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SR RAEN EER AR, DA E3E RN MEA?
LR EIR R K2R IR 5T B TR 24 g, K 300384

2. REEH KBRS HARE S LK E, KHE 300384

3. F Al 14 it B B AN A 4 A 6 AR W L T PR B A AR Ry, R EE 300384

4, HARRAL KRR 222 B o M BRI R , HAS Al & 980-8579

W—AEF: SUEH (1974—), Lo, Wi, #d2. PR m . 5K, SRR B k. E-mail: yuanhy 00@163.com
RN (S

W OE Wi st e — R E AR A A AL T (PN/A) B CH T, R T AR N AR P42 il 4
7% i A ) 2 7 % (ICCOMBR) F 8078 i 7K 28 8 577 (ALR) J, S 7 4 H 3 40 il A ik 7 52 300 A9 5 i) Rk 52 3t 7
ZEW LU, fE HRT 9 24 h, DO Jy 2.0~2.5 mg-L7' i, R4 #EK ALR & 0.10 kg-(m>d) (& M 100 mg-L™), #B
AL R AR ; 24 R EK ALR T & 0.40 kg-(m-d) (B AW 400 mg-L™), B4 AL T AR AE 3 d P EGH K
2 WAL ERE R, TR ALR E 0.60 kg (m*-d) (B A N 400 mg-L™), Jfi it 8% HRT M1 DO, H&TE
HRT Jy 16 h, DO 4y 0.5~1.0 mg-L™" B j 2y S5 B0 #5843 i Ak 5 3 ik AR B2 <UL (AR), 7E AR M 0.9 Lmin™' B, 2 4l
DO 4 (0.76£0.11) mg-L™", FH % pH K 9.7~8.2, A W T)a shiB 4> WA 1L .

KgRIR REESAM; BhElk; Stk EE T AR R

AR K CONAR, BRI AL G A T 20 AR BRI A FE R R L . /5 AN A HLER I . i3
A A e SR ) . AL Gem Ak S AR 28 T 2 B SR SE PRt K C/NCRT 4, LA 2 i A 40 T b B il AL 2
Y AT SR M MK A L IR LR AN, S5 % S A T i R DU R, PR AR 2 A AL T i BT 5
G BB — R A - IR SH 2 S AL (partial nitrification process-anammox process, PN/A) T. 2 5%
SR L Z AL, AT T AR C/NAR T 0.5 By KS, LA B 5K iy A R A, JFBA &b
BUN SRR, 57 R L TR A BLER IR A e

€ 1Y R 3 A 2 — 1R X PN/A T2 R @ s A7 w4, HAZ O A T 58 & A fL B (ammonia
oxidizing bacteria, AOB) [ & 4 1 V. fif fi2 £ %A L I (nitrite oxidizing bacteria, NOB) FA R, FH
KRB MERAMRR . REFURIRERY, mZRAEKEKET, EHERANHREEN 3.0~
WisEHA: 2020-10-22; FA B 2021-04-26

HEWH: BUFIEEBRRHL 8 & /EE A LT (2019YFE0122400 ) 3 R H AR A LSBT H (51308374); K HI K2R
R L X i £ W 230 H ( KIZHZ-CA-1754)
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5.0mg (L-h) ", WA BB ELE 0~1.0 mg (L-h) ' MALHKAAT, WHSASHEEREHR
FME, MARAREAF TLEHTHSEAMRE, BAEFEY R R, BN a8 78 1% 20 22 K 171 fif
T B ATHF AINOS-N 7 4B Fe i) T s A A K o s iRE, Bk L S AR &
W, 2 AT IR S e R A A A AR E YOG R . MR SE PR TR, B K 2 A e U B R L)
A, Y A AR R EGE A A2 B ARtk C/N FH R & AE AR, H 0 WA AL B AR B R
TR A B s, 40 A Ak B B 2 0 OGS T K T NOS-N 5 NH;-N A9 FE A 38 21 IR A2
T AR K ESK . Wk, TE#K A GG, anfar sl R 52 I v # Fa e is A7 Sl /2 5
SLIRAE AN T EB RN,

ZEO R RN, — KX PNA TEKWET/E, HBPEaeBALnT, (08 o 32 2 A AR YEPK
SRR, YR Ay N K A ARG, B4 SRR R (A N AE | RS IE R KR BRI
B, REEWRE RGEn R AYERE . It , AU U A O R A I s L AU0% o 1 CAPODICI 457
FH A S i CON BRGVE TR T7 i, FE R AT 0.30~0.50 kg-(m-d) ™' C/N 4 2~4 B 461 F 52
T AR EETT, THZ T EEA PR CON WK, FFROmmiR . teah, FIHIE KRS
BRI, 2 T A 480 (DO)™) 1) 77 v o BB 2 388 43 A Ak 9 7 v 2l R /KT By Td b P, SR 43l Ak
R A B

A5 T AOB K Anammox A A% 48 B[R] 330 — A 4 Rp e U0 4 S P A B2 fioh S 10 78 A=
W & N #% (internal circulation contact oxidation membrane bioreactor, ICCOMBR), >k H & & 1 fof
(ammonia nitrogen loading rate, ALR) F1 DO BK-A5 1A J7 1%, 41X ALR 3l T % 20 i 1k o 72 i e 38
TR, DA RS fig AL ik B K 52 S5 ol 2% B2 < i (aeration rate, AR). DO &5 K 28 X} 52 858 43 WA 4k 19
PO T ST IRIY, B AN ALR I 3l % &8 43 A Ak aok 2 00 B IR Rk 52 B (AL 08 S, o Dy 40 A
ey E shi it =% |

1 MEFEE k% B
11 £B5EF 4% Y
L1l BB R B A TR ~ T() Aok
AN BT 5 P B L5 % C L) A BB
43 i 1k i) ICCOMBR, £ 77 15 U Ji & % & N
4.49 gL', BURLBE A 5 U8 R R R R 2.60 kit~
gL' M ESM BTN AHIBE, ARUAEF8SL,
A2 100 mm, 1200 mm(WL A 1), NEE N
BAERE, AR 32 mm. #1050 mm. PE G TR
P S 0 2 PN BE 2 [] 35 /55 9% 1 3R £ 0 (HDPE)
PR B L o A5 Y [ R, NI TR
ORISR, BBl PVDF H2s 5 48 U I % L
UEME, fL4% 0.22 um. Nian
1.12 Btk H kv % I,

R N TR K o ZUE . B VR RN KA - -
FEAHIHNELC]., NaHCO, FIKH,PO, . NajHPO, 12 Wk s
ik, Hrr, [NH,CI] 4 382~955mg-L™", [NaHCO,]

4 1200~3 000 mg-L™', [KH,PO,] } 8.78 mg-L ', 1 REBHNEHRER
[Na,HPO,] & 9.16 mg-L™", [HCO;]:[NH;] & 2.0, Fig. 1 Structure diagram of the reactor
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Table 1 Simulate elements in waste water

MOEE TR L) | WORCE REE(ng L) || MURTE TR (g L)
CuS0, 5H,0 0.03 FeSO, 7H,0 50 CoCl,-6H,0 0.15
MgSO, 10 ZnSO,-7TH,0 0.12 MnCl,4H,0 5.06
NiCl,-6H,0 0.112 Na,MoO,2H,0 1.18 H,BO, 0.15
CaCl,-2H,0 26 KI 0.03

T AL g ARG

.13 EH5%

WF 58U FH AR SR A i A © B 91 0 3038 43 i Ak 19 s g #% ICCOMBR™, SR ESEHEK | ELLIRS
BB AR, PR R K i R 387.50 mL-h'; [ LU IR PR HFFE 150%; /K 30 %2 FF 8 min, {2
2 min; #7K pH #EHITE 7.9~8.2, [N i B2 1H 2 4 30 C o IR 2 N, 4 BrBe: 25 188
a3 (R 125 3 BBy ik ALR SRR R E RS2 mER ST s 26 2 &84 (5F 4 BB Ao At Is o0«

551 B EE: B iRk ALR MR IF 838 47 i 0.25 kg-(m*-d) "(Z A 4 250 mg-L™', HRT 24 h) [%
&K 0.10 kg (m*-d) (Z A M 100 mg- L™, HRT & 24 h), WELEBAA b i #2 0 H AK K REAS Ak . %65 2 By
Bt K ALR 2 0.40 kg-(m®*-d) (& & N 400 mg-L™', HRT Jy 24 h), ##95 DO, MBS Wi # Hi K
BTG bR AL, WK N AR NI R E R . S 3 BB i B AR RS, 4R ALR &
0.60 kg-(m*-d) (& &M 400 mg-L™', HRT N 16 h), MEH A A N FiB o mtbiz S8, &4
Br: JR4E AR F1 DO, 6 5 A KGR B IR AR U AL T A MK ZER, i masfbidfe, &2 H
N A 45 B B 3B AT S50

x2 RENBENMEREITESH
Table 2 Operation parameters of the reactor in each stage

BT BfTEHE/d PKE A (mg L") HRT/Hh ALR/(kg:(m’-d)") DO/(mg-L™) RIV#FPIKIR/C #7KkpH

1 1~10 100 24 0.10 1.0~1.5 30 7.9~8.2
2 11~19 400 24 0.40 2.0~2.5 30 7.9~8.2
3 20~27 400 16 0.60 2.0~2.5 30 7.9~8.2
4 28~54 400 16 0.60 0.5~1.0 30 7.9~8.2

1.2 &5 SHEE
I A R Y K K RE o 2 A T H AL K NHENL HE K NOG-NL K NOG-NL - 7 725 2 (free
ammonia, FA)!' . JiF & VAl ER (free nitrous acid, FNA) | B & 41, NH-N FJ FH 40 B35 43 6
Wi NOR-NARHE S5t 4 3 NOS-N R JH N-(1-288)- 2 Z e 4okt 25 DO pH R 1A 7
HQ40-d B A 70 A AN 7 5 B0 R JH R ol i 7 YR 5
AR B B SRR B (1) 258 9) .
[NH;-NJ;; 4 X Q

1
HRT xV M

ALR =

[NHZ'NLMK - [NHZ 'N] HK

2 x 100% ©)
[NH;-NJ,;

ARE =
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[NO;‘N] HiZK

NAR = —— 3 x 100% 3)
[NO;-NJ,;, + [NO;-NJ,
17 [NH;-N]x 107 “
~ 14 [exp(6 334/(273 + 1)) + 107]
47 [NO;-N]

FNA = — 5
14 [exp(— 2 300/(273 + 1)) x 107] + 1 ®)
[NO;-NJ,;, x O —[NO;-NJ;; , x Q

1= ©)
Vx 1000
[NO;-NJ;,, X Q= [NO;-NJy , x Q
V2= %)
Vx 1000
NO;-N], , — [NO;-N].
= [ 2 ],|17}<+ [ 2 ]1&7}( % 100% ®
[NH4_N]J£7J<
NO;-N],, , — [NO;-N].
= (NOs N = INO N 15 ©)

[NHZ 'N] HEAK

K ALRBMEA M fir, kg(m’d)'; AREWE A ELBRIFE, %; NARNEMEARR, %;
FA M9, mgL'; FNA WIFES IR, megL™'; vV, WABRWMALEAR, o (L-d)'; V, WA
R, g (L-d)"s g WEAEECR, %; 0, IR, %; [NHJ-N]y . F [NH;-N]y, 50 51 0 2R
HEARFIH KR EE 5 [NOZ-N1jy 1 [NOG-N1,p, 5 7051 A W A 25 R K RN K VR B 5 [NOG-NT,y 5 11 [NOG-NTy,
G350 R R A EHE K R KRR EE 5 ¢ OB KR, Cs p A MK pHAE ;s O WiF/KuaE:, Ld';
HRT Rk 5B, d; VRN ESRASER, L.
2 #HR5iTE
21 RNBZRGRAGEX S HELNFE

MR HEK ALR, RV ARIZIT IO 2 iR . 55 1 BB GF 1~50 K) B FEWF 5% FE AR 2 A kK 1
fap XEFR RS AL B o AEBEBY B, ALR MAHG I IE #2478 9 0.25 kg (m?-d) (K & 250 mg L)
F% 2 0.10 kg (m*-d) (/K Z A 4 100 mg-L™"), DO M 2.0~2.5 mg-L' [ R 1.0~1.5 mg-L™", {#+F HRT
K24 h A 8 2(a) HHE K [NOG-N] #A 4 i T [NO3-NT. & 2(b) A, 37 fit§ 25 8 A 2 3 (nitrite nitrogen
accumlation rate, NAR) & #7 K = 5.61%, Z A 2 Fx*% (ammonia removal efficiency, ARE) f 23 5
TE95% Lk b o R g LU B E Kt ff FEAR S, RO AR T AOB fR :F R 4736 14, {H NOB Y36 4 = T
AOB It . 3% Al RE 2 i T UL S %8 N FA. FNA A Xf NOB 1 it ] . RONGSAYAMANONT %17
KI, FA R 0.6~60 mg-L™' Bf 2% NOB i s #l il ; >4 FA>6 mg-L™' B, NOB # 5¢ 2 il U™ 14
FA 24 10~100 mg- L™ B}i& & AOB AE &K . BLHF, RN #8H FA b (0.45+0.4) mg-L™", J A A 0 il i [l
W, UL NOB T AR B 2w . B 2(d) rh A FURS (s R - F+ 2 0.056 g+(L-d)™", PR A b
/N E 0.006 g (L-d)", XHE—LUEW RS NOB i K T AOB W& PE . Wi ll, R4 ILikExf
NOB & PR IA &M, T 20K ws Al s I8 T

RAE R, FEEINH-N 2 R EINO-N WAL HR TR, ERARSZM T, RN HEAS S
PINO;-N 2, HIESAALM T, @ad#f DO, pH 45K Z 0] SEI 4T NOB 2 H12%, i, 1
552 BB (5B 51~59 K), A RENEI NOB, SLE AR R, Kswm b it K & &4 F R 400 mg- L,
LT R 401K ALR i 0.40 kg-(m*-d)™', HRT JJy 24 h, [AA}ES DO N 2.0~2.5 mg- L™, 7EiZ K Bewn i,
T K AT RN E, SECEKE A 6.80 mg L % 13630 mg-L ', Hi /K WA A Uh &
BT, AR E RIS R 0307 g(L-d) ", AL E AL 0.041 g(L-d) ', MBS
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Fig. 2 Variation of partial nitrification parameters

B, WA RGEE 300 mg L, MiHASEHAMET 5S0mg L. X R R 50 2 % 2h S8 B Al A AU AR
F. MK 20c) AT, FARKT 0.6l mg-L™', Alffi K pH FEARRFFE 7.5 DL FMRHEZECY [ B 55 45
WEW, pHTE 6.0~7.5 Bf A F] T NOB fy 4= K, 7£ 7.0~8.5 B #] F AOB 4= K . R4 /K FA K pH ¥
b F X NOB A H1Iil  FEL P o ZAil 25 280 RN FA V& B2 9 7 1 106 B NOB T M 76 I B B2 A2 204 . NAR R
FH 3 d ik #] 83.77%, 6d 5 ARE k%] 80% LA |, NRA fil ARE KT 80%%, #/risfbid #re 3d N
TIPS . B Bz AT 45 AW AR i K 2 RS AR S B0 A i AL R IR S, A R TR
PR T A e R K S AU AT, O B 8 SR A0 i A A T R AT . i s R S AR MG S Y R Y 2
ML

FESE 3 BB (5 60~67 K) k2 m A A Ty, DIWER AR 20 A& 0 far T i I R s s AT 1 O .
K Z AN 400 mg' L', DO 4 2.0~2.5mg-L™', J% HRT & 16 h, #& ALR £ 0.60 kg-(m*d) ',
Lt — R MIs 1T, %W B NAR IR AR 7E 85% LA I, ARE {RAF1E 90% LA . 1M th /K W S AR &
A5 2 Y BRI N RERE O, ULBH LR R I AOB WA B AR S . M BRI, AR A
b R Fa e AE 0.45 g-(L-d)", BRI R /NE 0.045 g-(L-d) "', LB Bk B FasE . ak i
LY R BT, 24 FNA<0.003 mg L™ B} RGE IR X NOB i M A (2 HE/E AT, BLHT FA Fl FNA 433
Fa e 7E 0.88 F10.05 mg-L™', FA il FNA 4bF X} NOB fy#I | 7E Bl N . FA. FNA B4 il 4di 15 NOB fY
TEPESE 2 B Pl . I BEs 1T 45 UL, AOB 7E 87K & & for I sl 5 bt ob i e 3 e, HOE Pk
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B HIR#KEA ML, mEAA AT~ NOB B4 L &2 2 .
22 BHATHUHEBEN
554 BB (5F 68~94 K) BN 955 2 5643, AR WAs Ak i e sh B Be o &840 WAtk Rk e T
RAEE A A A RE A A5 2R M HE KL T, 1% B B 3% il 14 7K ALR 7E 0.60 kg-(m?-d) ™' (WL & 3).

S4B EL A E 20 EL ) HI3EEL
ALR=0.60 9.0 ALR=0.25 ALR=0.10 | ALR=0.40 [ ALR=0.60
[ —e— iEkpH —=- Hi7KpH
400 + = 841
—— KA B 78 [ I
— —e— HKE A 72
T, 300F —a— HIK AR 16+
f-éo - HIKAASA T__] 12 fA
= | &0 8 &, \
& 200 E 4l tam ey At \a N Al
ﬁ%} £ ot Midassssnasdl Aassastannd Adadsina
100} T 0.08
W %D 0.04 f‘“““‘“
l R Aommrresroirossosssnts™
70 75 80 85 90 95 - 0 10 20 30 40 50 60
i fil/d i al/d
(a) HEHOK AL E YL (b) FA, FNAFIpHAE{L
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ALR=0.60
60 F
By S Y —m—
< 4of . ? .
~ —n— R B A TR
L 20f —a PR LR
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T 03¢ H\,/WWM
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Fig. 3 Variation of parameters in nitrosation stage
PN/A T AR WA AR TEIG BKF, A AR 03 1 AR B8 4 50 DR AU A8 A TR o A o) 27

M /NS 28 S i, 343 A AL H /K B9 [NOS-NT/[NH;-N] B S (A 1.0~1.3 BF, 1] 2 5 22 R A & A fk
SRR IR ER . PR, EB 43 A Ak )+ g G B X H K [NOS-N/INH-N] 45 il o fE ARSI
ﬁ%%iﬁmﬁNHMﬁM%ﬁ12¢@I4T% 55 3 B Beilt il Ak g 2 5 [NO;-NJ/[NH;-N]
Jg 8~18, KT HISMH . BB [NO-NV/INH:-N] i KAl GE & i T 7Kk & DO 175 . AOB 1 A Fl
0 0.30 mg- L7, DO ZER57E 55 K T4 = AOB TG 1 . ILAF, DO 4 2.00~2.50 mg-L™', AOB
TR O, NH;-N 4 A A3 R, NO-N kKAt &R, # [NO;-NY/[NH}-N] K FHISH. &
T AEPY R, AE RV A% 32 B EINO,-N JI I, Al 8y DO SRR E 5 [FIAE, I8 P I AL
W SR FEAR 25 5 1 7 =X, NEEDOT;&%T%%]MM@;“%IO R, A [NO-NY/[NH;-N],
T e IR A R B B HE K LR, RS 4 B Bl SR IO 15 B (AR) . #54il DO 177 7 LA FEAIX [NO,-NT/
[NH;-N]. AR Fl1 DO {48 1Jcﬁnl’§ISJﬁﬁmo
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TE5E A BE B SE 68~71 K, B 2eH¥ AR M of S AR
2 L-min”' f#% 0.2L-min”", F¥ DO M 2.0 mg-L™ 18l -
W 0.7 meL . L B 75 4500 [ BF 55 4 W t6f -/\
L4 DO K 0.6 mg-L', ARFH pH, Z5HG Z ola |V
HCpH EWIHENG, SRZCAEpH b 6,60 B, RN £ 1o A
RS AL W, SRR EEY % 8
pH UEFTFER . ARSIH K pH 7 7.30-805, 2 ]
SR S A S 3 A E P 3Ga) AT, 2f
KB EM E—Br BEfl 22 mg L R 1 5 305.2 7‘2’ i “reard

mg L™, i KO i 25 & WA 30 mg L7 [ &2
L1 mg L™ BbAh, 28 BU A b 38 6 4 )L 0.45
g (L-d) ' 3 /N F) 0.069 g-(L-d)!, X i B DO il
LS T8 AOB WY & AL /N, FE 4
AL, 5 68~73 K F- 15 [NO,-NJ/[NH;-N] £ F
fE0.28, m/NTFIEEGEHE . B, FA—H
=T 10 mg-L™", AOB G2 2 i, H K
i DO i ik, S % AOB XJ NH:-N #| /] g J1 i
o P EPTR SR £, DO TE 1.0 mg- L
BF, AR WA AR BOR T, i
AOB Xt & A M FIHIGE ST, 98/ FA X} AOB Y4l
WAL, B 34 i, K AR #£/ % 0.9 L -min ',
P R W 25 A DO Sl 1.0 mg-L ™, IR kK
2 A . ALR, HRT Fl pH A ZE . M 3(c) AT
WU, FESS 4 B BOAR 74~94K, A RLRGfL R
(0.038+0.009) g-(L-d)", 555 3 B B & B 1k
F N (0.062+0.010) g-(L-d)"' 4 L A W W FEAIK .
XA BESE TR DO M (2.0+0.14) mg- L' fE &
(0.76+0.11) mg-L™', fEfk DO T AOBX % 1Y 5%
FIBE ST %k, NOB V& PE#E — ik . DO [ F%
k923 T AOB 1Y & % Al NOB Y 4l il . 24
20dizfy, MKAAEARETE 1563 mgL ',
KO A A A e A A 8 #E 200 mg L™ 247 b
F, [NO;-NJ/[NH]-N] 4EH¢ 7 1.22+0.08, £F & #B
S AL-DR AR E A ALY H 7K [NOS-NT/[NH;-N](1.0~
1.3), UL WY KGR B R A s R AL K BRI
B A B A 2
23 WEXBIHEEEISS EHETHEN

B AT 5 il K R pH R TEHLER TR, I 45
il NH-N B 575 4652, & 6 A 7 43 51 0 AR S2 56
B AT U I 7 A B B 3 R 5 A b R Y

DO/(mg-L™)

AR/(L-min™")

ALK (CaCO,AiP)/(mg- L")
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st Ifl/d
& 4 NO,-N/NH;-N 31t
Fig.4 NO,-N/NH;-N variation diagram
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Fig. 5 Variation chart of AR and DO
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Fig. 6 alkalinity variation diagram
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25 90 -
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Effect of change in ammonia nitrogen loading rate on partial nitrification and
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Abstract The stable operation of partial nitrification is crucial in the integrated partial nitrification - anaerobic
ammonium oxidation process (PN/A). Experiments are conducted to explore the influence and recovery process
of partial nitrification process in an internal circulation contact oxidation membrane bioreactor (ICCOMBR)
after changing the inlet ammonia nitrogen loading rate (ALR).The study found that the ALR of the system inlet
was reduced to 0.10 kg-(m’-d)”" (ammonia concentration was 100 mg-L™', HRT 24 h) and part of the
nitrification process was destroyed rapidly when HRT was 24 h and DO was between 2.0 mg-L ™' to 2.5 mg-L™".
When the ALR at the system inlet rose to 0.40 kg:(m*-d)”' (ammonia nitrogen concentration was 400 mg-L™",
HRT was 24 h), partial nitrification process was rapidly resumed within 3 days. After partial nitrification was
restored to stability, the ALR was increased to 0.60 kg- (m’-d)”" (ammonia concentration was 400 mg-L™', HRT
was 16 h). Meanwhile, HRT and DO were adjusted to achieve partial nitrification when HRT was 16 h and DO
was between 0.5 mg-L™" to 1.0 mg-L™". Finally, partial nitrification was successfully started by changing the
aeration (AR) to 0.9 L-min"', controlling DO at (0.76+0.11) mg-L™" and pH at 9.7~8.2.

Keywords Anammox; contact oxidation; partial nitrification; ammonia nitrogen loading rate; dissolved

oxygen; alkalinity
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