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40 C TR, D45 HOR R FUE B 0.17 mL-g ™' BERiAR N 1.5~3 em WG OF A4 5 K L A8 v T
P, TR ENREESBE)Z. i, #niUKZ E2A A (www.szghb.com) 4 7 1 &
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Fig. 1 Schematic diagram of the experimental device

0~73d, #/K TN Z K 40 mg-L™"; 74~105d, it
K TN FH %2 60 mg L™ A4 o MRIEHEK TN BT W E S TN LBRACE, 817/ 0~12 d & & NG sl B
BL, 13~73d AM BT, 74~105d MHTEL I,
1.3 D7k

1) KB o R A5 [ B4 Multi N/C ®2 100 {3400 TN, SR 3 4% fg £k 1% (HJ 828-2017) I &
COD, K HI4BIE % Mk 43 ) BE 3 (HI/T 345-2007) I 5E B8k, SR N-(1-Z836)-2 e e e ik
(GB/T 7493-1987) & NO, -N, K44 [0 20 6 G B (HD 535-2009) 3l 72 NH,-N, >R FH 8H 2 &% 57
HIEEE L (GB 11893-1989) % TP, SR HL M (PHB-4) % pH, Fr 24 5 34 8 43 A 4t o
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Hb, WA R B ERRE, R IR Y R Y 0 o S R T, BEK R A AL AN
%, Wk, 2 417K COD & B Bt I~Fr B 11 A YE FR7E AR KF .



55114 KI5 BRIBAES AR SR AR S LB K B R A B 3719

TE B B 1B BE I, 15 K COD % 1k ¢ e hEI .
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Fig. 3 TN removal and the effluent COD/N variation curve of the experimental devices
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SERL. BRUEA L, #43 NO, Tk J5, & ai NO, UM, §RIFEFE /2, Nar Ml Nir &3 F k¥, H
NaR 3 4+ J) 51 P49 NO, & R S8 18 J5 R NO, P9, ¥ il NO, R R, EH S B, 1~2d, 24
NO, -NH E# &, BT NRMEGHSIHEFHE KT Nar?7, J, @479 H 3 NO, -NH &,
) sf . UE B 2 4l I S PR s A K T . B Bb T A, FEBYBE T, 15 7K CODN #{E KT 4, #IE 7
2, NO, N B FH g EMT 1 mgL'; 25 H/K CODNE/NT 4, BFEAE, 24~50d,
NO, Nl ZigL, mAMREERN 1279 mg L, ZEBWHEMEIFEREE I mg L' I, fFEREL,
1 5 H/K CODNFEE 4 LT, WIFEALE, 78~98d B NO, -N KEM R, HKRKHEE N 11.62mg L™,
ZIE B IFRREE 25 mg L A4 25 K CODN KR #AK, NO, -N 34 F 2 5 i e R
Img L' RIEAEE, 24 HINO, -NREME, EREMEZENA, X580 kR & Figk
P 22 S B Sz B . AN, 51~73 d il 74~105d, 25 TN il e 2 2 {8 M 23.71 1 19.04 mg-L™,
AR EE, Wk, 51~105d, 25 NO, N RAAK, B, HEERR TN LR EER —E
NO, -N &R, (HREMBAFFAK, RERBEAE, WGBS B0 /> NO, -N i,

FE PR IR ) N 22 A W G 2 B0 NH, M YA WL A & T 324K NOy B, NO, & =+
b3 5 NH,™ (DNRA) U, [, Fe® A4 2 45 NO, ] Ak 238 JFU NH, 82, [ 4 (b) N S50 %
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Fig. 4 Accumulation of NO,-N and NH,-N in the experimental devices
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B NH-NBZEEN ., afIFEE, 0~5d, 241K NH,-NE &, ZEEA LY BB > 55
FE, 2 41 H 7K NH,-N L fifi 2 ik A firfe e s 12d )5, 2 41 H 7K NH,-NSFE 2 g KT 1 mg L'
UL AT AL, 0~5d, 24 H 7K CODIE & F TN, F I, #iJLK NH,-N 5 & 5 20 o i I8 Bl S
DNRA W 8. 534, ZErB (73 dJ5) ., 15 17K NH-N¥4, deit i 15 7k coD & A >
I, HHK CODN AL, HEBR DNRA 152m . AW B, Fer 2444 ¥ ik I Al NO, 1k
R ENNH, (3 (2)) , I Fe®-F’ UK &8 LY, H i) Fer' 24k 2 5 NO, B3 NO, fh 2% ) i 2k
BCNH, . ZERTEL I, NOHG N, Jnfal T8k p B k241, Rl £ Fe* (X 3)~aX (5)) VA NH," (X
(5)) o Ml 1 SERIEEL =, B AR FER NO, FFk4 NO, # &, SENH, BE—E8m., T
BRI MABR, 8 NHBOIMAZ, i EAR A SRS N, R4S 73d)5 15 NH-NFHE . B
R, AR R K NH,-N BRI & T 5 gl B A R AR &, (B R 3 NH-N (9B i FUER

6Fe”* +NO; + 8H* = 6Fe’* + NH; +2H,0 )
Fe’ +2H,0 — H, + Fe’* + 20H" 3)

5Fe’ +2NO; +6H,0 — 5Fe* + N, + 120H" 4)
4Fe’ + NO; +7H,0 — 4Fe’" + NH; + 100H™ 5)

24 BB

Pl S Shy S 00 e g i K BRI AR A AE B .t T EOK S 2 45 K B IE AR AR I £, e
NS 15 KBRS . RSB Be, 15 K BESETHR R RL, BT 12d )5, BRI
fasE, KB (0.26+0.09) mg L™, HERAR T Hb 3% /K 24855 i & AR HEFR {5 0.3 mgL™' (GB 3838-
2002). FHAIARR BB B EEIR TEBE M. RSB, BB KRR Y E B,
AR B2 1 Fe*™ 5 Fe(OH),!"™ ™, S BT JL K 7K BBk B & o {HBK T8 2% 18 19 A 0 ot 2 0 2 W Joit 22 H6
117 BEL A J8 ol 0 HE 3 1 2E Bl A R AR AR ) sl R AR S R BRI R KSR, — S RUE SR
Fe™ iR Ji NO,~, 74 Fe™', fRFBREMDTIE, HE—LMHEmm™, Wik, MERENETT, S8
JOT o e B ARG R A o AR ER B B IOIE R A A, A MRS ME B, MoK g R T vk E KT
10 mg L™ B, REE B =) (B-FeOOH) %5 5 Lk e s Jig o . 2, BT & KAWL =TE ),
R i S el o S A R AL T A, AR Y SRR B AT 12 d S EE AR YRR A AR
WREE R . Bt m, SXTUE W U R, AR A BRI ARIE TR G R R SR AR R R A A

FAN, BRI S AL E AT L Fe? O B A NO, /NO, B JFU N, (B Fe/N H ol (3~5) 1184,
M 15 BRI N 0.3 me L' Bk A F7 Al Ak B nT 3 B ARLRE R, (ER R G IR &R TN BRI
FEIER,

HRHE ST 45 L Ak oAk RS Ak f 45 3 A4 }Yﬁﬁ e g sl

MEL )W, R P ROTR ™ D R T

Jomi 2R B (5) 5 2) FE AL, B 2 oSt —°—31“§‘5Hm7\kié~f*?’“§
Fe(OH),. FeOOH, Fe,0,. FeO, 4™, 2 *% TR
it @) o K (6~ (8) 5 ) Fe, Fe'fe 2 05t

kR R s, EiimE S 0

CBUE ST W FIEMZRIESD, g O bt o et gaas

> - i v s s A [19] 0 10 20 30 40 50 60 70 80 90 100 110
DAEBURILE B TG ACE S, Tk i

= = & 2 & i 481 ‘#/\é‘ oA s N ~ N
%%%ﬁm%ﬂgﬁ/%;ig Tf;‘? & s SRR E KR RRE TR
SRIIEM, ZMNREGRW, RARHA Fig. 5 Variation of total iron concentration in the inlet and

o Ry e = =R (SR S i ] outlet water of the experimental devices
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10Fe” +2NOj +24H,0 — 10Fe(OH); + N, + 18H* (6)
6Fe”* +2NO; + 14H,0 — 6Fe(OH); + N, + 10H" 7)
4Fe* +4H" + 0, — 4Fe’* + 2H,0 (8)
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&l 6 A7 ] A6 4 A R T S 25 T 4 Al R B
Kl B R T AT BT 4L (B 6 (a) FTIEL 6 (b) ) B
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e 5L, R T RCE YR R R
100d )5, 1582 SOl L ME A MEY .

XSGR EE AR, E AR BN, (a) A PGP 1 26 % (b ﬂaﬂﬁjoﬁﬁﬁ;@um@ﬁ
(50 um) pm

MRS, HRmMEY 228k, M
1 AT EIEER T (B 6 (c) FEL 6 (d) ) AV 2354
ek . ROMNA—m gLk, RN EY S5
Y. MAEM S A GERIRZ BN, B
OB YL 2 SATEITE (B 6 (e) A e S
B 6 (f)) BRI G, i oA — ek A o (o) VEATUIERIT(10 um)  (d) VPRI (S um)

R, B8, R, SR = = : 3
ML . % LA AW T4 4 R o i 515
e AL Br, BR— 7 EARI T ME AR
HHL AN o i, AL A . AR 4R 2RSS Y
ZERRE,  TR] ARk s - R H S A A W 1Y) 2R R A HH it
— B IR W i H AT AT G SR B A R, 1

=

(e) ZT’I’@'JZE%%E(IO pm) () Z%T’I@J?E%%(S pm)
6 MEEEMKF AR EREERER

2y S IJ_:_IZ 14‘ 71> Noy , H T‘E'T‘
I R S WA BLRRR L 4 55 A L Fig. 6 SEM images of the surface of fresh and
Yrey R used bamboo flakes
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Alpha ZHEMEFE BT RAEBUE Y Z Y, S5 003 1, 2 AMEARWE R\ EII KT 099, &
2 0y 45 S BB 4 A S e TR R A LS L™ Chaol {EBR R, S =F BERAFPY, 2 4IAEAR Chaol 45
AR T 2000, BBl 2RGEY HAERMEEFEE, (11 S58%FEEVE T 2%, Shannon f§
%7, Simpson FREUF RS K T MR EU WBETE I Z AV, S2RESRETE A Fh 3 B R FR A 5 B R 52
Wi . Shannon $8 % Fll R 4t & & W 48 £ K2, Simpson #8 £ i /N, W g B 2 AR . 1510
Shannon F8 UM R 4. &k B W FEEI = T 25, 1 Simpson F8 8K T 25, Uil 1 SRS KRR NAY)
R T 2 5 Al [ AR R AR &R

R 1 %Y Alpha ZHMEH
Table 1 Microbial Alpha diversity index

FEff Chaolf%k Simpsonf§%X Shannonf&%k WAL FIMWIFMEE RELFTMIEE BRI
15 323829 0.012 6 8.9757 3230.1 126.485 0.996 0

25 227647 0.025 5 7.7722 22652 105.928 0.996 2
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2.7 WMEYIE ST HHE

155 2 ST BURLER T HE Y T KRS AL 7 () Fis . 2R RAHTE TR E 2 A8 IE
W 1] Proteobacteria (49.75%~66.51%) . LI ] Actinobacteria (11.39%~12.38%) . $UFFH[ ] Bacteroidetes
(11.21%~12.93%) , JEEER ] Firmicutes (3.27%~4.70%) 425 11 Chloroflexi (1.65%~3.77%) %5, 2 &
AMRHTTRAIEHT, B 1S4 H TN (65.51%) W 85 T 2 5 (49.75%). L4h, 2 SPemim]
Verrucomicrobia +-J& (8.80%) it im T 1 5 (/NF 1%) o ABTE T 1245 2K IR R s AL 3wl A W i) £ 1]
FEUSHS WM ) E B KRR, AT BEAR LT AR AR N B R ALY R T 2 2200k
W, BAREAENDY, AR BER A JERETA W] B £ 4 R AT R AR SRR L
TR KA, &R EEREMZ N P TS s Te b B W, S ALY &
REEMA LD B, ZREIT . WAFET] . LR S BB AR T
Wi A RG>, RRMAEESS5H, 2R L& T 80%, Uil 2 k%
TN LB EEN A Y R . 2 R R IGFETERE ALY R B, AT LW ik
14, BT 25T FRERK, HAIDEEMAAELTIE (1K, FBE>5%) 18 &5 e T
15, USRS ALY BEMACTIRAER . BT I SRR FE. 2R, EYREMTL
25, WA RR R WL FEAE R TS AR RWKER L. A, T RS LM, JEk
EMRGETIRMAERFESE AAM, BERR, XS5ARPRAEL, RIS R TT/E
AR, 2RI EFERWNBIEETT A 585, HUCOPEMET] (1 S8K) , BEH%E®
T AR AR

&1 7 (b) o Py ) AL ERL R T G A W oK P VR S L . T — 2P SR BRI A R, A%k
P& 2 LA Family (Bl) J5 %% -uncultured, -unclassified k%~ . ZIEHITE 2 KA SR K., 25 HEE
12, R2A2EWRBIREITELEHMN (B, FE>1%), 152 52 ET ]S 7 5
AR M B JE Pseudomonas F1 R H M 1§ J& Thermomonas., © A W 55 % B, Pseudomonas'”

[54,62]

Denitratisoma . Thermomonas™, Xanthobacteraceae unclassified*!, Rhodocyclaceae unclassified!-*"

1 Rhodocyclaceae-uncultured ™ Desulfovibrio™,  Rhizobiaceae unclassified®”,  Devosia®,
Bataproteobacteria_unclassified®” I Gammaproteobacteria_unclassified ™ ¥ J& 5 2 fif b 5 i) f34 4=

Yo HE2FHA: 152 RAE YR8 w2 9 25 (% 2 P45 24 DNB (denitrifying

100
Chlamydiae 100 Others
0 Elusimicrobia Gemmatimonadaceae_uncultured
9 90 Pleomorphomonas
Nitrospirae Actinot ;7
ctinotalea
80 Hydrogenedentes 80 Terrimonas
Spirochaetes Sphingobium
70 BRCI1 70 SMI1A02
Armatimonadetes ?estul/;ovzg;’lo
60 R 60 actobacillus
§ Cy c}mobacterjza § Lentimicrobium
B 50 Acidobacteria % 50 NS9 marine_group
+H' Patescibacteria +H' Rhodocyclaceae_unclassified
= 40 unclassified_Bacteria = 40 Xanthobacteraceaeﬁunclagsiﬁed
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Proteobacteria 15 s
=2 7
(a) 'K (b) JRIKF

E7 ERERERED). BKEEEEK

Fig. 7 Analysis of the community composition of microbial phylum and genus levels on different filler surfaces
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Table 2 Major genus composition of Proteobacteria (genera, abundance >1%)

R i /% 25 IEAFR i L6/%
Denitratisoma (DNB) 4.46 Thermomonas (DNB) 11.44
ANP-Rhizobium 6.91 Denitratisoma (DNB) 7.31
Pseudomonas (DNB) 8.66 ANP-Rhizobium 3.16
Rhodocyclaceae uncultured (DNB) 8.01 Burkholderiaceae_unclassified 3.34
Burkholderiaceae_unclassified 3.95 Xanthobacteraceae unclassified (DNB) 3.71
Xanthobacteraceae unclassified (DNB) 3.25 Sphingobium 2.31
Rhodocyclaceae unclassified (DNB) 4.01 Pleomorphomonas 1.27
Desulfovibrio (DNB) 3.61 Afipia 1.16
Pleomorphomonas 1.57 Devosia (DNB) 1.47
Burkholderiaceae uncultured 1.63 —
Afipia 1.07 —
Rhizobiaceae unclassified (DNB) 1.32 — —
Gammaproteobacteria_unclassified (DNB) 1.40 —
Betaproteobacteriales unclassified (DNB) 1.03 —
Desulforhabdus 1.05 — —
&t 51.93 #it 35.17

. DNBWJA LI (denitrifying bacteria)o

bacteria) AR J&) , & R 35.75%; 2 5 43R0 GR2 T ARic W DNB R JE) , &b A
23.89%, RWIFEG KR BA T 2000 AL E R &, XA R T REMRE S B E> .
74, SHABBAE AR, 150 EIE Pseudomonas J2&—Fh [ 2L L A BRBE R 7, A w580
Won, &R B WAL U Pseudomonas T A FF 4 FH A BE I L BR % . 2 iEsK TP 2 (1.14+0.06)
mg L™ B, 0~105d, 15125 TP (-F¥ KERF5 510 75% il 44% . REIE B, WUEY IR D
JABRBEE 1 5 MmN EEL R, MRS E55 W0 A SR B 81 7 T W T B K
AN, 1SR 1T I Desulforhabdus 15 H6H 1.05%, 10 2 SRR BIZEE . CA R
R, T RO AR UKL TS U8 1Y 2k Y IR AR K AE A R S T B BT TR Fet Y ARk AR bl A A
o BXUESEHE G R R AR TE P /A ik, AT 2 8k TN A9 K BR, (EHATHE F RN, 3
F S AL A 2, X SRS IR R BB A — 2,
3 Hp

1) #E7K TN 4 41.62~59.95 mg-L™'. COD/N<0.5, 7K Jj{5 B iFE A 18 h i}, 13~105d, &K%
B A Ll [ A R AR IR R R, [H 2 /KR HiK COD ME IS T — %% A FR{E; FIAKR TN F1
FBRFE R 73.219~92.79%, S AREE ol B A RS AL IR R 1Ay, H7K TN A3k 2 #b 36K 1V 2545
W A, WA TR R PEB RS, KRR (AR T M 2 K IR 55 o i b v BR A

2) SEM £AELE R Bon, MO EmMEYHL R SARKZL, & Tty E K, soRH
UL 100d )5, AR RO LI BRI A I 2 g LR, YR SMEYREEL, EYKE
A K N 5K

3) 16S rRNA FAFEZE R WoR, WA KR 5o a B A IR RA L, BUEY EES 2R
Bo 2R RS E ARSI B4R, RSB TIRB AR ET], HAEERARBIEEITEE T &
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Treatment of total nitrogen in wastewater with low C/N ratio by iron shavings
coupled solid-phase nitrification

ZHENG Li'?, JIANG Ying"", CHENG Xiaoxia'?

1. Hubei Automation Research Institute Co. Ltd., 430071, China; 2. Wuhan Jiangcheng Zeyuan Ecological Engineering
Technology Co., 430071, China
*Corresponding author, E-mail: 792132835@qq.com

Abstract In order to investigate the denitrification efficiency and solve the problem of poor TN removal due to
insufficient carbon source, bamboo flakes were used as a solid carbon source and biofilm carrier, and a coupled
system was designed with the introduction of iron shavings. Then two sets of denitrification experimental
devices were built (coupled system No. 1 and simple solid-phase denitrification system No. 2 , respectively) and
their nitrogen removal rates and microorganisms were analyzed. The results showed that when the inlet TN was
41.62~59.95 mg-L™', COD/N<0.5, and the hydraulic retention time was 18 h, the average TN removal rate of
No. 1 was 73.21%~92.79% among 13~105 d, which was nearly 1 time higher than the average removal rate of
No. 2; the carbon source of No.1 was more adequate than that of No.2, but the mean effluent COD values of
No.2 were lower than that of Class A. The total iron release of No. 1 was stable, the average value of total iron
in the effluent was less than 0.3 mg-L™', and there was no significant accumulation of NH,-N. SEM
characterization results showed that there were more sticky material and microorganisms on the surface of the
bamboo filler of No. 1, and the biofilm was more compact. 16S rRNA characterization results showed that No. 1
had higher microbial abundance and species diversity; the denitrification-related phylums dominated in both
systems, and the dominant microbial phylum were all Proteobacteria, but the abundance of Proteobacteria in
No. 1 was higher than that in No. 2; among Proteobacteria, the category and total percentage of denitrifying
group (genus level, abundance >1%) in No. 1 were higher than those in No. 2. It can be seen that iron shavings
enhanced the decomposition and utilization of carbon source, promoted the growth of nitrogen removal
functional bacteria, which significantly improved the efficiency of nitrogen removal in the coupled system, and
the effluent TN could reach class IV of the surface water standard (GB 3838-2002). Bamboo flakes are
convenient and flexible to obtain, and iron shavings are inexpensive, and their coupled system has great practical
application prospects.

Keywords bamboo flakes; iron shavings; coupled system; denitrification; 16S rRNA
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