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BEEMPRAMAERKAT, BEAETR 12BN — 2808 MoK AEMPR R 082, AT L5
RAEW L IETERE, W] DL GA: Y5 (LT R A B & T AR, B S A W i 2 R PR RS R, DT 4
TG KRR T o RIS, AR R SO P T 3 R R e TS e W SRR e T, JU R R A B L BR
AT, Kb PSR RIS AT B R A A 0 A 3 s DGR Y 2 AR R, TEsh ) A A g s 17 2
fiX, (HAEMREANRE, A5 ERBRZNME, Fit, 20T 2B 05 JoK RIS Fige ) 4
TG PRI a5 A B AR Al RN, R AR AR SR sl O i AR UK BE R 500 30 ) i AR AR R
WA T AR A TG TG K, HXF NH,-N B9 RLBRF G IR 93%. 1A BRAR R BEA R K . 2BoK
RARM AT K, BRI IC 30 J7 89 A 285 08 2 AR i S R A HE 09, A8 AR 28 08 vt P 0 4% o 3
S5 T DA R i X 75 e W i L BRASCR U, HIE R SN R EEFE, MM S T A, X
— P JE TR R A 22 AR A AT 0 Ry 2 R PO, i S A Y 3 ek IR A R IR b R i AR A K A B i 45
BRI W AAE, Kb —KRIERSER &R = WL, RIS SO ae A0, XE
AUEM B HET DA SR A I LR . A SCH 5T A A B AR AR 25 8 b 25 B 5 e 0 s i
oAl T PR FF 15 G W 25 BRAICR RN A AR BB AE A R A5, LA S0 Sy A4 2 U it 7 38 38 Tl A ) A 355 15 7K
TGRS RN RS
1 MR57F%
11 ETEREE

SEYR R EE T 2 A R AL AR A uE v (] 1) AR S R AE 28 S AR i w1 SR K AR (Lxx H=88 cmx
66 cmx64 cm), A4 A PEM R FPIE TS 30 cm JEAYRLAL N 20~30 mm KRR A, KA EEIZ 10 cm JE Y
AR R 3~8 mm B /NEE A o /Nl A L TR B KA R [ e B O EOK AR, B E R
PP M BT 4R 25 M, A RE L A0 i = MAIBZNFL AR AR &R T LUSE b /NFL ) DO R R i A . SRR )
KAREY) R TIES . R T, BAARCH B 8t Y ACE 100 Bk T BSR40 . 2 bR XA 41
2RRAAT AN o 1 SAERIEM B A LR E, 25 ERIE L TR WA, E2 5480
AL I 10 om & BE A7 B A I AR G g <8, BB K 90 em, A RE b IL A % R 700~
1200 0 m™, fALPHGLAE 0.03~0.06 mmy B E M R M SR U SRR IE (R 18 W,
HES & 25 Lomin "), WP FF OCHE I B RE3G EUCR M B 17 . AR UEM s T, 15K KR Bt ik At
KOKFE, RIFTHEREDEHT BIRHEA 2 AR, KO ZRARaEE IR 5KEERE
AL PR S R HR A AL, PR oK ETHEH .
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Fig. 1 Ecological filter device
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1.2 #HkKER

S 39 1k A T I B R A R A s K W A PR it 5, A A DR K R 1 A B i
Ak 2 o S B TR) 92 Ak 3 oK BT R SRR, o TN R 20.39~30.45 mg'L™', NH,-N W 18.14~
38.32 mg-L™', TP A 1.52~2.50 mg-L™', DTP( dissolved total phosphorus) & 1.38~2.34 mg-L™', SRP
(soluble reactive phosphorus) & 1.25~2.17 mg-L™', COD & 72.48~111.78 mg-L™", “SS & 13.86~21.76
mg- L', BB FRMIEER N 2.41~291 mg- L', N 467.73~1291.43 mg: L', SLK A H), RH
B2 0 A CRE A, RC-4) 2 Wil gEwh KR, 5. 6. 7. 8 H 5 B ity K IR 5 518 19.4~26.4
18.8~29.9. 20.4~29.2, 22.7~29.5 C.
1.3 E£XEMESITAR

2N UE MY T 2022 4 5 H 20 SRR ELRIETT 80d, R MELM AR, MK E RN
828 L-h™', /KIS RBIEIN 24 he 1 5 A A UE A 58 oM SORAS R 1247 1 00 T Ab BRALCAR , AR 5 2%
BB ATRHG, R T, BB (0~40 d) FUS 9 T, BB (40~80 d)o 2 5 A= 45 0k W AT 5% AS Rl B /< 4%
PER AT O B A g R . T, By B g R A AR g bt s 5, I~ 11, S R BRE R, 3547
W) MRS . BT SR  1o I BrBe e 74 BrBeny B Rl A kiR, DI AR 2R
U8 As A B R R A IR AR R R R, S IR B RS O 7R AR A UE IS 1T A5 A B B
W, RS R AR, JF R 3 d B0 R OK AR, E TN NH,-N. TP, DTP. SRP. COD %§/K
FTHE s

x1 BMBRETEH

Table 1 Operating parameters of each stage

B AERIEWTS  BITROR o EAgnEd BEAEE/(mt ) BRMERML BMELL

I, 15 T 0~40 S TCHES, —
I, 15 JE 40~80 — TmER —
I, 2% T 0~10 1.5 Rl —
I, 25 T 10~20 15 5 2:3
I, 25 T 20~30 1.5 6 3:3
I, 25 GOE] 30~40 1.5 6 42
I 25 e 40~50 1.5 6 42
I, 2% e 50~60 1.5 6 3:3
I, 2% e 60~70 1.5 5 2:3
Iy 2% — 70~80 — TR —

14 KRS HE

KT 3 Aok T CoRKORUZE AR M I 43 A 5 12 (BRI AR ) A A8 ik o TN SR FH B o 58 1R 0 4R Ak - 55 A0
O3 COCEE I A 5 NH,'-N R H A8 [ RDG kil %2 ; TP, DTP. SRP R FH8H 86 i 43 O ot B2 74
FE 5. COD SR HE 4% R B 3 22 5 i i Aok FH 0 485 S0 A SR A R 3 0 5 o %540 40 17 1 - Excel
2016 A1 Origin 2020 5 i .
1.5 WEMEBEEERSTEE

15 M2 SAERIEIZTT 80 d 5, RA KM SRR - A7 2716 8] L1585 A BB A TR A
A, UEAT 16S rRNA JE K 7 mal w7 . PCR ¥ 34 5[ ¥ EHL 515F (GTGYCAGCMGCCGCGGTAA)
H1 806R (GGACTACNVGGGTWTCTAAT), %t Illumina Miseq I ¥ & 4t (Illumina, USA) ¥ 17 5 i
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WY, 255 DL Wi W e vk a5 40 22
2 FER57R
2.1 BMEBRBBRENTHER

A B B A AU PN I A AR A AR L (1 AR AR ) A&l 2 s . FETCER AN 1 S AR E
P, BT T B B A AT VR B 0.22~0.26 mg' LY, JE T, B B i A 4 R B R EE 0.25~0.29
mg L™, P B N AR O B 25 S, R AR IKEE B AR R A U i TR AR
25 ARUEM N, T, BB FRESEMRAR, B N AU T VR B SRR 442~458 mg L', BT
B AT . T~ 1, B BOR BRI IR S0 73X, AEMR AR A DY, Az A5 U8 v 10 5 ik 40 18 5 1
TG TR, HIYERIH AR OGS AY AT 0.5 h NIl SR L TH/ T el B e, 2 L T/ T R R A
SRR F, X T RE RNV A B A AR R 22 AR AR O . FEMEAR. 05 h N BV RT DL A S 8 v Y
A EIRE R T 2 mg L™, BLBIE AN A E S R BR SR, T, T, T, BrBAES
T T P VS AR R/ MIE 2R R 050, 058, 0.89 mgr L, R KAE AN 2.70, 3.24, 3.83mg L', i
HH B W52 EL 3 R, AR A UETh N R A B/ ME R R S8 K. XTI, A, BB . I, A
I, B, I, M BrBenl LURE, AR S

SAE TR L BT IR I B v A A 1 1) L i
Sl 2 e BT A ph T S U IR AT R N e
SR 2 T S, R AT B & 05 _
Yy, fd AR PR B, AT RE R A A
WHRBA WA, EMYERKEES, £
AR AR A TSR P, T B A 1 5
SR A A I S A VA AR AR R M AR AR Dk =
0.58~0.62 mg-L™", W[ HE5 350K H M LIRS
7 1YY (0.03~0.06 mm)H A ZE B FI
B AR A P,
22 EYHEKRESMENERTR REETE
B B U B 22 IR O AN 113 Rk o G I B2 ZMEREMAEELER
K1 BAESEwmP, 1 N % B Xt NH, - Fig. 2 Variation of dissolved oxygen at each stage

N. TN W EBRFMT 43%, MBRORKZE . 2 R8s, I, BrBefreemg, I, I,
I B BOR R B R 45 EE . NH-N R BRI R, (H TN BBRRITER. NH,-N A9 2% R 2K EE
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Fig.3 Removal effect of NH,- N and TN at each stage
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LR AR E T, | S ET L, Ak BB T AR 4, NH,-N ZBRR Wik m . TN 2265
SR T BN RN R A A BN R 25 A5 AR I, e S0 AN o 118 R 457 L 0 24 2 ot R 0 0 A A i
ToiE R SRS A B T B B AR, RO AR RS2 B T B TN PR R

1T, By BEXF NH, =N Fl TN B9 22 55 R4 g 57.88% F1 53.37%, Hi7K o NH, =N & W J& ik 12.45
mg L', Bk v R A 6 35 7K b BRIt K 5 Y D HE AR E ) (DB 14/726-2019) () — 24 HE bR
HE(<Smg L™, UL B R AR MA AR, Ml BT AT S 2 5 AESIEMZE1T 60 d
Ja, T, B Bk Rk FAD T, B B A [R) i i S 25 14, BB B NH, N, TN 9 L BR2R 2 5 0 81.24% .
76.69%, Hi7KHI NH,-N. TN ¥JfE ik 5] DB 14/726-2019 () — 2 HE bR (NH, -N<5 mg-L"', TN<20
mg L"), MIFEBERAMET, T MBI, BB NH-N LR R L F+ 1581%, TN ERERTF[ET
15.01%. T, BB I, B Bef NH,-N £ B3R E Tt 12.85%, TN ZERFE R T 8.86%. 15 UM A%
T2 S U B B 25, (Hikshi/N, T, BB T, BrBemARHH 22 40 d, {H NH,-N. TN L[R*R
L ETFHT 3.29% F14.69%. SLHarh & BL, 1598 N MY A KgE , JRid K Ear, 2 g m
FIRE Y A I, A B B A . UL, FE YR AT RE R A K 2 5 U A R B
T, BITE M ARRRE T A e A .

H BB B A KRS WA 4 Fis . 1S AR IE Y A K %8 (E 4)~(c), T, BBt
XEF T, B Bema Ak (0 0k = A= i 3590 B B AR A, FY B B R B IR A M A kB, nTRES K
Y NH, N il @A 6. S NH, N S0 7= A B, SEHDIRNT R &
W, R A, AR R, A EWEERN 3mg L E, R E a b W E R RN D
FEREES, JFE T LA IR ER B R Breane ke 1,0 T, BB /K op & R - 28 v
A4 17.10 mg-L™', 11.61 mg-L™", 3B 5250 fr 3% H 097K A 48 4 % NH,"-N 1 1if 5% G JJ 7£ 11.61 mg-L™
IR,

2 5 A AR P A R A R A AR I B 0 R s A i 3 A I A () 4(d~))
1T, B BEd ), 7K NH,-N A2 R B ik 1245 mge L', it 7 1, BB, EIfF Ry im
SR A K, ULEAREY B A2 ) NH,-N BRa/E M, (B4 NH, -N IR EREACE, YT DI E 5 4
Ko 25 AEBMIEMEITEY, BEEMAYNERRRE, ESEmR L S8RE, MEINTFRE
WL o DI TE AR S UE B AT R, N % R ] 303 B BRI, DURIESR A9 NH, N R TN 25 5 %
BAT T WIN SR 2:3 B BREE LY, AERAS A0 9 NH, N Al TN Z2BRR R, e 0 i < hefE .

I, BB kS 0n, ORI A LK At |, AR NG RAfERE, HKAEM
YIE 4B N, NH-N, TN W EBRBURBA L2 TR, BORAR T B E 1 S AR E
o 3 e B[R] B A AR AR S AT R, R fel A A A R S 2 R R 0 A M PN £ Lk
A, H NH,-N TN AR B — 2 i A B3R
23 BMERMR

S B BEBE Y 2 PRGN S R, 3 MBS ZBR 2RI TR 1SS E
W Y 2 BRI . MR T 14%, 2 SAESIEM D, SLRAH T, T, T, BB ks
K, 3FTEASWE A JSBR B MR A5 L R s SRR T, Mg I, By BmE 45 b R s /)
3 i 25 W 10 2 B R DU i B 452 LU /N T R AR . TP DTP B9 LB A T B Bede K, 4350 57.50% .
5771%; SRP WP  HrBeoe Kk, K3 57.11%, 7EBESELMMIEN, B17)5 0 3 AL S#
FBR ALY ) A W e Y T as A au i, 5K A R i 0 Wi e S A e R R I R S Y A
KM 58 & AR AR S ik oK rh il 0 Wk FE B S R, SEge Ry K rh B vk B, N6 I R AI T
UG, EWTHFRIEAN S, SO AHG & BB T I5 /KA, (52568 0E 7K rb il i v B 3R
M, TEILIEOL T, T, I~ BrBolK TP X REH R L P8 CRAT AR 16 ¥ 7K Ak B it 7K 35 Y 4 HE
AR ME ) (DB 14/726-2019) B — 2% HET bR (TP<1.5 mg-L™"),

DTP J& TP () E 2L 5>, SRP J& DTP ) EZ A o, AW vl B EGT, nT 3w 4
B, i A 2 B RORN 3k FH ARG A SEUREA %, W 6 NHL, NG W B BE O B, A R S N, -
N EAEFLHEEEE N2, Ca¥', K, =F 5B FH B w1 99%07, NH, N U i) W B 5 07
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Fig. 4 Growth state of plants at each stage
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Fig. 5 Removal effect of TP, DTP and SRP at each stage
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A IEATY, Wb X NH, =N A W AT B8 23 5% mi Hou il (9 25 B o Az 25 08 th (%) BR i AL B A5 A 4 W A
YEFA AR B R 7R 4 A A T B, I UL 2 BB R AR T 2UE B R N I P T B B A
IEBRSR, W MARRAIL, TR R & B R P s S B R 2 K b, i R ) R PR AR B 22 .
2.4 COD HEBRHR

% BBt COD [ B BRBCRMNE 6 i . 1 5SS, T, 1, BBt COD Y1 2Bk 25
HR 47.76% ., 43.12%, BREZE . 2 5ASEm S, 1T, BB irLe < T COD L FBR%FN 49.76%,
SCEETIA T, T, T, B B M5 ERAK YR 38 K, COD 2% Bk % Bl M 5% Lb 3% K m B, Z0 i o
76.53% . 71.56%. 59.48%. SLHJEWIAG ., T, 11, By BEREASE FLAR U /N, COD J2 Bk % U] [ gt 12
s/ e RS I8N, AR 70.65% . 78.69% . 71.23%., 4R A FFE YR COD, {HB%

Ao ad KT B8 2 B YR A TR AR R, A 160 Tk ik e osmx 10
M AL COD LB, Sl & B, & SVIBERE - 2B ERE
A b AE TG TG K LR K R 3, 35 K Hh COD {H % 120}
A, 7K COD{E#B7E 150 mg- L' DL R .
6 Ay G, iy mikm £, ¥k CODH
PR E 78.93 mg- L', Atk COD ik HnHE M HE
FER K . Ta] 8RR < B B /K COD B # BE il 12
PG4 AT AR 05 5 K Ak BRI it 7K 35 B 90
AR E ) (DB 14/726-2019) B — 4% HF i A #E

(COD<50 mg-L™")., MyMrBfEIERR)GE, & %010 20 30 40 50 60 70 80
Giifa, COD V-3 bR AUH 14.76%, 3= it/

B 46 45 11 BT COD 25 4% 1 5% Wi 48 R El6 ZME CODERME

25 BMESLYEREDDH Fig. 6 Removal effect of COD at each stage

Xt 4% B B 15 e W) 25 BR 6 1 R4 T 3R 2849 M1 Al PCA (principal component analysis) 281 (& 7). 2541
Br (& 7)) W, I~ BrBexd 6 Fis e LA B brmy Lbrae s, 1, 1, D BrBxis iy
M)A BRAE 422, JLHJE TP, DTP, SRP LBRFMAL. MBI EMKRE, 1. 1,0 T ks
TPl e o S, T =10, B Be X S, U B nT DU T A= 25 08 s 6 6 i Y 4 1) ik B A
F1o PCA 53 HT (I 7(b)) £ 6 Fim Y Wy AR 9 AL S 0 b X Ho i) L BRE S, TLAHZR WS . Hi
PCI1 )7 22 5Tk E K 70.90%, FEZEFMEXF NH,-N, TP, DTP. SRP., COD fJEFREEf1; PC2 AT
ZTHRR N 16.65%, L FRIEXST TN B EBRAES o 2 Fh 2o B Z 5Tk Rk 9] 87.55%, HAE

ey 2 N R AU BENE . A PCA 23 A I R al LI B A, JCBg < L, 1,0 I B Bexd
PC1ERH

1 80

4 60
80
140

COD/(mg - L)

CODERSR/%

40}
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1SS
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= < &
= 11, &
T 9 O
e I A
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Fig. 7 Analysis of pollutant removal capacity at each stage
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6 RIS YW LBRAE HARAMIRL, SHBIAT ~0, B EEM A, T, T,. I, B CcoD M
TN BB EREE s T, ,. T,. I, % COD Ml NH,-N HAT &I LB S . 7E30 ) 6 A
SYYI LR T, B Tar R 3:3 fRE L, BITE YR 2:3 B E L RN & BLK
N

2.6 WMEDRHESEETH
Kl 8(a) M 117K P b B B0 A 0 T V& 45 00 o A o AR R = BE T 4 R 9 A0 ST 43 ol TR T
(Cyanobacteria). ZEEH '] (Proteobacteria). %%7%5 1 ] (Chloroflexi). JEBEW '] (Firmicutes), £ 154
508 AR R R TR BE AR K 42.79% . 34.20% . 15.58% . 2.61%; TE 2 5 A2 7% it A AH X o R 2 )
H42.84% ., 23.13% . 4.56%. 13.67%. 1 S5 HESUEMPIEET . SEETTIMHEN FEE ST 25
AR, (BJRBER ] AT ] (Bacteroidota) . 8 W 1] (Patescibacteria) WAL T 2 5 A 508t
, BT AL 10 AR TARXT R . X R B AN TR ] SRR, B
PETTRARXS B, BRR T AT ] . SR PR T TR AR XS 325, (A5 W b AR 25 08 ath v B A= W 1 % 45 44

B 25k AN

= SRR 95% {1 i)
Cyanobacteria [ ® 0.9252
Proteobacteria [ el ! Rk < 1x10713
Chloroflexi h a I R < 1x10715
Firmicutes [ | @ R <Ix107
Bacteroidota ™8 ) HRR < 110713
Patescibacteria [® @ SR < %107
Actinobacteriota ' b MR < 1x10718
Desulfobacterota [ ® R < 1x10° ﬂg
Gemmatimonadota [ ® SR < 1x107
Acidobacteriota | ® < 1x10°18
Dependentiae ¥ ‘b R < 1x1071
Verrucomicrobiota-| ® #5% 0.0009027
Campilobacterota ! ) FR < 1x10°
Myxococcota | ® % 0.02939
Planctomycetota | ® R < Ix10713
L 1 1 1 1 1 1 1 | L 1 1 1 1 1 ]
0 10 20 30 40 -15 -10 -5 0 5 10 15
AR B2/ % AR 22 {8 /%
(a) I"IKF53 A3
2SR A R
= DR P31 95% E-{5 X [A]
Kamptonema_PCC-6407 [ — e 0.07304
Planktothrix_NIVA-CYA_15 @ R < 1x10715
Thiocapsa -h =] : Sk < 1x10715
Chloronema h =) : ¥k < 1x10°15
Romboutsia I e SR < %1075
Rhodobacter : [=) : SRk < 1x10°15
Lysobacter g ® : Bk < %1075
unclassified_f Chloroflexaceae h e : k< %1015 %
unclassified_f Comamonadaceae [ ® 9% 0.0001917
norank_f A4b iy ® | B < X105
unclassified_f Rhodobacteraceae - ® : Rk < %1015
Synechocystis_PCC-6803 h ® ! k< 1x10°15
norank_f norank_o_Candidatus Kaiserbacteria : ® k< %1071
norank_f Caldilineaceae r :. k< 1x10715
Geminocystis_PCC-6308 h e Bk < <1015
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Fig. 8 Phylum and genus distribution of microbial communities
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I, XEAEBRICRESS Fig. 9 Nitrobacteria and denitrifying bacteria distribution
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38 3o ] P ) A 34 238 T Y — R ML HL A R 0.60 J8-kWh!, & 1 kWh HL 23 HE 7 0.856 kg
CO,™, TR EI AL 1 m? AR AT A TS K I B SRAS R B U HE (¢ 2) FREEIBEART, AbFE 1 m® R4
A TE K BY L FE A 2.17 kWh, BESURAS A 1.30 96, HEJL 1.86 kg CO,, i SR FH [a] B Bt A< 0] 5E K s D
U W S RAS VR HE R o 25 6 X i Y i 2 BR AR AT, B AT RTICR A 3:3 MRS EL, AR 1 m® K
WA 3 5 7K B HL RE R 1.09 kWh, BESUA N 0.65 96, HENK 0.93 kg CO,, I 37 22 B UM Fb BE ek b
50% B HLFE R CO, HECR o B 17 /5 R 2:3 B MRS EL, AR B 1 m® R AR 16 V5 K B FLEE R 0.87
kWh, BB A R 0.52 70, HEiL 0.74 kg CO,, FIEFLEMES A LI /> 60% ) HLFE R CO, HECR . 7T
DR FH ] g <75 =0 EL A A0y 04 7 REVRCHE AR -

*2 BERASHHN

Table 2 Aeration cost and carbon emission

BrEe BMELE BESHEAE/(KWhm)  BESEA/OE- M) BRHERCRE (kg m ) T REISHELL 61/%

I, Freemgs 2.17 1.30 1.86 0

I, 23 0.87 0.52 0.74 60.00
I, 33 1.09 0.65 0.93 50.00
I, 42 1.45 0.87 1.24 33.33
I, 42 1.45 0.87 1.24 33.33
I, 33 1.09 0.65 0.93 50.00
I, 23 0.87 0.52 0.74 60.00
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Effects of aeration conditions on the treatment of rural domestic sewage by
ecological filter
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Abstract More and more applications of the ecological filter have been emerged in the treatment of rural
domestic sewage, but high energy consumption of continuous aeration and increased treatment cost are main
problems in its application. In this study, the ecological filter was used to treat rural domestic sewage in
Jincheng City and the influence-of different aeration conditions on its purification effect was investigated. The
results showed that comparing to the non-aerated ecological filter, the biological effect of the intermittent
aerated ecological filter was stronger; plants grew more luxuriantly, microbial community was richer and more
diverse, pollutant removal effect was better. When intermittent aeration adopted the ratios of aeration and stop
time of 2:3, 3:3 and 4:2, with the increased of the ratio, the removal rates of NH,"-N, TP, DTP and SRP also
increased, while the removal rates of TN and COD decreased. At the same ratio of aeration and stop time, the
purification effect of the ecological filter was better when plants were flourishing. To ensure better pollutant
removal effect and reduce energy consumption, the ratio of aeration and stop time could be set at 3:3 when
plants were sparse and at 2:3 when plants were flourishing. The intermittent aerated ecological filter has the
advantages ‘of simple design, small area, strong natural ecology and low operation cost, and effluent TN and
COD can stably meet the first-level discharge standard of "Discharge standard of water pollutants for rural
domestic sewage treatment facilities" (DB 14/726-2019) of Shanxi Province, NH,"-N and TP also have high
first-level discharge 'standard-reaching rates. This study provides a reference for the application of ecological
filter in rural areas of Jincheng City.

Keywords ecological filter; rural domestic sewage; intermittent aeration; hydrophyte
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