD SR PR 0 Al A (75 A 2000, 36 ) W i, 40Ot



3610 ok L B ¥ W Fl6 &

(% 7 DR6000, 5 [E) 5%, NH,"“N. NO,-N. NO, -N %48 br 3 4f% [ 5 b i 07 2 2 2 A Bodls
K H IBM SPSS Statistics 22.0 #4778 G2 1150871, L 5 2257 1 (One-way ANOVA) J5 1 46 5 AN
[Fi] S5 6 2H 45 2R 2 TR Y 25 S W Ve, SRR 99 72 B0 3 s Y B/ i 35 25 5% (Least Significant Difference,
LSD) #17 £ H LK 5, 4 P<0.05 BN 2R B %,
2 #HR5iTE
2.1 A[EMEST LEMVs X5 22495 BR 14 B8 59 52 1

COD, TN. NO,-N., NO,-N [ . H /K i 3 BE s [a] (9 A2 fb 1 0 an 1] 3 it~ o B A i 280000 %% 11
B, RO~R4 JZ W #5f% COD. TN, NO, -N F1 NO, -N () H /K ¥ i 5 52 9 e 18 5 PR AR A ke 38, |
W fif 2% 40 Hz /) R3 J W7 #% B9 COD V-3 5Bk #H 94.72%, T R4 RO @& i 5.42%. LA, #E R1 X
N #% A 10 Hz 3R 3h A9 56 25 K, T LLULER 3] TN B9 L bR R A 7, FH LB EH 66.77%-
R3 ) TN fix K5 0 80.33%, AL RO #7581 24.85%. AL, R3 ¥ NO, -N, NO, -N [y H 7K ik
JER K. X F B 40 Hz [ LFM Vs X5 K 16 P 75 Je -0 A= 90 =22 1) R A 1 T e, ol DA 38 1R el
A0 RGEHIANERE . [ESEENE, VA R4 TN, NO,-N. NO, -N i £ R R3MIK,
X AT 85 MENG % & 38 K9 59 ) ) v] g S 3 2 IR e U A B I — B ik Ah, RO KB AL TR
DOMRET , RETZWH HHM T NO, -N Rit, WE RS 028 mg L™, NO,-N V- /K B
JERIM 75, AWM RV, B THERBRE AN FMT, AR A b & B 80 RS MR,
FEHNO, N CHHAE S AR, Skt , TS AR AEKIEY B, AT 4R 20 i iy 5 A AR
T AEAR AT R AR S A 52 T, v] DUAT B AR HF T S80SO I A5 a0 36, T SN PN 801 ) T A%
A A T P K A FEZARECIRES T 1) DO ¥R BB LA I Al 1h 50 5F — 2 T 75 1 45
S, NH,-N BRI RRIA 1T, X5 WANG S5 19 25 5L AR .
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Fig. 3 Variation of pollutants in each AO reactor under different LFMVs conditions
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22 AEMES LFMVs SHABEEA BN R P 1A REEN M

) R—E TR RE . AT INAAHIE AR, 76 WA P A% a8 2 5 7K b 38 3R G v 4804 T ad A
P51 BB, AP Benl M5 2 B Bt DO 8 IRCHH Hf i P sk A% 3 A5 3 B Bt DO IR E A B3 P15 8 22
PR rb S G R 2 0 2 250 i B 4(a) WA ROR ZRE T B9 UG T B AT X R R AN 1 TR,
(D) A B RIS Yo 20t 4 B BE LEMVs Sk, - RS 5 R 2L K a ) R3 >R5> R2>R4>R1>
RO, Hior, Jpy#% R3 Hie /K IR & W A0 A% i R L RO AT RS HR 40 B4 & T 241 5 1.2 65, A Bt
KR, HFRESRIMAENTRBERER, K TEAERAATAEERE, AT
SRS A] S R T B 2 0 A AT K TR P AR Fick 55—, R s AR S AH T DO 1Y
WK, Ry BaR sk B Ka B RP50, (AT, SRR E T 40 Hz
B, A% BT R AR R 0.33 min™' o 3X AT BB K R > 17 2 1 B 30 fin  BE (B ) — a2 B, Bl AP BLEUR
IR T T I B VL A RGN R AR, RN L IR I MUK SHRIE RS E B Sl ss , (115
RENMASE TR, AU R, 3P 80k R 10im 3h Be T 42 & 8 SO B W) B 7E o i
R R E . B, LEMVs i@ i 3 50 7 04 1 25 2l AR B T 42 i 8U1% o R B0 45

2) W — [ HOR B W - AR IR B RN 2 T E WA T DO BE IR A 2R AR Y,
PR PR G G TR AR FR L 4(0) 5 AR AT, AP EUUA TR RERAE, gk 1y
Ao MRAER 23 EAH, AP WAL D,, I RI>R2>RI>R4>R5>R0, Hir, D, 7 40 Hz 54 F ik
WK, M 1.35x107° m*s™, ERMIRSIATAY 3.49 5. X FLWTE 40 Hz 77, BEE IR SHIR A5, o
6T DO ZF i [ i1 A XS A RE T, IFRBAE S 5T R T B 2 R AR NIRRT XA R T R IR S
T, ROPEGIEEIS IR NER B T KA AR TR A%, NO, -N Efb/EH =, 1M R1~R3 7KK
DI S o2 ) Y 19N I oS 1 o A i 1 B S i v = N N 3 = B v o B 57 i WA B R Y
IR DG =4 TR M B E B PE A2 4, X 5 BOE 2 09 7 i F00 B T 1RO R 22k %
4r = RO o RI & R2 Or :gg:ﬁ‘l“gg
B Aro —feremari T

—— AN ARD — AL RS R BAER GRA —— BHERIARS
—— AR — KAHEHIERS
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|

3t
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El4 TREMZELFMVs TH T SREMEREEEREHXRE
Fig. 4 Relation number of oxygen mass transfer function between gas-liquid and solid-liquid under
LFMVs load at different frequencies

£ 1 TESAEM LIMVs £ 4T SRMERIEE RNENE SRR EE
Table 1 Slope value of fitting equation of gas-liquid and solid-liquid mass transfer efficiency under different
LFMVs conditions

it RO RI1 R2 R3 R4 R5

S (26.83£0.06)x107  (31.8420.24)x107  (48.41£0.24)x107  (65.5240.66)x102  (32.87+0.09)x102  (53.27+0.39)x10>
B (17.01£1.53)x102  (46.69+4.43)x10%  (47.2042.25)x107  (59.32+£1.79)x107  (38.1244.82)x10?  (35.7242.06)x10?
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P, 4 2.0 WP A RN, IRSNAEAHME RS 1. 2 B MRCRSE A B M ) DO Wk 2%
W, NEE 3 WO S R RS A S P ORISR AL B Bl 1 2R AR, Ik, fargk 40 Hz A
) LFMVs R g ffi 15 51 2 1 AUk A 2R, S 5EwmA KA &. o s, &P
PSPl A K AR 11515 RS I3 B R 50 H 0.82x107° m>s™, #J/NTF R2~R4 1 4 0 22 5 i 388 i+
T 50 Y A vy g B A 0 [ VA ) 4L A% TR 1952 55 T LEM Vs

23 A[E LFMVs fadk TiE SIS RE R BAFENTL

Yy 5 9 A% 35 5 75 e AR R B ) BRALREME B DI OG, b, R RCR T REZ B 2R ki AR L &R
T LA . 53U %) EPS (19 50 4 A% B B RE A AR fk B 52, A T iE— 25 i #8 7R LEMVs Q4n] 52 i S8 A% Jot
G | D B N O VR = i W) S e T

1) R [FEA R B LEMVs X5 k42 KN 2 . BIS FoRE, 4Kk Hr A 4 o 38 in 21 — %2 i
J& . W TR AR RTINS A i AR AR e, IR AR TR . ARBE g, &R
IV £ 53 B TE 0~60 Hz #1181 LFMVs far 8 &, 24 ¥R 42 K/ RS>RO>R4>R1>R2> R3, HF-H
BiAE o ) Ky 257.35, 214.44, 187.22. 154.48. 150.63. 143.20 ym, Frf, R1 Z{KKF ¥ ki K
154.48 pm, H L[N 2% RO BEAR T 27.96%. (HASER M2, fif 2 40 Hz 1Y 2 N 2% R3 15 R R0 4% e
/N, i 2k 60 Hz (Y R4 - RIAR A AT K. AR RMT, R MU, 16 M5 U8 22 IR 0] A FL IR Al 3%
TET R B SR 22 05T Ah, 22 FLBR 2 AR 3 1 45 4 1 T8 A R T R T A R . AH LS
R5 8 R E B4, R3 W 2% Y LEMVs(40Hz) i 1575 I8 28 Ak 42 B Wi/, AT 46 %6 1 9 B
(A% 3 I B o X TT B R3 HP AT 1 AR 0 i 8 D PR OO T e AR AR /0N 1) D PR T B s 24 K Ak
PP S 3E ne) — e 5, 222 LEMVs =AY IER, 356 iS e 2 EE/E L. mils
Ye RLAR I /N P T o A% 338 10 B A, DT 52 ) 28 98 40) o A% 3 303 1)

2) AN[AAIR Y LMV X 220 26 11 F A7 (52 o 2 /85 1 Zeta FELASE 25 5 (90 15 15 14 15 8 SLAAR ALY
BB K, SBOENSRGE GBS, WNGEFE. R, DANH Zeta AL S EAFIEPETS R
ZURBIBREL /N, AR T S B Lk, BT RPIRAS TR & g B RBRAL, WY R4
BT B AR, B S AT, 4% RN S U R R e R A Y R M B O, Rk
R3(40Hz) [ i g TS 8, 25 B R #4538 T A . 3X T AR 2 i TG ME s e 19 EPS & & /= 1Y
Haohn, AR AR AT AL, SULFEIR, RO 4R Zeta BB Y /N TR BEA PR Bh AL . X UEW] T
A LEMVs A F) T2 R E A FLER I K, Ry SR S H A 5 7 22 AR 1] i AL s #2411 R 4r i 4% i sh
SEWEE . MO, ABNEEKP— B EE KRN ERENERE FMEER T, 2R amaie, W
B 1 FL o7 B T 119 BE ) 0t A

3) AN [FAR ) LEMVs % a4 R G Wi B G A 52 . anisl 6 ros , 38 i = B S 55050 b A ith ¢
A I BRI WA X B AL L B, RO~R3 4 EPS 7F 3 460.4 /3 407.9. 1 653.5 cm™" (1) 1% Wi U 1% i 184
5, 31 B B G R S0 A 1 1 i 1 R S o AR e T R ER I BN, T 60 Hz B 5 g EPS Hp 1 % 2
Mo B HEAL . AR R, AR, J& T AW RAT RS R, B R R K,
AN, A, BV R3 AY 1384.6 con ! 1 1 080~1 078 em ™' 45 Z2 AN W {1 184 5 26 W 7E 3R Sh A I - £
Ty o i AR BE 0 AT BT 52 o AH N M, sk Sy 5 A 1 FH RO o R B, (L] DA Ay A o3 e
I —NERR, LR R RDIR AL . IR R B IS Y i R EE R ERE . AR R, FE 1
200~1 000 em™" &by #% iR v 1 -C=0 A2 J& W Fl Z2 % i 9 —OH 1% i 4 41 2h e M), v L R3 1 EPS ok
1) CO—HI HO— 1 Hi 3R I B 37 M 75 e 22 AR i) A7 7 3o e AR RN L8 ), 75 322 EPS B
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Table 2  Electric power calculation of aeration equipment
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R3 0.16+0.1 0.10 73 5.30 0.60%6 8.93 6.6x107 0.81

RS 0.2840.1 0.10 73 9.70 — 9.70 6.6x107 0.88
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The mechanism of strengthening sewage treatment efficiency based on the
enhancement of substrate transfer efficiency: Low frequency mechanical
vibrations application
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Abstract In this study, the effect of low frequency mechanical vibrations (LFMVs) on the denitrification of
AO process under the condition of low dissolved oxygen (DO) was investigated. Furthermore, the mechanism
was explored from the aspects of oxygen mass transfer efficiency between “gas-liquid-solid” phases, sludge floc
structure and physicochemical properties. The results showed that the removal rates of COD and TN in the
system increased with the increase of the vibration frequency under the low DO concentration of (1.5+
0.3) mg-L™", they reached the highest values at the LFMVs of 40 Hz, and the corresponding average removal
rates were 94.86% and 76.88%, respectively. Compared with the control group RO, the average removal rates
increased by 5.42% and 23.46%, respectively. Meanwhile, the oxygen transfer coefficient between gas-liquid
phases increased by approximately 140.46%, and the diffusion coefficient between liquid-solid phases increased
by approximately 255.26%. The analyses of physical-chemical properties implied that the increment of oxygen
transfer coefficient was attributed to LFMVs, which strengthened the turbulent flow pattern of liquid phase;
while the increased diffusion coefficient was mainly caused by the introduction of LFMVs which reduced the
sludge particle size, increased the pores between flocs, and stimulated the secretion of extracellular polymeric
substance (EPS). In addition, the preliminary economic efficiency evaluation indicated that the comprehensive
power consumption of AO reactor loaded with LFMVs was 0.12 kw-(m® h)™" lower than that of traditional AO
reactor.

Keywords low frequency mechanical vibrations; treatment efficiency; mass transfer coefficient; physical-

chemical properties; economic efficiency
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