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Effect of Zeolite on Recovery of Anammox Bacteria Affected by Starvation
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Abstract Zeolite has good ammonium absorption capacity and microbial carrier function. Anammox bacteria
affected by starvation were activated in a reactor containing zeolite to study the effect of zeolite on the activity and
structure of anammox bacteria after long-term starvation. The results showed that anammox bacteria recovered in
the zeolite reactor and the control reactor (without zeolite addition) after 82 days of operation. The nitrogen
removal efficiency of zeolite reactor began to lag behind that of the control reactor on the 59th day. On the 82nd
day of operation, the nitrogen removal load (NRR) of zeolite reactor was 177.8 mgN/(L-d), significantly higher
than that of the control reactor (154.3 mgN/(L-d)). At the same time, 16S rRNA high-throughput sequencing
method was used to analyze the microbial composition and function of the microbial community in the reactor. It
was found that adding zeolite carrier could increase the abundance of anammox bacteria Candidatus brocadia after
recovery, and could better promote the recovery of anammox bacteria inhibited by hunger.
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o AP SRR DAES BLOIR AT 4 AR A (4
A2 P T A /IR N 2T 4 6 ROk, TR i S
PR e it X SN %% (sequencing batch reactor, SBR),
XFA5E (3B AT 100 KA 20 s H IR S0 28 S A TR 2R A Tk
RS, BRI IR K rT 3 g R AR AR
LB R 6, 4 W TR, R R I DR AR A A
BB RPERE KA. (R, X Se )y IR AR 2 Ak
SMETR N2 BB A, HONoHL A R EE . RN
FE 5 R B R o L IR 2T A bR A R A A A
B MRE R KA R, R, AR AT AU —F
1R W B NHL N 28 5% A IG ELBR S A 4 19 61 )
WA, RS W R R A A A A AR, X
VAR A i PR AR A E AR A TR

WA AR TE AR A P R RERR SR, N
AHEE 2GR, FLRBTE [ SRR —F,
Fb 2 T B3 400~1000 m®/g, FEHR L2240 B 5 1
Pt B B R B B R s i,
X NH, =N A4 2 B4 fiE B 4707, Miladinovic 25 )
PR A A W) T %) T A L o A O RS A
WA A IS RS AR AR O] LAER ) A ) 5 28
PE LR B8 NH,-No Qiu PVl LIBg % . Wb 41
FBR IR ER A R, BIFSY 3 AR <A 78t (biological
aerated filter, BAF)AYYERE, & BLik G BAF Fl6k iR
5 BAF 1 NH,'-N Z BRI L B % Uk BAF 5, H
Prohdi B A . Yapsakli 55U O] F s A 0% B A
Yy Wk f AR 25 6 10 7 1 BRI K T NH,-N, R 32
W 3 A 0 O AR 55 0 A ) NIHL N W B R
A, 2 A RS A R NHL N BT BE, A
PR A AR B HHE NO, -N 5 NH, =N 2Z FEA X £
SERIHEIK, AR K T NH, N 1 £ 1R, A BFSTE
2 DLk A R 3R AR R 5 K P NH, N A S BR, fif
i AFFE A 08 1 52 LR 2 i IR 4 R Ak AT 1k
5o FRATT L LA SOV A IS fin i A2 P A
R0 K 3 22 L 3 o R 4 2 S A BT 1 T O 1
#t, FIH 16S rRNA @i &y, #RI0IKE o F
VRAFARE A, i KR 2 LR e DR AR 2
AL T AR AR5 N B9 5 FE At

1 #rRF A E
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S E B EK RS, BARL. RN E
. HKRG . KIBIEIRG S E 5 RS AR,
J52 R 28 R AR AR 5 Lo 3l 3 A ] 428 o 5 42 ) 52 o
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8 R IEE, N EAR N 4 om, B4 552 18
cm, WA SN A N R A TS N 29 100 g/L. 3%
AN AT SN e 2B AN 2 R o
1.2 EWEKMNEMTIR

S5 A 1 7K SR N AU K, H ) Jo 20 i an
K 1R #EKHET, HINL/CO2(95%/5%) % N T AL
SRR TR, BRIk T B g, JFH K pH %
il 7E 6.8~7.25

TSN g 42 Tl ) S T AR R R R AR N L TR
NH,"-NHINO, -N ¥ 3T 0 mg/L B75 K HLUER K
ik 88 RIYIRA A A AT e . RS, 2% S N TR
BT M TR B IR (mixed liquor volatile suspended
solid, MLVSS)J & £ 3441 4500 mg/L .
13 RSBk RRS S

Xof B I g R A1 S s s 1T 82 K, 2 1~10
KAAN B, 5 11~30 R AT THB B, 4531~
82 R MWELEIBATHI B . [NLA IR SR, WA~ S
AEPEZK A NH,-N FINO, -N ¥ ¥ A5 7E 50+£5 mg
/Lo TEM A & B B4 o DA, Y% 2L 3 K i
B4 i [8] (hydraulic retention time, HRT)JZ i #% H
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Fig. 1 Zeolite shelves filled with zeolite
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Fig. 2 Schematic diagram of zeolite reactor
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Table 1 Composition of synthetic wastewater Table 2 Sample numbers of contrast reactor and zeolite
S ; - o — : . reactor
FEASY WHEAg L) R WAL
KA
NaNO, 0.246~0.986 Na,EDTA 15.000 5
(NH,),S04 02360943 ZnSO,TH,0 0.430 ! 5 4 0 ®
i 2T

NaHCO; 0.500 C0S04-TH,0 0283 YRR N ETESER S A1 Bl C1 D1 E_l
NaH,PO, 0.025 MnSO,-H,0 0.845 A SN A B TR TG A2 B2 C2 D2 E2
Na,EDTA 0.006 CuSO,-5H,0 0.250 A1 SN 25 M A TE e - B3 C3 D3 E3
FeSO4 7H,0 0.010 NiCl,*6H,0 0.190 VLBH: “—FIR M ABFTI5E 1 K, LHESIET.
CaCl,-2H,0 0.010 H3;BO,4 0.014
MgSO;4 0.100 —

K HNO, -N ¥ BE #F2 € 76 5 mg/L LA R B, J@ i $2
e 7K NH, N FINO, -N ¥ B 1 7 OR $E 7 5 I 2
HEK BT, 24 HEK A NH, N FlINO, -N ¥ B 42 5
%200 mg/L ZE A7 IF, BRAFT 42 TR B2 i, AN
k2 45 v UE 7K T NH, N FTNO, -N ¥R 2, ik ok
1 45 55 HRT 14 75 208 i K s By 4 2F 7K 14 %60 5 fir o
FEREIBAT I BOR ), WA BN 4 9 HRT 349 FH S5
1) 24 /NI 4 05 3 8 /N

B R U A I 45 0 2 HE KR AT K A U
Mo FERNIZRIZATI3ANB B, 430l U A S N £
PN RV AT U A it L B Ay 7 45 A 0 Ay 2 T A
ATEIerES, TP IR 5 ¥ (extracellular po-
lymeric substance, EPS)FIH A ¥y i) 4 s H, #E 5
R AR} ] RN -5 03 2 T .

i F M7 ) FE20 54 pH 710 %2 pHHE, &
Tl JPB-607 A H {5 485 3 ik S04 7 A il 4. AL
(NH,"-N)., FA§MREE A (NO, -N) . AL A (NO;s -

N). &% (total nitrogen, TN)F1MLVSS Z538 b4
HE ] A vk T 2
1.4 EPS1REVKR N E

EPS 4R M85 5 N A 1o i il . fu 2
4 MLRE S ) 5 4 TR A, T AR T (protein,
PN) I £ B (polysaccharide, PS)¥!'?, EPS J& ik
TG IR PRI S e R R R s N E 2 1, R
REAT5 IR Y EPS &tk K, 15 e FUh AR 1 i
5o ABFSE SR AR 0L MY B EPS . B 0.5 mL
KA AT IR, #8200 005 £ FEw.
0.05%NaCl i WFF H i E 25 2 10 mL, K 1R A WU
A 60°C /KB H i 30 434 . 7E 10000 rpm A 5% T
PR AR O 15 708, W EVE W, JFH 0.45 pm
UEREI g, HP A4S E] EPS R BUR . SR AR Lowry
2K ) & GE EPS TR PN & i, SR R A
iR LL (0 00 52 EPS Hp PS & 41 SR A A ofE T A vk
W € AT 4% 2 P B PR [ 4R Mk BE (volatile suspended
solids, VSS)!' FIFH AR (145 PN/PS ¥ B <45 Hit
WARFL/VSS, PN 5 PS & AN, BNf5 52 EPS
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e, EPS H PN A PS DL 5 VSS H i 4 AT 20k
ST,

TERA 82 Ry A7 R i, SR A I 2 26 1
K. BISK., 30K, 545 M5 82 KAk 54 [H]
MG TR REAS . BT E BPS % &2 3 A FATHE,
FEATPATRERC0.5 mL R AL, 107 IR B Bk A0 Ry 7
PR AR B G B A5 e A (IR F 1.5 mL), i S
ST RS2 gt D) ek VR AR B A S i N Ak T 5 R Y
EPS i,
1.5 DNARRE. E& iy 1% & M (PCR)

& Nlumina N

SR R B ik R U5 Y Hh (9 DNA, 9T FH 55
%/ FastDNA® SPIN Kit for Soil 13 DNA Pl id {2
IR &, R FH B W E 1 L Yk X DNA 42 IS 4
PEATHGEG o $REUH (1 DNA KE 5B T —20°C VKA N %
AT . M0 F 514 338F (ACTCCTACGGGA
GGCAGCAG) #11 806R (GGACTACHVGGGTWTCTA
ATV 45 % 1) DNA FE & JE 4T 16S rRNA 3 [H 78
V3~V4 AJ A5 [X (1) = 38 5 0 7 (Ilumina Miseq 2000,
S A B R A BRA R o IR B B
M Coverage, %1>H il 40000~70000 55751,
il 7 55 FE Y TE 99.8% A b i it Miseq I 5 44 21 Y
XUt Y reads, $4 MR & 00 RIFATDHE, K0 F Ak
1500 JEL 06 T 0 s R AT T a0k, 45 30 R R,
SR G BEAT 1 43 25 BT (operational taxonomic units,
OTU)MZR 25434, JFilid RDP classifier D1 i 54
2, 18 9T%IA KX OTU AT # R4y 25234
B (B0% EHIE). #&T OTU KIS, dEiT¥fh e
SrMT, Sy HTRE ) ZREE R BEAS A . i A
OTU Xt v ) greengene id, 3K75 OTU X i ¥ clusters
of orthologous groups of proteins (COG)Z %15 B Al
KEGG orthology (KO)F &, IiT5 4 COG 1Y+ &
KO F . MR COGHUREFE M fE L, 7T LI Egg
NOG #4is & rh i B 15 31 25 > COG ny il i (5 2 A 2)
fefs B, MnifH 3] COG YiRE F Bk .

2 BRI
2.1 [z [z 2% B AR F M RE

PR B # E H K 9 NH, N, NO, -N il NO; -
N ¥ AR L L IE] 3(a) F1(b), TN EBRF KR 5 1 fi
(nitrogen removal rate, NRR)ZE 1L UL & 3(c)Fl(d). 7E
I g B JE 2 By Be, WA 52 B g #E K NH,'-N Al
NO, -N ¥ JZ 8 50+5 mg/L, HRT % & A 24 /T,
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PIAS BV i 7K 1 NH, N FINO, -N i B2 5 B
B R BB BRI (5B 9 K), XN A% 19
K NH, -NF# 2 11.9 mg/L, 341 KR #% 19 H 7K NH, -
NF#Z 10.2mg/L; P A5 H 7K NO, -N#F% % 0
mg/L . XF B8 2 N7 2% F A 5 I 4% B9 NRR 43 510
18.6 mgN/(L-d)F1 18.12 mgN/(L-d), JCHA @ 2%, 1
Tt S THBT BE (BB 11~30 K), RS A AL 1 0 E A
TGP AT, TN R HAH K, NRR 35K
BRI S Bl — e R . B 3(c)n]
DLE M, R T f B, P ROV 1 TN LBk
RMLRA FFES. H11~15K, TNEBRZH 75%
TF % 84%, 5 16~30 K, TN £FRHH & 1E 80%+
3% . PN KL % ) NRR LS 11 K 8 26.5 mgN/
(L-d)¥& %25 30 XA 73 mgN/(L-d).

e BT BE(ER 31~82 K), IRA A AL
8 B PETT B RS, M Bl A 2 I s 0 E T K
JUL PR RETT b i T X R A% o FEAIJE Y HRT M
12 7N 496 8 /INEF(BF 59 K), T 2 i 4% 1Y TN 2%
B W7 TR, X RSN AR T R 42.3%, Tk
A SN2 TR 39.1% WG SN 4 1 NRR T IR A
K, W BEEC I 2% T [ 25.64 mgN/(L-d), A7 F 0 4%
R FE 17.08 mgN/(L-d). LA, 76N A% R
27 ) R o B (5 SR iUk HRT 55, b A S5 o # L
A FETE . TN L BRR0) 52 T R T AE 2 H
Tad BLHb 4 %0 HRT, fifi ifF 7K o TNGE 52 0 4% 19
TN LB fr, S8 B KB, SN 2% N8 A K h
NH,"-N FI1 NO, -N K 2B, RS E Ak o 2ot 5 19
NO, -N ¥k B, 453 TN EBRECR KIRE R

HE 3(c)M(d) T VR, TefEsiThirB s
W5 59~82 K), WhAr SN #5  NRR Al TN 2B
TEUR & TR HE N 8%, 3285 %0 BRSO N 2% P T 22
FE Wb RN 1 TN R BRZE R S 58 K1Y 47.6%3
TNEEE 82 K1Y 64.1%, MR K 16.5%; Xt B Iz [ #%
) TN 2B R AEIX 25 K HLH 43.9%38 % 55.2%, 1
R 11.4%; PR A% TN KBRRIEIEA 2 5.1%.
A7 SR 7% ) NRR 7E3X 25 K HLHH 139.3 mgN/(L-d)3
% 177.8 mg N/(L-d), H41§ 4 38.5 mgN/(L-d); XJH
SN ) NRR FEIX 25 KB 129.1 mgN/(L-d)#f &
154.3 mgN/(L-d), ¥4~ 25.2 mgN/(L-d). WA
J7 i Y NRR B4 i Eb X IR #5828 155 52.78%, 1hd Bl
FER N #% 52 BB R vl Ja, 5% MR N 2540 b, s
A1 I s AT LA e 238 b R 52 S5 g gk ) R A B R
o TERA 82 RAYIaAT R, WA SO g 5 % IR
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Fig. 3  Variations of NH,'-N, NO;, -N, NO; -N and NH,4"-N removal efficiencies in contrast reactor (a) and zeolite
reactor (b), changes of TN removal rate (c) and reactor nitrogen removal rate (NRR) (d) in the reactor

J V4 B NRR 28 t #6565 75 2] p=0.6353(>0.05), ¥
P S i (4 B AR T EUSCR T W 22 5% (HIE, 76
R AS B T e 24 K, RBP4 HRT 46 %6 K 8 /)
A B B, S S #% NRR (H 28 t K 86 15 p=
0.0007(<0.01), EPHEA I 2022 k. XUl ITERR
FEBATIAIG I, A B A A O
TR N 5 o 28 LTIk, A A nl DL R N
SRR AR, JF G 5 SN AR N R R A AR

X’E‘l‘i o

22 RMBIBITHEDPEPS SHEMERRE

TS

HT P4 TS0, T SN 2 N A2 F 15 e EPS & & L
P b BB T 3G T R . AT 3 UCRAE R IS R BB
30 K AFNER 45 K I 4 P R 77 A5 6 EPS & =
Z K15 p=0.5152(>0.05), LR FHER., IFH,
I3 UCRAE R A1 S 2% N B P25 U EPS 5 3%
ANTFRT HRR N2, RTRE A T AT 2 0 T e A
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%ot BB 2 7 28 (a) 01386 0 /2 B2 28 (b) i HH 7k B NH*-N, NO, -N #1 NOs; -N iRET . REEEE(TN)

A FRATE B R AR I, s 2 IR A AT
O/ 5= AE i I B P s = R < D G % o e
SN 25 N 3 S 70 O o AR, BN E 2175
(36 82 K), WA S 4% N 277 I A EPS & i (103.2
mg/gVSS)E B BR S #%(97.1 mg/gVSS). B
TSR B, T A IR R SR AL A R EPS W
5B 100.1~105.6 mg/gVSS, AW 5 Z I .
g LAk, BARTESE 1S K. B30 KM 45 K, Xf
R 20 2 7 2 PN JBL 17 2505 U8 EPS & 19 T3k A v
w, HPEZRIFAR . Zad KatR82 X))z
£, Wb SR 7% BT A5 TS U8 EPS ¥R i T A
Ni# o 4R TN BBRFRE, 16N AE1T 1R 58
KN, PR &0 TN BRI L E A, TN Bk
E BRI B A 25 7 (p=0.8201>0.05), ¥ 7 S
i TE R P 15 8 EPS 2 5 IG T 0 BRSO 4% I 1B &L T,
W PRFES X B 2 LT — R B R, Xt it
AR Ik A 2R I, B R NHL, N, (A5 S 0 2
F14) 8 268 I 8 R AR E o
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g ¥ B — 2R G I A W KT BN i A TR ZH AL
BRI, Xt B SZ 7 e R 7 52 I 4 P B T 95 B B
B A1 N 2% N A1 2 TR A A T5 R iE1T 16S TRNA
FEDI Tl I B SO SR AR R A A 41 I Y 4
AT F 53431 (principal component analysis, PCA),
PRGEAN[F] B 3 PR A S5 107 45 PR B8 A 0 e i 245 0 1 A £
PS5 250, PCA AT AR EIE 017 1k, Bk
FHICEK, MY G TE 4 A ] R AF B REAR A Y
FARIPE o REAS LT BGEAHAL, WIZE PCA ] i) B
i, IR SRR SRS

WES s, SRS IRy 425, [N #
EATIR BB B, BV —UCRFERYRFE B _1, B_2 il
B 3®h—2, ULHATEZ M B, Wb BN gs N TS T
BT A DI TR S5 ARG e R B AE o Bl W
W4T, MG TH T bR, WA BN 2% 5 T
VR 5 40 A I 2 1 AR —— W A I A R IR A
C 2 Fvilh A S 2 B R C 3 FF iR 55 % HE S I 4
FREC LPIRIER . (HE, C 25 C 3R
P, U B ICE I A B A P BT A TS S I A
SRR BEE S AR L. BIRRE 21T, Wb A R N AR
PR TERE(D_2 FIE_2) . Wb A7 S5 R 75 P9 B % B (D_3
FUE_3) LA BT B S N s 2 PR RE(D_1 M E_1) 4 H B
B3 AT S A i A R, ULIITERR S B AT ], X B
TN 5 B VR 5 A SN A A TR R (R BV 4 H 25 5
YRLAR I, T A S A N B B TR A TS R S M S
HIRMEE S MBI R M2 R . IRg LR,
AT 00 AT 0L 4 P95 R B A 0 TR 8 235 4 P T
FERTEA A
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Protein concentration (a) and polysaccharide concentration (b) of suspended sludge in the reactor
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L6 A1 7 TR, 6 RSN % N A= TR 15 T R
AARIHE B FE R Candidatus Brocadia, LR 2
Desnitratisoma . B & XN &% 018 47, Candidatus
Brocadia TE%F B8 S0 ¢ N 15 U8 Hh =R B o LR
B 16.9%, C 129%, D 1 30%FHE 1 34%, 140
S, EL7E GG 48 THI (R 15~45 ) iR BERUR,
H22.1% . fERRE 81T W (5 45~82 k), H R 4K
AN, AR 5% WA S A N TR A T R R
{8 £ B2 Candidatus Brocadia, HAWUG 5 A
0.29%. F&E N #%ia1T, Candidatus Brocadia TE
WA B A N BRI R E S A B2 4.9%,
C 220%, D 2 33%F1E 2 41%, SImpykas, 5
Xof HE S g AN R A, 3 A 2 I gt PN 0 A T TE A
EBITNY, Candidatus Brocadia W & £ JE 5 LY
IR Q%) B . b, FE5 60 K K5 90 KEURHY
T UeRE R, W1 SO A N & TF B Candidatus
Brocadia T J& B AH X 32 BE Y7k e X BRI
N %% W Candidatus Brocadia J& 3 FE 5 Fb 2215 H 3%
(55 60 )P R FN 7% (55 90 K)o iR 2 Ul Bk A1
AT LAS TH SO i N A i 1 Ul v R AR e AR T
FRRE X = B I R

Candidatus Brocadia J&TE A1 [ W 7 PN B & 25
TSI S A B 2 12%, C 2 36%, D_2 34%
ME_2 35%. W&ESTGIRN Candidatus Brocadia T#
J& A s B THI (B 15 R KRR e a2 A7 I A
(5F5 45 ) L[] iy 391 0] B Sz 0y 45 N =77 875 U e o
EE, st . IR 45, 60 F190°K),
K& & 75 8 W Candidatus Brocadia J& 03P 5 AR
AR, HEFRFAE 35%+1%. W] S 5 A i 7 2 T ot
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£ 15U P9 DR AR 22 S A A ) R X = B A 3k B B ] — L
I F K, BE B, fE N AR is TR CGE
1~45 K), Mt#E V5N Candidatus Brocadia J& I
F RS K B ST R  E R T e R A R

seuoulouugq L an} % :
CAMM 9 UBIOU o=
0 Muesou J dueiou

-1 T B NH, =N BE 7 DA B i £ X6 DR 480 2 S8 Ak v 4
HER AR TIRE . FE SN ARS8 T, B A BN %
() A 2R P B — 2 IR S A AR W, i i A
FI 0 B K A W NH,-N B RE T, 764 W BB B
N FEAT R E 1 PR AR SR A BB, DT RE f% B 4 i fie
HESZ LA i IR A8 2 E A R R A
Desnitratisoma J& y&— T e PR A8 S i AL 1
ATERE A T R RS NOy -N B NO, -N #£47
SRS, I 6 F 7 iT A i, e R R
LE K Z i FEH, Denitratisoma J& W =F &4 I
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Fig. 6 Species classification and abundance of suspended sludge samples in contrast reactor
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Fig. 9 Significance of two different COG function
abundances of sludge in two reactors
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