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Abstract: The performance of simultaneous nitrogen and phosphorus removal, the characteristics
of granular sludge and the changes in the relative abundance of microorganisms in the anaerobic
ammonium oxidation—hydroxyapatite (Anammox—HAP) coupling process at medium and low temperatures
were investigated using an anaerobic attached film expanded bed (AAFEB) reactor. When the

temperature decreased from 30 °C to 25 °C, the total nitrogen (TN) removal efficiency was maintained
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within the range of 70% to 80%, the TN removal rate remained at (2.69+0.14)-(2.95+0.09) kg/(m’-d);
while the phosphorus removal efficiency gradually decreased from 61.2% to 47.4%, indicating that 25 °C
was not conducive to the phosphorus removal; in this stage, the total amount of EPS secreted by
microorganisms was not much different, the sludge was mainly granular, and the average particle size of
the granular sludge in the middle was the largest, about 650 pm. When the temperature dropped to 15 C,
the effect of nitrogen and phosphorus removal deteriorated, the TN removal efficiency gradually decreased
from 65% to 23%, the total nitrogen removal rate gradually decreased from (1.14+0.02) kg/(m’+d) to
(0.23+0.06) kg/(m*+d); correspondingly, the removal rate of phosphorus gradually decreased from 48.4%
to 15.9%; in this stage, the EPS production decreased, the granular sludge disintegrated, and the sludge
particle size decreased. 16S rRNA gene sequencing showed that anaerobic ammonia oxidizing bacteria
(AnAOB) was the main denitrifying bacteria in the system, and the relative abundance of unclassified_
Candidatus_Brocadiaceae was always the highest. Compared with the upper sludge, the relative

abundance of Candidatus_Kuenenia in the bottom sludge increased with decreasing temperature, and the
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bottom of the reactor was more conducive to the growth and reproduction of this bacteria.
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Fig.1 Schematic diagram of AAFEB reactor
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Tab.l Operation stage and influent characteristics
of AAFEB reactor

F Bt I [ /d JEJE/C | NH,~N/(mg-1™)

1~10 30 120

I 11~20 30 150
21~30 30 180

I 31~60 25 180
61~75 20 180

Il 76~81 20 150
82~90 20 120

91~94 15 120

\Y 95~116 15 50
117~125 15 50

1.2 JEKIKR

SRR N TALRLIE 7K, 430 B (NH,) ,S0,
NaNO, #1 KH,PO, #2 it NH,"-N .NO, =N #1 PO, -P, H
1 NH,-N 5 NO, -N ¥ B i & 2 Lh ok 101,325 11
S, BEHN T NaHCO, (1. 26 g/L.) . CaCl,-2H,0 (0. 45
g/L) \KC1(0. 57 g/L.) 1 MgSO,-7H,0(0. 2 g/L.) .

FERC TG KB B T e R T AN, #%
S8 1 ml/L, Hrp oo ER [ 4345 : EDTA(S
g/L) \FeSO,-7TH,0 (5 /L) ; i oo R 1l 4% : EDTA
(15 g/L.) .ZnS0,-7H,0(0. 43 g/L.) . CoCl,-2H,0 (0. 24
g/L.) .\ MnCl,-4H,0 (0. 99 g/L) . CuSO,-2H,0 (0. 25 g/
L) \NiCl,-3H,0 (0. 19 g/L) . NaSeO,- 10H,0 (0. 21 ¢/
L) .H,BO,(0. 014 g/L.) .NaMoO,-2H,0(0. 22 ¢/L) .
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NH, =N ¥ J& , 7K NH, =N ¥ B (1) 32 5 S 2O NLR i
B W 19 (2. 30£0. 07) kg/(m*-d) 3 % (3. 58+0. 08)
ke/(m*~d) . BERYBOW AR L BRBOR BT, NRE B4
A5 7E 80%~85% 2 1], NRR iz 5 Al 34 (2. 95+0. 09)
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Fig.2 Nitrogen and phosphorus removal performance of
AAFEB reactor during lowering the temperature
TEB B I, PRFFHE K R BE AN, 7Kt i 30 °C
BEARZE 25 Co BRIRXT RO AMERE ™4 T —E M
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%(0.23+0. 06) kg/(m*+d) . BB AnAOB K75 PE5Z
I EIH] RGN AR AL . R R R



www. cnww1985. com

A2 EBL, 5 PAKRIRE T Anammox—HAP T 7 & Bt & R AR 4%

FH41k FHoH

45 BRwiPE R R S M AR O, 2K IR B 2 15 CCl L i
IR B AT T, R BR A B B IV I 1Y 48. 4%
BT A 15. 9% TERARIRE T, 45 db SV 19
FFEHCT B, FECHAP (199 B R E ", 15685 A
Vs S 45 BRI E 15 CR 2R,
2.2 MREERTIRIFENTL

EPS J&—Ff i {242 4 40 EL3E 55 T 40 it 3
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Fig.3 Changes in EPS content and composition at

different temperatures
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PR 2R BRI S AL I R RE I o T AE T T I AT 4 L)
B b ) PS A ) T RUE M RO R AE i A H TR E
TURLTS JE 51 1Y 58 4

R E 15 CH Lt T AnAOB #Y i 52 5
B R S0 R0, EPS 7 i R FRAR, i Z AT Y 96. 79
mg/gVSS [ 4 67. 10 mg/gVSS., EPS f= i Y FEARAF
FRORG Je K AF]F Anammox R EEFRE = AL
MR . A, PNIZ G PEY) 5T, 1M PS & 25 K Y)
Jit, PN/PS i ISR FAET5 Y8 2 1h1 0w /K 1, [R] I X6 4
FriE M RE TR a5k i s B e oA AR . WF5E

FH BRI PN/PS {BAT B T2 iE 75 R BURLAL , Y
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XF AAFEB [0 #i A (7] (g B 195 e ~F- 4 i A
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SEEM AL, T HAP B % BERR, TR MR T , KZ2 %k
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Fig.4 Variation of sludge average particle size at different

temperatures
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S EH] , EPS 77 B Wb, o BURL TS e A A
58 1 EPS T A& AR g A, HL R AR 1847 — Bt
[EIREN/FFN i RS N

IR BITEER 10 K (30 “CA) FIEE 120 K (15 "CA)
M7 g r MR A (] 755 B Y9 Anammox 75 1€ , 8 33 45
Fr LN 20 B RO HOB 25, 25 /3R B, 30 “CIF A TS
Yo AL A2 5K, TURLIR 5 O W1 I 5 2 3 R I Oy
15 “CHiz 47— B[ 5, #073 ORE 5 e K 2B ik
KAWL/, XKW, Bl 2 S BEPS 7 IR,
HE TR0 5 e ORL RS & 1
2.3 EMERESHT

3 2ok g 3 A R AR XS R T AR )
W RF AR AT RN RIS PR REA S 9 6y A
AN[EIEEE ANTR] 5 B i Anammox 15 YR FEAS 4351 iy 4
4 :8-25.Z-25 .D-25.8-20.Z-20 .D-20.8-15 .Z-15
D15, 3, S ZF1 D 735 AL L& A RS,
BRI o 1508 TP U IR 7 51040 Alpha £
FEPEFRAR B IIAEE RAN R 2 s o

2  Anammox BT e AL 4 Alpha & TS FR
Tab.2 Alpha diversity index of microorganisms in

Anammox granular sludge

FEfSh | FEF1%L |OTUs|Shannon| Chao Ace
S-25| 26211 | 542 | 5.27 573.95| 559.93| 0.013 3
Z-25| 49061 | 831 | 4.39 955.50| 962.88| 0.044 4
D-25| 54202 | 853 | 4.57 [1001.34| 999.27| 0.027 3
S-20 | 40336 | 603 | 4.25 730.88| 728.52| 0.034 2

Simpson

Z-20 | 49818 | 738 | 4.26 830.67| 850.34| 0.037 3
D-20 | 41743 | 725 | 4.21 962.61| 942.29| 0.041 2
S-15 | 39422 | 647 | 4.43 830.68| 810.26| 0.028 0
Z-15| 47324 | 770 | 4.29 919.23| 911.73| 0.037 6

D-15| 44601 | 801 | 4.45

Coverage J (8 S 17 DA i v ) Bl 26 ) A A i
SCE R Bt o ) L8] T2 (R R T A 1) T AR B R
Mo BT 915 RAEARD Coverage fH 3 M 1
99. 5% , KM , BEAS 7 51 B8 i 00 HBBE 3 g, M0 44
58 42 A DL B Y5 Y8 R AS Hh B A A ) B SR B
Simpson 1 Shannon $5 B9 I ok 22 7 T3 A Wy T A 19
2V, — R B, Simpson 8 21 K 5% Shannon 1§
ot/ FRARIHE ZREMERRAR . PR 2 AT 50, ZE TR
b AR SO g P[] — 8 B S e i A ) 2 R
IR R AT 388 m g i B4, 10 B AR SR AP 2= 0 i A A=
Py v, ARG 4 0 I I 4 5 0 R T A 7 32 W 4

998.60|1 004.65| 0.027 5

W AR, Ace Fil Chao 48 AT R AR 1) i AH XS
JE e AR EE T, I ER T U8 Hh il 2k 9 0 Ao R i
IR

K5 SR T FEAN[R) IR RS R JE /K- GUE W eV
L AN AR X R . LA F 4 B AnAOB, I
unclassified_Candidatus_Brocadiaceae B AR X F FF £
PR, TE 25 “CIN IR TE A () 5 B2 75 Y v R X 2
WA 28500, N AR T ARYCN 14, 6% .15, 1% F17. 7%
HHAh AnAOBJE A L , Candidatus_Anammoxoglobus
ARG = B2 e I, JL-PA AR 3 o 3R B il 25 “CRE
1% 2 15 CH}, unclassified_Candidatus_Brocadiaceae
VEOUFATE  HARR E B D, 2 R ECRGEA T fE
AW R IR R Z — . TERERIE, 5 Candidatus_
Brocadia # It , Candidatus_Kuenenia 1) A Xt 35 & &
AR SR W b T A 0 B 2R X R A i 52 e
Ty g, [ ER R R ETS R Candidatus_
Kuenenia I AH X = B2 B I B2 (0 B I b 4, iy 38
15 U N 2 AR S A2 A i e, SR R A T,
JIN A )T B A T Candidatus_Kuenenia H/4: T
o Jf Hsal sy & 8, 5 i A D s i 2 A
AL (AOB) , I B 0 1l A AL AT — i A TR
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Fig.5 Microbial communities changes at genus level
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