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PN PEfERI SAEPD [NV DGAOs 511 EPD i1l AnAOB #2438 T 76 & (¥ ¥+ 52 1, IR AU U S T DT k8 AR 7 (81.8% £ 3.6%), il L 23 B 4 £
FFAE(88.3%31.6%), /K B UK AR T 10mg/L HAR H BUHIR #h 457 55, TP 3B di i vl ik 93.7%, Hi7K TP W R AR E] 0.5mg/L LUF.

KR PIRPGA T L IETERIRE S AL(EPD): RS AU (Anammox): - A BRI SAF A6 SR B P (DGAOs)

PESES: X703 XHRFRIRED: A XEHS: 1000-6923(2025)08-4245-11

Impact of two-stage anaerobic time ratio on simultaneous nitrogen and phosphorus removal in PNPR-SAEPD process. LI
Dong'", LV Lu', LAI Hui-bin', ZHANG Jie'?, WANG Kai' (1.Beijing Key Laboratory of Water Quality Science and Water
Environment Recovery Engineering, Beijing University of Technology, Beijing 100124, China; 2.State Key Laboratory of Urban
Water Resource and Environment, Harbin Institute of Technology, Harbin 150090, China). China Environmental Science,
2025,45(8): 4245~4255

Abstract: This study integrated biological phosphorus removal into the PN-SAEPD process, establishing a PNPR-SAEPD system.
To allocate the limited carbon source reasonably, the experiment gradually adjusted the two-stage anaerobic time ratio from 3:1
(90min:30min) in the Slstage to 1:1 (60min:60min) in the S2 stage, and then to 1:3 (30min:90min) in the S3stage. The study
investigated the impact of the two-stage anaerobic time ratio on the conversion of influent organic matter, nitrogen and phosphorus
removal performance, and microbial community structure of the PNPR-SAEPD system. The results showed that in the S2 stage, with
a two-stage anaerobic time ratio of 1:1, the allocation of inflow organic carbon sources was most reasonable. The average COD
consumed by the SAEPD and PNPR reactors for storing internal carbon sources was (89.3+8.4)mg/L and (82.6+7.7)mg/L,
respectively. The phosphorus removal contribution of the PNPR reactor was (79.1% 18.5%), creating phosphorus starvation
conditions for the subsequent anaerobic stage of the SAEPD reactor. The contribution of DPAOs in the SAEPD reactor to the storage
of internal carbon sources was only 15%, consuming (10.1+4.0)mg/L of COD. The relative abundance of DPAOs dropped to 3.01%,
enhancing the synergistic denitrification of DGAOs and AnAOB. Integrating biological phosphorus removal into the PN reactor
improved the stability of short-cut nitrification, with the relative abundance of NOB gradually decreasing from 3.86% to 0.64% and
NAR maintaining at around (82.1% 1-4.0%). In the S2stage, the superior PN performance of the PNPR reactor and the EPD pathway
dominated by DGAOs in the SAEPD reactor provided sufficient electron acceptors for AnAOB. The anaerobic ammonium oxidation
denitrification contribution remained at about (81.8% 1-3.6%), the total nitrogen removal rate was maintained at around (88.3% =+
1.6%), and the effluent total nitrogen concentration was below 10mg/L. The TP removal rate could reach up to 93.7%, and the
effluent TP concentration was basically reduced to below 0.5mg/L.

Key words: two-stage anaerobic time ratio; endogenous partial denitrification (EPD); Anammox; internal carbon source; denitrifying

glycogen-accumulating organisms (DGAOs)

ks EE: 2025-01-15
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Fig.1 Diagram of the experimental setup
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R 7h 3 ANBY B, — G R AAI 8] 7 90min B 5
Ak A 30min, [A) I G AU (] () 30min ALK %2
90min, — i Bt 9 4 IR AU TH] bE b 3:1 AR T2 1:1
13, HARIs AT TR 1.

1.2 Behhvg e 5 KK R

SAEPD % I 5 # By ¢ (P 5 A Ak v e
RSB SR A 15 108 A B, P9 U RO A e Dk S 5
FASAT BN AT IR 0 B A N YR RO 1 B A
PERE 1 20K V5 V8,75 R R IR 2 2450mg/L,
PR R AT e BB 5250 3 2 1 IR AL U L
TOORE V5 e, 5 Y6 T B BE Oy 1420mg/L. W5 Bl i e
DIAAFA L 2:1 VB4 PNPR Jz v g 42Mok B b 5t mii
G KA BT it R v YL 78 S I w s AT R
180d, 75 & W J¥ 24y & 2000mg/L, V- ¥ ki 12
380.63um, % & 2: B2 F(ARE) N 82.53%. 5256 % ik
7K SR P A0, AR 3 5 7K, 42 RS2 B 28 3 ¥ K () i 7Y
FEAERC ), it E kK . NH4Cl. CH3;CH,COONa.
KH,PO,. NaHCOs. CaCl, f1 MgSO4-7H,0 & &
B 1, LA NaHCOs #5480 A= 15 775 /K g 5 I 1 45 pH E
Foo, F AR TR AR WL 2. 00 8 S B F0L PR /K HP (1)
A WL AR 1 K HG DR A5 B I Ta) e T R A, 1E K
o AT IS VeI BT L A

x1 REBETESH

Table 1 Reactor operating parameters

R1 R2 )
NS . - E—— MRIRA
BITSH MR —HPR YA

o BR(min) T f(min) HRT EE

(min) (min)

Bt 1~36 90 240 30 120 3:1
M2 37~72 60 240 60 120 1:1
MrEe3  73~108 30 240 90 120 1:3

F2 AIEMEKKR
Table 2 Water quality of artificial water

) COD TP NO, NO; X
5 H pH fi]
(mgl)  (mgl)  (mgl)  (mgl)

W 180~220 6~8 <1 0~2 7.6~8.2

1.3 A HT I E SR 57

W W), ,COD F TP Wl 5 5% HI 3 e B4
5B-6C 2 ZH0K il 5 A NH, N i 44 Ak
SICICEEIENO, N R N-(1-283%)- &4 st

J6PEVE NOS N K HH BT 7 Iy i 58 A0 40 Dot S
1%:.DO. pH{E. A WTW-pH/Oxi 340i ffi#
X2 SO e SO & .
1.4 AKX
1.4.1 WISV DAY B M P s it
{75 CODjyra M AAT3UZE CODintraeficiency(Y0) T H- 2
AR
p(CODjpia) = Ap(COD)-1.71Ap(NO, -N) —
2.86Ap(NO; -N) (1)
CODipira efficiency(%) =p(CODjnira) /p(COD; ) x 100% (2)
K H:Ap(COD). Ap(NO, -N). Ap(NO5 -N)53-Jill R
PRAABRT G K COD. NO, -N l NO; N JiE K
& 2 7% ,mg/L;p(COD,) £ 7~ 1 /K COD,mg/L;1.71
F12.86 43 )4 Hif7 NO, -N NO; -N S A AL BT i &
COD [ FLRA.
1.4.2 PAOs fil GAOs Tipkttfil PAOs H1 GAOs
X PRAEBE CODingra U BR EEA 1524 0 1
0.5Ppao0s (%) = p(PRA)/p(CODinira) 3)
Pgaos (%) = 1 = Ppaos 4)
X p(PRA) N IR B PO, —P B 2, mg/L;0.5
i PAOs 10 JRASAM N EHif /AL COD ik
PO P (R ;p(CODynyra) 9 FR 55 N BRVE 17
,mg/L%.
1.4.3 JRAEESAAN TIN LERITTHRZ
PA(%)=(1+1.32-0.26) %[ Coer(NH,; —N)-Ce(NH, —N)]/
[G(TIN)-Ce(TIN)] (%)
T Coer(NH, - N)E R UF 4K NH, N ¢, mgN/L;
C.(NH, -N)Z 7~ 7K NH, N # &, mgN/L; C(TIN)
FoRHEK AR TIN WS, mgN/L; Co(TIN)E 7R Hi/K TIN
WRE ,mg N/L;Pa 78 AnAOB X TIN 221 vk,
1.5 AR 8T
H 11 DNA $2HUA & (E.ZN.ATM Mag-
Bind 13 DNA i &,0MEGA) M IF PTG e Fh 4 HL
DNA.ffi [l 514 341F (5-CCTACGGGNGGCWG-
CAG-3")Hl 805R(5’-GACTACHVGGTATCTAAT-
CC-3")ili ik 2 A i S W (PCR)Y #41 1# 16STRNA
FLIR IR V3-V4 DRI 4 s N i 35, 72,108d 1)
Ve A (P [ i) lumina MiSeq &
4t (lllumana  Miseq300bp, 52 |5 ) 17 1y i i £E 0 1R
WP,
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Fig.2 COD concentration changed during the operation
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IR R GE COD AR A1 i K 25 B 6 k47 e,
Bl 2(a) TR 384T Wl HE/K COD K E7E 180~
220mg/L Z [HJ 8, i TS5 W RSt i5 e b T3
PEE B B,COD 2R ZAEHT 9d WRMK HAER 2,
B J5 & 0 LT TR e ,COD 28 B My (87.6% +
2.1%), 17K COD V-39 J&E 4 25.3mg/L, /N T~ 50mg/L,
Fie (BT KA B HETBOhRHE) (GB18918-2002)
h—g A FruE",

W& 2(b) /s ,i2 47 ¥ W, i1 T DPAOs il
DGAOs A I8 W #7 (1 3855, 3 B 5 ik A7 26 A, N
60.2%, 145 SAEPD [V #% AR/ B AR IH A8 B AT
PNPR [ JW s RSV I AU AC #1247, PAOs HI GAOs
T PRI O, PN BV A7 2B W iy, R AR E 1B AT
[HJ 4R 2R FFIR 1 COD L[ %,40 87%(1) COD #f
FRGE RN AT B, A B U5 it A7 1R (169.3 &
13.6)mg/L. i 35 W5 ¢ JRAA I TR b el S1 B B 3:1
(90min:30min) f& X I & 24 S2 B B¢ 1:1(60min:
60min). S3 [ B¢ 1:3(30min:90min), #§ [z ) 4% H' COD
0" 47 5 (CODjnyra) B 2 2% SAEPD J N4 1 COD Jt”
17 (CODjngasaepp) I S1 I BL)(124.1£15.5)mg/L
FAAR 2 S2 B B (89.3 & 8.4)mg/L, 5t Ji B4 21 S3 [ BL i)
(67.4 + 7.3)mg/L(P<0.05),PNPR [z | & i = [ B
COD 47 5 (CODjnyapner) W - ST B BEIH(41.7 £
7.8)mg/L EFtA S2 BrBeff1(82.6+7.7)mg/L % L
TF#] 83 B BEifI(103.1 +£6.1)mg/L(P<0.05).

Wil 3 P, Bl P 2 DR 4RI ) LG 1R 28 PNPR
I 25 53 BB I A ALY G 2 PAOs 13 1 18 i 42

1, PNPR 5 N 265 1R 3 b o ik ez BT, el S1 BB
11 (37% £ 8.5%) LT+ 4 S2. S3 K BLif(79.1% +
8.5%). (80.9% +5.7%).PNPR [t IV g [ ik ot ik Ji f
TR A SAEPD W i ¥ 1E IR 5 vk 52 P
fik,’h SAEPD Jx JV #5 A b B s it T LI A 1F,
DPAOs 1% il N Poly—P 75 Jl /b 1] T DPAOs fifi 7
PIRRE IR B 91252 1] 2(c) T 7, %) SAEPD Ji [ 42
o =AM BE DGAOs 1 DPAOs i 47 N B U5 I T 46 1)
COD(CODpgaossarpp,CODppaos sarpp) 2 ) H 6 43
BAT UL 45 R 2R ST BBt CODpgaossaerp N
(86.8+17.0)mg/L,CODppaossaepp N (37.947.9)mg/L.
Bt 5 DR AU TB) 406 . CODppaossaepp 281 FFAK,S2 S3
B B 43 ) PR AR %2.(10.0 = 4.0)mg/L . (2.5 % 1.2)mg/L
(P<0.05);CODpgaossaepp £ S2 B Be AL AN K,
(79.2£8.9)mg/L,S3 [ Bt SAEPD J W %8 43 fic (9 AL
) & /> ,CODpgaossaeep [ ik 4 (64.9 £ 8.0)mg/L
(P<0.05),DGAOs XA B4 F) H 2 1 (69.2% =
7.3%) KK L TF A2(88.7% £ 4.5%)« (96.2% £ 2.0%)
(P<0.05).

212 RBELERMERE X RV ERIEIT A BT
7K BA K — 20 IRAFOR I S (TP) i sk B AT K
SR, W 3 PR AEREE AT B 10d N, RS
HK TP 2R RCR B AR B0 T 38 X e th F4%
bR I 2 GE v Ve Bk 1 v R4S 21 58 R AR S 10d
Jii TP 22 % 5 v ik 96.7%, Hi 7K TP Ji - Ji He A
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Fig.3 TP concentration changed during the operation
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Fig.4 Nitrogen concentration changed during the operation
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Fig.5 Changes in C, N and P during a typical cycle
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Table 3  Alpha diversity of the SAEPD and PNPR system under different anaerobic conditions
b Rk OTUs Chaol Ace Shannon Simpon Coverage
S1 69340 1754 1757.62 1789.66 4.32446 0.05332 0.99796
SAEPD S2 60384 1687 1673.85 1733.46 3.67886 0.06325 0.996064
S3 63546 1576 1608.13 1692.73 4.92235 0.04556 0.999543
S1 57865 1674 1423.33 1607.34 5.23557 0.05997 0.99546
PNPR S2 65784 1763 1620.45 1687.88 4.55872 0.06986 0.99932
S3 60663 1656 1652.77 1705.92 4.47483 0.07356 0.99873
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Fig.6 Changes in abundance of functional microorganisms at

the phylun level
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Fig.7 Changes in abundance of functional microorganisms at

the genus level
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