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RIS B AR STEAL B B A S AR R IR, RS A T 2B AR, KRE2805K)
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TEHOBRIE DT AR 0 I A SR B AR IO, IRAE R, H 3R AL 5 5 5 R Ak 1 4 A R g — Tl
B RS AN KB, A IR RO A 3R SR AT R — R F N AT R TR 98 o 4 R Ak
AR, R XK COD/N 15 7K 1 B R SR B RS, A 5% SR FH Atk fole v i R 15 [T A e s Ak s Ak A= 9
A BRBE R G, 8 AE 3R G0 N BN Bk A T H i SEORE DL R AR B IRAORL , SEIR T SR /5 R RS AL
GWA, AR . SRR LR, Xk, 43-51% % 7 HRT. DO. pH X #i & & G0 I AU BRI fig
M, X1, W 83K L E B E S AT T ZREE b, SRR W A A A A T
T B Btk Tl F, i - 1) /7 9 S0 A B3 ol P [RT AL

1 MB5RF*®

1.1 KR

SO0 B AR BRI B EOROE, SR A BEEARRE . K EORNEE G, VIEAERA N 1 e’
75 B, HABEAR LA 80 °C AT T . SRJE K BRI E T 1.5% 1Y NaOH i i iR % 24 h, ek
Heo R, BT BT

TE ] 25 0 Bl r A SEDRL I, AR R SIS R 12 1R A, RIBHINA —E & A FH .
AL, SR 5 0 oK ORI AR 29 2 10 mm RO BRIE Wik, B T E SR T 240 )5, ik
AFZEEAY, LL900 C W R R hESs , TF ARB A Z 5% B

FE RS2 56 KBS, DU AR Ak R . A R B R Uik o UIR . BEIR AT ORI, AN TURE
K C/NT5K . #EHIPEZK C/N R 1.5, NH;-N i 8% 3 5 50 mg-L™', NO;-N i ik B H 25 mg' L',
TP Ji RV B K (3.5+0.5) mg-L™'; /KBTI IIA 1 mg L™ BEEEFF A1 I ml-L™' R ST E VAW ; 1# F NaOH
1 H,S0, 75 pH.

Sz v i A1 SBR Ry BIAEARTE , #h 32 WG L3 38 I B, 5 300 mm, N 42K 200 mm, SEBR TAF
PRFLR 6.8 Lo SEI AT FH A 18144 5k U5 OB in i R 25 gL', Bkm fol rl A HEORE A 4% i ik 28 gL,
W 2 FEURESE AR R A8, K PR R RS AR IR T 20 R AR SRR R HURLE | EARR TR EURHZ S
Ko RN FEIAEFESEK S min, WUESRN 6h, YIHE 110 min, H7K Smin, 1 AEEEWN 8w, &
Kiaf1 3R, Bk 1:5, RN REEEHI1E 20~25 C.

1.2 oI E

NH;-N. NO;-N. NO;-N. TN. TP &85 R AR fEJr 0 5E o NH-N SR 94 [0 43 60t BE vk
ME , NOG-N R S AMr JEOE B 2, NO;-N SR N -(1-283%)-2, e 6B el a2, TN SR it
T BRI B -5 AP A OB BRI E , TP SR FH b i R 40 T A -BR B BT o0 e BE YA I 2, COD. DO. pH 43
SR BB IR B . (45 A A 48 . pH THINE o
1.3 WEDSHEMESHR

R G RGBT e B, IBCH 3 o 04 B Al o R JRORE DL R EOKGES, %€ 50 mL (W B0
P —E R KRG, REBREUR 1A E RS B A E P RE Sy (9 3132 8 FC il CO),
7] B SR 5 BR8N B TR B9 AR W RE S G2 SS), 6000 rmin' B BT, HEIEE T 20 C LR K
Fa P ORAEREDN

IBUA [] A Wy s o R L ] E.Z.NLA™ Mag-Bind Soil DNA Kit i % & (OMEGA) #£1T DNA #2
B, FIH 19 S0 I v Dk RS T 4h 45 i B2 P 2 DNA L 17 J5 #4647 PCR 9714, 971950 F 5 WANG 45012
PO oE it B — B0, PR S YD R PCR 7= Wy IF 47 FL VKR I . (8 Quibit3.0 DNA. 5 I 1t 1) 50 K B
JE i M1 DNA, B/ FF 5 DNA 85 10 ng, 5& B AT 5040 38 5 4 Sc ™ mibgs 5 vk — 30, fea



1226 wom T 145
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S REAKE 1 T AT s v, 15 B REA A OB, SRR AR HEAT U AR AL B A O Ak B
KRGt s G, #ET Alpha ZREPES0HT . WIFh 4328 53 BT R 22 5 03 A
2 #HR512
2.1 BRERTHER RRHE R A B RBR B R

K1 R T 4R (DO) W /T 0.5 mg- L' KT 0.5 mg- L BF A [|) 4 b b (9] A 2k ik ol i, e 2L
BHAC B S K TN, TP BEARfL 25 R . B 1T, MRS N DO<0.5 mg'L™' B, #45 TN %
B R OE N BAR 2 R DR O B el AV R R A S R IR A T AR T b
A, TREFTMAER; MRS N DO>0.5mg LI}, 2 Fe/C [ 1:2 Mk BRIME i DR b 31 A M
K INHRERM, BET 713 mg L, LR 89.81%, MAFHEMZEREN 99.1%, T EERBHE
fif ORI U L BR AR AN, W20 A ST R Tl A - R U R 5 R G, s . WY 5Bk
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Fig. 1 Effect of iron-carbon microelectrolysis filler on nitrogen and phosphorus removal

2.2 KAEEETE (HRT) $iBE 2GR A RB R

P I FE A R 58 K VA R 48 (DO) ¥ B 4 (2.040.1) mg-L™'. pH Ny 7.0+0.1, 7E HRT 2. 3. 4.
5 h A4 0 A2 K A NHG-N, NOG-N, TN, TP Ay, S5 R anfE 2 frox. M & 2 af %, NO;-N
A E N O h 2] 2 h KIFFEAL, 0~2h I EBRHE R K 7.5 mg-(L-h) ", 2~4 h If EERE R A 2.0 mg-(L-h) ',
4h 5 LBRE AR R 0 mg (L-h) ", A /K INOS-N A B4 1.5 mg-(L-h)™'. NH;-N Ve B o Fifi %5 [
JO7 B[] B SE A TR /)y, 4 h S5 K NHG-N B9 B2 1.9 mg-(L-h) ' NOG-N 78 bz 3o 72 H oKt 3R
FRB G . TN W A8 4L 3 5 NO;-N FINH-N KEBAHE , KW 4h 5, ZEFRERH 22 mg-(L-h)™!
FEAK®) 6.5 mg-(L-h) ' K TP AY L BR R 0.9 mg-(L-h)' FF%F] 04 mg(L-h)!, HEBTRE.
FBEHT2h, S, BESRRYIREERGE, S ORI . BRI R OB RITE MR TS e A e, AR
BRI R BREAR . A, NH-N ZEBR R 5 T NOS-N LR AR, FEFOh#K ON AR, A
BUBRIEAS R, MELLHEAT R 35 SAif A o LI R AR G B i 7= A= I . Fe® b A SR IO Ak B4 2 T i+
HEpR i 25 A B VR T KU A G218 A B AR TR, O S % S AL SR AIE A ol 7 i L bR, 7R
A AL CO, 8 A 3% A A B VR S JCHLRR U5 LRI, #E B 3% ROl AR e 5 5 5% Bl AR TR 1
SE[EVE R R BN R G B, Bl 5 e ol H AR S I I %) R B Ak s g A BT T 2 R U
M HRT 4R 2238 M, RGN N, PIS YW RN, RERERZE IR, Bk, S s i #
A 11 AH B2 Al Ak 5 Ak A= ) 1 85 8 2R 58 Y e A HRT 2hy 4.0 ho
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Fig. 2 Effect of HRT on nitrogen and phosphorus removal in the coupled system

23 DO XBE ARG AR

H T DO XF T REBRBESCR M52 AR /N, B, A B 587K DO X T4 G 5 40 i AR
FISENR , FEdlgEK DO M EE 735100 (1.0£0.1). (1.540.1). (2.0£0.1), (2.5+0.1) F1(3.0+0.1)mg-L"!, HRT
A 4.0h, #E7K pH A 7.0£0.1, Z5RMWNE 3 Fros. HE 3(a) 7TH, 24 DO A (1.0£0.1). (1.5£0.1), (2.0+
0.1), (2.5+0.1) F1 (3.0£0.1) mg'L™" i, HH/KNH;-N #4351k 32.74. 15.48., 228, 1.96 #11.97 mg'L™",
K NOZ-N ¥ B 4351 49 0.78 . 1.45, 2.50., 7.17 F110.30 mg-L ™. Z3Hrik Ay, NH;-N 7 fitf 1k 40 & (4 1
JIF Al 546 ANO-N DL K NOS-N, —#B4r NH;-N /K fift L B, NH, 76 B AE A TRl s NOS-N Ay 2>
5B R L B A F 0 J5A OC . I 3(b) TAT, NH;-N 1Y 2 B 26 Bl DO ¥ B Y 34 i iy 29.58% F+
E 95.63%, HEMTFRE; MAE DO HKE it (2.040.1) mg- L' i, NO;-N ()2 5K 1 93.48% [%
fIKF] 56.72%, X J& i F DO X T NH;-N £ i 16 4 18 i 76 N e Au A BURAE AT, T SRk i — 2
DO ¥ B2 3 2 — & (A B, NH-N (9 25 B 320 A B Bl DO Ve B (9 38 K A s PR &1,
DO W FERCR I, M F IR ETHFEI S T B SR #2, [RE A i T R i A0, 3 M S i £ 4 T
MITEPE . AN, DO MRBEEANEIE R, 750 2o OB T A= W) B A= ok, (ERCEIA S TR, M
T B2 A 2R 498 0 B0 RBOCH, o DRI, ki A vl A 08 5 T30 A I i 1 5 b 2 0 0 B ol 2R 492 345 LAY DO ¥k
FE 4y (2.040.1) mg- L',
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Fig. 3 Effect of DO on nitrogen removal in the coupled system
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h 5 EE K pH AT AR A& R G A SR B SR 52 m, 452 ) HRT. #E /K DO ¥ B 43 %1 4.0 h.
(2.0£0.1) mg'L™', Lk NaOH #1 H,SO, #4715 #£ 7K pH 435124 5.540.1. 6.0+0.1, 6.5+0.1, 7.0£0.1, 7.5+0.1,
8.040.1, 8.5+0.1, Z5HUNIE 4 Frn. Hi[& 4 Af A1, NHI-N 42 5% R Bt pH 19 75 il 83.13% THis &
95.63%, 4 pH it 7.040.1 Bf, NH}-N KBR#H 95.63% T [ 2 89.05%; [A] B NO;-N 25 R 2% 1, fifi
pH AT i 7, 7E pH OB 7.0£0.1 B}, NO;-N ZBR% 1 93.48% F & & 70.35%; NO;-N 7£ [ 1 i3
B — B TEARAKE, KRB E; TN B LERFAE pH By 7.0£0.1 BF 2w, H 94.72%. 5 Hr
N, il f 40 R Ak 40 S B pH N 7.5~8.5, RS AL A0 BROE B pH M 7.0~8.0. 4K pH A 7E I
WE A, RSN . 2 A A TR DL R B Ak A R TE PR s Az B, RS REM AR T
Mo BHIt, #A RGNS EIEK pH 4 7.040.1, BEAF, NHI-N. NO;-N. TN LK TP () 25 B 2R 43 il
} 95.63% . 93.48% . 94.72% L)} 99.10%.
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Fig. 4 Effect of pH on nitrogen removal in the coupled system
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o 3 R AE R R R R e B R, BT A R . S . H Sk R
TR A, BERSUERR AT AR ZRENE WO I N T IR SR i e S e A Y R, AR RS
K Miseq 7= 38 0 I 3 5 AR X 42 sk fde Fb Aot -1 A 2 A AR & R 8 P I B 0 25 R 6 AT 43T

D) T AE RIS S5 LL IR BT . S AR A RGEAET TR LR AT £, 3R 1 NFETTKF
b, BREAT FEMBEA AN, K S MFE 1A, 3AEEAR (FC. CC. SS) R R R M
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JE R 7] Proteobacteria,
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fit A EEAE N, REBUHLHIE T2 IEH
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E . R ] Actinobacteria 75 FC. SS H i A
% F ST CC. #WIFFHE ] Bacteroidetes 1F
CC. SS HAyARXS 4 B i 3 & T FC, 27 B 18
I"] Gemmatimonadetes 1 CC HFRFEXTFEREN4.61%),
BEETFC., SS. WA N, Gemmatimonadetes

Al R AR AR R T, AR T A B R %) B ik
R B EE R4 CC .

Kl 6 G R G AE WK B AP AR X =
FEREOL, 3 2 HTENAKT & FEA 32 2R
Bt ol mE 6k 2075, oA JE
Alphaproteobacteria £ 3 |~ ¥ 4~ (FC, CC. SS)
TS REAS SRR R, N 36.73% . 37.21%.
46.18%, TE SS HAHXS 4= 8 W3 & T FC. CC.
FC W 19 v-Z2 T2 T8 4 Gammaproteobacteria 1)
Xt B T CC A SS, X TP AR i LA
Kt . A FEITCR MG CHMEER, [
F X R R & 45 AR, R TIE K
Ab R B 2 BE IR HT 1R 29 Sphingobacteriia
FE 3AFEA (FC. CC. SS) W1 T o FE AR B 404)
B 6.47% . 11.12%., 11.39%, 1 CC F1SS
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EARE O, TEEKF L, EREAEgEH Y
A L A 22 1) U EL A I 205 i ) i 1) TR s
750, SR 7 MK 3 Froas, HE 7 Mk 3
AlHL, ZEFEAT B Gemmobacter TE FC, CC. SS
R AR 2 B4 R 25.50% . 23.64% . 32.53%,
X 5 A% RO Ak R B AR Y b
PR KT TR & Arenimonas 7E FC. CC. SS H 9 4H
Xt = B4R 6.09% . 6.10%. 5.75%, e i
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Fig. 5 Relative abundance of microbes at phylum level
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Table 1 Relative abundance of main population of

each sample at the phylum level %
ARl FCHEAR CCHREA SSHEA
Proteobacteria 72.66 67.43 68.66
Actinobacteria 15.86 11.47 14.06
Bacteroidetes 7.76 13.82 13.86
Gemmatimonadetes 1.50 4.61 1.89
Planctomycetes 1.49 1.56 0.85
Verrucomicrobia 0.34 0.62 0.38
Acidobacteria 0.15 0.14 0.10
Firmicutes 0.06 0.05 0.08
50
40 - = Fcﬁl,-\
O CCHEAR
o O SSEEA
& 30+ FEA
#
i
=
E 20t
10
076
c@'\ c’\@‘x @\0 \@‘& x@‘& b@@ @0 oe\& \0\0 '\0
o @ ‘000 «000 \000 o oQ & Q\ @c
© & & 0 ‘*\o ﬂ" o9 «‘ 0
P N Y & A
MO 4 (&o R <
&Q 60(“ %% 6@
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Fig. 6 Relative abundance of microbes at class level
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RAHETE CC . SS ol T [ AR B 5 ASURL 1 1 7%
o kAESIRRARN, ENNEENEE
ARG MR BRI T PR . Flavihumibacter
W JE T LLZ SakAE A, [ Bk i e,
H2E B R Gemmatimonas 5 B W % VI A
X, Wil &= BE R JE Novosphingobium §8 1% 78 53
BEfARRZE, 76 CC. SS H AR F 1 5 T FC.
HE 7 ME 3ol H, e RETMEY
WA AFLE, AR AR, Sk
T2 S5 RV G500 2 () A A 2 S 2 ) e S5
KEo

2) YAt e L 2 AP 4t o Alpha 2 4% W]
VI 15 Ml S W E T i 2, AR A
FEERBMYF 2R, SR WE4
fiis . it Biamalie, BRI AE 855
39 586, 47 036, 46 114 %, SF¥K B4 5 K4

T2 WKFEEHAETEMEBENFEE

Table 2 Relative abundance of main population of

each sample at the class level %

TR RITE FCREA CCREA SSHEA
Alphaproteobacteria 36.73 37.21 46.18
Gammaproteobacteria 31.29 22.48 16.20
Actinobacteria 15.86 11.47 14.06
Sphingobacteriia 6.47 11.12 11.39
Betaproteobacteria 4.60 7.71 6.25
Gemmatimonadetes 1.50 4.61 1.89
Cytophagia 1.12 2.20 1.93
Planctomycetia 1.47 1.54 0.85

416.34. 416.36, 414.09bp. 7E 97% MIMIMIE R, FC. CC. SSI43 T 4557 4~ OTUs, Hif FC Hpf

= Gemmobacter (25.5%)

= Gemmobacter (23.63%)

o Bosea (0.46%) o Luteimonas (0.62%)
& Unclassified (23.03%) & Unclassified (14.59%)
® Georgenia (0.49%) ® Reyranella (0.66%)

= Actinotalea (14.51%)

= Actinotalea (10.57%)
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8 Novosphingobium (1.59%)
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Fig. 7 Relative abundance of microbes at genus level

= Gemmobacter (32.53%)
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Table 3 Relative abundance of main population of

each sample at the genus level %

AESI R FCHEA  COREA  SSFEA
Gemmobacter 25.50 23.64 32.53
Actinotalea 14.61 10.57 13.44
Arenimonas 6.09 6.10 5.75
Defluviimonas 4.81 5.12 5.59
Lacibacter 3.42 5.50 5.26
Lysobacter 3.72 4.55 3.31
Flavihumibacter 2.04 3.19 3.82
Gemmatimonas 1.50 4.61 1.89
Novosphingobium 1.59 2.55 2.66
Thauera 0.74 1.87 2.03
Dechloromonas 0.91 1.31 0.70

R4 SHMEEHSOTR

Table 4 Statistical table of diversity index

FAC JP5I%H  OTU%H Shannonf§#{  ACEF§%(  Chaold&%#K Simpsonff#k  EIER
CC 42 598 1947 3.570 525 47 908.07 19 030.69 0.09 0.96
FC 34926 1544 3.096 69 47 852.3 15750.33 0.13 0.96
SS 39 861 1700 3.204 402 47 106.85 16 971.12 0.14 0.96
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Abstract In order to improve the removal efficiency of nitrogen and phosphorus in sewage with low carbon-
nitrogen ratio, the effects of HRT, DO and pH on nitrogen and phosphorus removal were investigated in a
coupled system of iron-carbon microelectrolysis and solid denitrification. The microbial community structure in
the iron carbon particles (FC), solid carbon source particles (CC) and suspended sludge (SS) were analyzed. The
results showed that when the influent C/N ratio was 1.5, the optimal operating parameters of the coupling system
were HRT=4 h, DO=2.0 mg-L"', pH=7.0, and the removal rates of NH;-N, NO;-N, TN, TP were 95.63%,
93.48%, 94.72% and 99.10%, respectively. High-throughput sequencing analysis demonstrated that at the
phylum level, the dominant bacteria in the three samples (FC, CC, SS) were Proteobacteria, Actinobacteria and
Bacteroidetes, respectively. Proteobacteria with denitrifying and denitrifying functions in FC, CC, SS were
accounted for 72.66%, 67.43% and 68.66% of the total sample, respectively. At the class level, the relative
abundance of Alphaproteobacteria in SS was significantly higher than that in FC and CC, while
Gammaproteobacteria in FC was significantly higher than that in CC and SS. Especially, the relative abundance
of Gemmatimonadetes in CC was significantly higher than that of FC and SS, indicating that biological of
phosphorus removal mainly occurred in CC. At the genus level, the relative abundances of Gemmobacter in FC,
CC and SS were 25.50%, 23.64% and 32.53%, respectively, which played an important role in denitrification.
This study would be helpful to improve the understanding of microbial ecology in the coupled system of
microelectrolysis-autotrophic/autotrophic denitrifying and phosphorus removal.

Keywords iron carbon microelectrolysis; solid denitrification; nitrogen and phosphorus removal; low carbon

to nitrogen ratio; microbial community
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