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Nitrogen Removal Performance and Microbial Community Analysis of Activated

Sludge Immobilization

XU Xiao-yi'?, YOU Xiao-lu'?*, LU Chen-pei'*, WANG Bin'*, HU Bi-bo'?

(1. College of Urban Construction and Environmental Engineering, Chongqing University, Chongqing 400045, China; 2. Key
Laboratory of Three Gorges Reservoir Region’s Eco-Environment, Ministry of Education, Chongqing University, Chongqing 400045,
China)

Abstract ; Immobilization of activated sludge was used to further remove nitrogen from secondary effluent. Intermittent sequencing batch
reactor experiments were conducted to measure nitrogen removal in synthetic wastewater with initial total nitrogen concentrations (TN)
of 10-45 mg+L™" and C/N ratio of 1. 78-10, and microbial community characteristic of embedding beads was investigated. When the
packing ratio of embedding beads was 10% , and the temperature of wastewater, dissolved oxygen (DO), initial concentration of
chemical oxygen demand (COD) were maintained at 10-15°C, 2-4 mg-L™", and 80-100 mg-L ™", respectively, the results showed
that the maximum total nitrogen removal loads ranged from 7.78 to 23. 18 mg-(L+h) ~' during the stable phase. SEM observations
showed that the embedding beads were highly porous and microorganisms adhered to the interior and external surface of embedding
beads, demonstrating that embedding beads acted as an ideal support material. Based on high-throughput sequencing analysis, the
structure of microbial communities in the beads’interior and exterior changed significantly compared with embedding activated sludge.
The advantage of denitrifying bacteria in embedding beads was obvious and the microbial diversity was good. Some microorganisms
which can conduct both heterotrophic nitrification and aerobic denitrification, were identified. These processes may facilitate pathways
for untraditional biological denitrification in the beads’interior.

Key words: embedding immobilization; advanced treatment; strengthened denitrification; microbial properties; high-throughput
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1. 1.1 GRS e s R 911k

DA PR S A s K AL B A At ) 356 1 75 e
VE SRR IE PR T5 8 , SR FH 2 A= 1 < HE A% 39 ff 2 0%
15K I8 0 0 AR D58 . JE R . NaHCO, |
NH, Cl 1 NaH, PO, &5 42| #E /K 2 A JE 2 40 ~ 50
mg-L~",COD 2} 150 ~ 200 mg-L~" pH K 7.5 ~
8.5, LAl B AT 5 e b et i ik 15 9%, 15
Vela] BB 3% 15 d Ja, Hoa S Ak 3 3235 0.061 6
mg- (g-min) ' V5IRAY RS L ME AR K, DR TS TR R
AT
11,2 ALHRAEOR Y ] &

HUR & 1 B (PVA: 1750 + 50) , ¥ 3 2 4h
(SA) . Gk & s, AR AL 500 5N 10% |
0.8% . 0.5% 45 IR A HATE A LB, S5 4
BN 10% B YIS 5 TRIR A, A& 2% FALES 1)
T AR T, B BKIE R (@ =3 mm) T 4°C
VKA R OBCE 30 min 22 BE [ AL S, WORLE T 0.5
mol - L. ™" ) Na,SO, I T AEAF 2 b ok B
AR KR, 258 T K 4°CIRAE.

1.1.3 K
B K B B4 g 1 TR, IS R R0 4R

AAMETE N 5 ~40 mg-L~" TN ¥y 10 ~ 45
mg-L~",COD &4 80 ~ 100 mg-L.~".
F1EBEKAS

Table 1 ~ Components of synthetic wastewater

Aoy W /mg-1.7!
NH, C1 19 ~ 153
NaNO, 30
NaHCO, 117 ~526.5
NaCl 5.2~23.4
KCl1 2.4 ~10.8
Na, HPO, -12H,0 11.6 ~52.2
MgSO, -7H, 0 8.4~37.8
CaCl, -2H,0 2.4 ~10.8
TR 34
ko 56

1.2 Sciede s 5k

15 1) 45 0 e M 0 R L 109 BRI R 58 R
g B AP IR R AW B 4yl 5L 15, 25, 40
mg- L~ ARSI K | SR FH 2R 91 38 368 45 45 L TR 8ROy
Risf7, MR FEKE 0.5 L BB 6 h, #'E 15 min J5
HE LW W, B &R 58 NV 4L DO FE 7 2 ~ 4
mg-L™" ) pH N 7.5~8.5, RN 10 ~15°C. %A
S50 5 47 B0 E 4% RN A% N NH, -N| NO, -N |
NO; -N, TN, COD ¥ . AL RIBEE 3 M~ F17
SR, SR ARG YR 0 25 1 B0k E AT X B S8
HNH, -N| TN 2 B £ 3, 245 1 0 b 7 L
2.

il 77 2 40 R, NH, =N 401G 770 Ol 3 2
NO, -N:N-(1-Z83%) -4 6 BE 1 sNO; -N | TN %6
M IEEEE ;DO DO 58 485 2 7% it S A, W A, 55
H; pH: & # PHS- 3C, ¥ #, I #; COD:
DRB200COD i fi# % , DR1010COD M 5E AL, W A, 56
[ ; SEM : S-3400N 4 7 W Adds, Hr, HA, H
FE S TAL R 2 B SCHR[ 13 ]

1.3 BUEYIFRE AT
1.3.1 DNA #2H

FEFE S AR VK Rk 5 | 430 %4 3 R0k 5 75 e
FEGEAT AT AL BE, WORAE SR 2 15 mL B0
HOMA S ~8 mL K &R ZEK &% S5 min IR
A, B ARAF RIS M A PR IR ; PR ViR 5
S (R BURLAE ot 30 B S 180 575 3 J0kE PN BB A A e
WA, K im et sh s IR S I 25015 25 e i E W
ORI = SIS i 31 T DO Y, = T 0 B 5|
£ PowerLyzer PowerSoil DNA Isolation kit ( MO Bio
Laboratories, Inc. , Carlsbad, CA) X DNA #f 1742
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20 pL, 4% 10 ng AYBLH DNA, 45 0. 8 pL FI514 (5
pwmol L ™") | 2 L A dNTPs, 0.4 pL ) FastPfu B4
LK 4 wL 9 5 x FastPfu 22 . PCR ¥4 A
9. 95°C HAEME 3 ming 94°C A8k 30 s (27 MG
) ,55CIRA 30 s, 72CHEM45 s (27 MER) ;5%
J& 72°CHEF 10 min. 2 HPFEAH IEOE G004 R i
1T, A3 ANEL W F—FA T PCR PR
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=
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1 30/1 30/1 30/1 30
1

(a) FHAEHEYE; (b) SR ERRME; 1.

A 2% BN W e e v vk RS, {5 A AxyPrepDNA
BEME MG ) £ ( AXYGEN 23 7)) Y1 |l e PCR 7=
Yy, Tris-HCI PRI 5 2% Bt R H DA . 2 BR R Ok
v EE R B PCR P H QuantiFluor™-ST #%
@%%%%%éb( Promega NE| ) VAT 52 & )
FH PCR 9" 38 JEAT SCHREASE AR 1) & 45, 40 200 7 SO
SRJ57E Mlumina MiSeq PE300 -4 FEA7 % i 5
T3 A R 2R R A BR S Wl A T
2 #RE5ie
2.1 A HOR A 3R R K B R RE S AT
2.1.1 AAEBAENRBREE

AN HA R (1) SBR N 4% 1% 2238 17 30 4
Ja i KRR AR AR E 1 TR,

o KBS o K o WA LBRE
50
| I I . WV 170
;om"l\v
a0l s 160
(b) ry
— Ay
- 30 . . Hagt 50 -
=0 30 A
£ ° a"%'fs"‘ 9 ;;
: P 07" |y gy 50 14 &
T M A S A Gl ™ #
E Tl it I W 130 =
g e L o ol m
udy gt o, ® J20
10| gt pmhono, K5 Lo 12
o o
Sttt © @ M BT
o Qoo
0F L b Jo
1 30/1 30/1 30/1 30
J&

NH; -N=5 mg-L~', TN, =10 mg-L~"; . NH; -N=15 mg-L~", TN, =20 mg-L"';

M. NH; -N =25 mg-L~", TN, =30 mg-L~"; IV. NH; -N =40 mg-L.~', TN, =45 mg-L"!
E1 SEmNRBEElEkSESERNTRL

Fig. 1

L (a) /TN, S0 0e  A MR 5 ~ 40
mg - L~ A P 2 07 HU Bl 00 e v R ) S
WK MTESS 2, 12 16, 27 DA A LR FIA
RS, R W R A A L BR T 43 00 9.63
25.08, 42.65 F159.58 mg-(L-h) ~'. ¥hHE A MK
BER5 ~25 mg- LA FouE B K AR LR RzE
100% , WIUAE F A B 40 mg- L' i, B a2 01k
AREBRFER 89.24% .

B 1(b) H S WIIR MR BE A5 T R W 7K TN
Wl LN 7.01 ~38.34 mg-L™", R HE K
22.25% ~43.74% , i KA BR i far g 7.78 ~
23.18 mg- (L-h) ~'. &G TN By LBk & 24
Y3 s R AL T FE LA S AL I 5 8 b R i Ak B, EA)
A TN W AT 30 mg-L "I, TN ERA0RE BLIF 2
FEA TN (R KBR300 310 42.38% | 42. 28% FI

Changes in various forms of nitrogen of the embedding beads in the synthetic wastewater

44.93% i TAEG A WA AR G0 T ) S E R R
SRS RGUE U A, (H iy T URLIE B A1 3 P
[ DO Ve B o B I — 2 W Bl SRR B, T 5 3 )
TG S B A B 52 & A, 4 0 0 TR B R 45
mg- LB, FRE TN (9 L BRF(H 26.99% , R4t
TR HLBRIR | pH | B AN ik A A5 24 02 T RE I 52
MR AR C/N S BRI LR AR K
PSRN, X0 R TN e J8 %5 v s W7 5 24 4h 98
2.1.2 Ak BT

HURE AL 5 mg- L™ [ 1(a) 1],
55 2 A JE I K R NO, NG Y 5 %) 1A 4 2R e 3 4
PNZE 40 mg- L' [ 1(a) s T ~ V], HH/KNO, -N
BIETE G T RS b o R AR 15
mg-L ™" H125 mg- L' i, B I 7K P NO, N
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eSS TR R ; W1 1R & A Bl 40 mg- L™
I, NO, N is %) 21.23 mg-L~" Fa @ Wk h
NO,; -NK 11.65 mg-L~" ,NO, -NfE/EH] B &, H
JE PR B 2R G0 PR SR B R B 2 (FA)
MAEAE 2 Anthonisen 25122 BfF5Y 211 JFA S5
FLTE (AOB) FH I H R 10 ~ 150 mg-1L~", X E il
fREh A AL T (NOB) Myl W B2 0.1 ~ 1.0

gL' SCRAME R, W1 R KL 40 mgeL”!

i Fa e KR FA 5 0.79 mg-L™", %F NOB AYi%

e W e i

PEAFAEIN®] 5 55— I, 52 DO 78 FUkL i 3 Rl
il , NI AR i A, BT AOB &R H
AEJ1%E NOB 5, NOB [ 35 4 A K 2 2 Flm o > |
You 22 4 & 3R, AH L T NOB, AOB gL T £ 114
REE T A A 20l T HR i A T e
B, P A Rk AR RIS SR IR oA W &

2.2 AR

2.2.1 SEM Wi%g

2 ke AL UEOR AU T S 3R TR SEM [£].

(a) FosE WL HUBTRL A DI ; (b) Fo 0 E0 HEABURE Y 2 100 5 OR A28 h 10 000 x
B2 SIEFNEHEEER
Fig. 2 SEM images of embedding beads

PR A 2 AT e A MR ABORE Py B R 4 1 £L
B BE W TS U8 LA RTROE X 8 AEFLIE I, P AL T 3
PRGBS B i i .
RN AN B U S i A R, ks R T
WA BRRE . FPIRTE SR, 784 R WA HUB0R.
RE Y R AT AR, T RURE PN A A i SR
BB EE  ATARH 480 5 T o0 A AR R 2 SR 3R 2 TR
B, AR O 200 M DA 1) s 2 G R O3 LA B 2 A
WIS A 1) (EPSs ) BiAis Hh B 25 76 240 i BE 3 1, i
A B T & A 3 A W BRE AKORE. Qiao 21 3 i
SEM i BRAE UKL 1Y 2% A 42 22 22 SRFNFTHR 1 40 7
B, Bae ZPIXF PVA A HLTOR B9 ESEM WL ],
TR SRH A0 R R A 3 A AN R &
(EPSs) 411, EPSs g # B AOB T4 b fi 5 | I Fa
AT A A6 S
2.2.2  WUEVIRRREZ LY

1 H K Chao Fl Ace KiTH HAEFE, K
Simpson il Shannon 8§ % 3 1iF 1§ Bf 1 «-2 #F L.
Coverage A& FEAS SO 17 o 3%, AR B s, U
AT R G I L A MR A

22 WA ARG T Ve 5 AR Y -2
FEEAE R M. IRl BEANFE S 3R A523 79940 F
G, BRI 0.99 DL B IR R . 2 REE

BRI T A R B TR PRI Je W R T
FEMETR RO 5 TR 0 B Ok 1 TR R 2 L 2
PEFREL, X 2L U W A A7 R B 2R A1 22 S Y 1 4
gER . RAWE R 5 mg-L_1 . 40 mg-L_l%ﬁ:
T, AL IR A S F) TR AR R B A AR RO Y 3R
W T A0 BT A A T e S m Jm i e 4. W)
I, A 3RURL AR AT) SR B i 1) A =R B F 2 A
P, U I A0 3R IR 7E 7K Ak 3 b RT Ry R B AR )
R, BB S mg- LT WIHIRE R 75 40 mg- L&
RWRFESMET AR M i R A
2.2.3  BUAEYIRER R U

P 3 AR R B 25T, A 3BORL N 1M
AR F A AR T AR Ak

HREEL 3 Frs , £F 4555 M TR 24 ( Cytophagia ) Fl1ZF
JEFF IR 40 (Bacilli ) 76 £ 3 HOR: A1 78 ) A X 4 B2 4
=, FAH M ( Opitutae ) FIFRFT 1 49 ( Acidobacteria )
DU E IR A A8 AR AR RS 2 B A vy, 3 2 T U0k,
AN SRR B | 3 SR HATURE A S A W R V%
SRR 8 2 5. RN T B RO B A5 T A H
L LA W B TR A O, K BB T N (B-
Proteobacteria) 7E 5 mg- L~ & Z W & T 14 £ 54
HS DG (40 5k 45.62% F1 50.58% ), y-7E I T 44
(y - Proteobacteia ) | 8-7% JE B 49 (8- proteobacteria )
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Table 2 Alpha diversity indices of microbial communities

e %L OTU Ace 185 Chao 8%k Shannon T5%% Simpson T8 TR

S1 23799 818 892 +£26 903 +38 5.15+0.02 0. 017 £0. 000 65 0. 994 790

S2 23799 846 904 +23 918 +34 5.29 +£0.02 0.017 0. 000 65 0. 995 504

S3 23799 842 904 +24 910 £32 5.35+0.02 0.014 +0. 000 5 0. 995 462
BI1 23799 564 723 +35 726 £ 65 4.12 +0.02 0. 038 £0. 001 0.993 445
BI2 23799 623 766 +46 763 £56 4.45 +0.02 0. 029 +0.000 8 0.993 529
BI3 23799 562 682 £41 681 £51 4.13 +£0.02 0.045 +0.001 4 0. 994 370
GI1 23799 539 699 +44 675 £57 4.34 £0.02 0. 030 +0. 000 8 0. 994 243
GI2 23799 570 722 +49 711 £57 4.41 +0.02 0. 027 £0. 000 65 0.993 697
GI3 23799 529 636 +38 636 +48 4.35+0.02 0. 029 +0. 000 7 0. 994 832
BO1 23799 370 503 +50 485 +54 3.46 £0.025  0.076 £0.002 0. 995 252
BO2 23799 382 513 £48 490 +50 3.50£0.025  0.076 £0.002 2 0. 995 252
BO3 23799 325 543 +59 526 =101 3.38 0. 025 0.073 £0.001 7 0. 995 420
GO1 23799 501 608 +39 625 +56 4.17 £0. 025 0.037 £0.001 1 0.994 874
GO2 23799 447 571 +45 605 +73 4.1+0.02 0. 038 +0. 001 0. 995 000
GO3 23799 478 588 +40 597 +55 3.98 £0.02 0.048 £0.001 3 0. 995 084

1) B0 P + bRAE2S) FRAFRE R A RS FR T 2RSS ST ~ S3 Fm W IR HRIE YRI5 U8 19 3 41 F4T;BIl ~ BI3 AR AMKEN 5
mg- L~ 50T AR AL LR IR G 3 ZH°F-AT 5 GIL ~ GI3 SRR Z AR N 40 mg- L~ 50 AR 2 00 4 1L 4002 P 36 19 3 41747 BOL ~
BO3 FRERMIEN S mg- L~ 5T AR E W BUR AR 3 20717 GOl ~ GO3 /R & AKIE N 40 mg- L~ 5 F AFa e )4 L0k 41
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Fig. 3 Changes in microbial community structure of embedding beads ( class level )
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Table 3  Relative abundance of functional microorganisms

5H R FEXSEIE/ % :
BI BO GI GO

Nitrosomonas 0.073 0. 033 0.008 4 0. 004 2 1.19 +£0.35 0. 44 £0. 099
Nitrosomonadaceae_uncultured 0.13 +0. 061 0.015 £0. 006 4 0.14 £0.018 0.22 +0.011

Nitrifying bacteria Nitrospira 0.19 £0.033 0. 009 8 +0. 006 4 0.41 £0. 091 0.12 £0.053
Arthrobacter 5.05 +0.95 3.61 +0. 68 0.0028 +0.0048  0.0014 =0.002 4
Alcaligenaceae_uncultured 0.33 £0. 036 0.28 £0. 044 0.014 £0. 006 4 0.028 +0. 002 4
Hydrogenophaga 3.78 £0.41 5.65 0. 62 9.74 £0.73 13.20 £1.21
Comamonadaceae_unclassified 13.58 +2.86 21.77 £1.96 0.30 +0. 11 0.45 +0.029

Denitrifying bacteria Thauera 0.79 £0.21 0.11 £0. 030 2.12+£0.42 1.59 £0.37
Acidovorax 2.07 £0.27 2.97 £0.37 3.57+£0.35 6.20 £1.23
Rhodocyclaceae_unclassified 6.74 £2.12 0.96 +0.038 7.11 £1.08 5.70 £2.73

S SR AF R, AL 0K A AR B AOB
Nitrosomonadaceae _ uncultured F1 Nitrosomonas , &
T B-AIHE . Hh | Nitrosomonas 1£ 40 mg-L_1 =
RURIE T A AR 5 00, DT & R A 2 T IR 52
T ERS g i B R EAE RER R B4, T NOB
FEIE Nitrospira , J& T AL IR TE B 1], Ho A A 1 550
A Rl Y ED O S Y g (A S PN SR IR B TR A A P
TE DO W SERBSE TRV A5 T ,NOB IR 2
ZEINE]. [FEAE S mee L™ &AM E T 1Y A R
KNI R T Arthrobacter™™ Fl Alcaligenaceae _
uncultured ™ X PR IRTEAL B, HARXT F =T
40 mg- L~ AU EE T AR, 31X F2 R K 7E
5 mg- LT E AWM T C/N LR (8 ~10)
SR AL AETE P S A, R ECE SRR AR K
B, 15 40 mg- L E R T 9 C/N B (1. 78
~2.22) SRR K Z B e RIS, 5 —J7
I, A IR (28] ,Alcaligenaceae_uncultured E D=
AR AR, AU T A A ) SR AL TR 3
A  Comamonadaceae _
Rhodocyclaceae

unclassified .,  Thauera |

unclassified . Hydrogenophaga .

Acidovorax 2. H.rp , Comamonadaceae_unclassified W
T HA 5 IR A R AL RE 0 AR sy
BB E N S mg- L™ &F T, C/N 855 (8
~10), H £, 38 fiky vp Comamonadaceae _unclassified
R AFIXSF = B UL, D 4 & v AT B A7 7E S5 77 i Ak B
U SR AL I, SR & b TN 1 26 B B sk 2

3 it

(1) B IR 205 T - 25 TR A ) 75 ) 1L

K, AL FRATLG AW E N 5 ~40 mg-L™',C/N [Lh
1.78 ~ 10 FYRHEIK , Fo e 1 60 I UKL e R A &
K170 4 9. 63 ~59. 58 mg- (L-h) -, @A B FiA
#89% ~100% , SR EBRHFE K 22.25% ~44.93% .
(2) B3RSO P38 H AT B0 1 AR 2544 4% AL
WA RAFHIE TS AR Y M E AR K, AR
HUBURLR A R B BOIR T | 22 AR B , o ioh il
AW BT A, TR P R S 5 3R W R e
5 U, G URL I U ) 2 REPEAS B0 RE ) H A
UKL N A 0T 3 T T R 5
(3) IR N R EE RS AR RS AL T s A
RGF AR HE AL B s A AR L T 1A Wy~ Bl
ok b B Alcaligenaceae
Comamonadaceae_unclassified %5 P& J& , T J0k7 Py ]
REAAAE ARt A - A B R TR B i T R R 4
AR R AR R
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