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Abstract: Stringent nitrogen discharge standards necessitate advanced treatment technologies for
secondary effluent from municipal wastewater treatment plants (WWTPs). Conventional heterotrophic
denitrification faces limitations, such as dependence on organic carbon and potential emissions of
nitrous oxide (N,0), a potent greenhouse gas. To address these challenges, this study established and
systematically evaluated a novel staged denitrification system that integrates sulfur autotrophic and
heterotrophic processes. The primary objective was to investigate the effects of different coupling
patterns, i.e., sulfur autotrophic followed by heterotrophic (R1) versus heterotrophic followed by sulfur
autotrophic (R2), on overall nitrogen removal efficiency, N,O emission dynamics, and the underlying
electron distribution patterns within the microbial consortia. Results demonstrated that the RI1
configuration exhibited superior nitrogen removal performance. In the initial sulfur autotrophic stage,
high nitrate removal efficiency (> 75%) was achieved, accompanied by consistent nitrite accumulation
(6-8 mg/L), indicating incomplete denitrification. This intermediate was subsequently utilized in the
downstream heterotrophic stage, facilitating the near-complete removal of residual nitrogen substrates.
Consequently, the R1 system produced a final effluent with a remarkably low total nitrogen (TN)
concentration of 45 mg/L and a TN removal efficiency of 75.5%. In contrast, the R2 system, initiating
with heterotrophic denitrification, demonstrated negligible accumulation of denitrification intermediates
but achieved lower overall TN removal. Critically, the R1 configuration demonstrated a significantly
lower N,O emission factor (0.12% of the removed TN) compared to the R2 system (0.64%),
highlighting its environmental advantage in mitigating greenhouse gas emissions. To elucidate the
mechanistic basis for these performance differences, targeted batch experiments were conducted to
quantify electron flux distribution among key denitrifying enzymes. Results indicated that in the sulfur
autotrophic stage of RI, electrons were preferentially channeled towards nitrate reductase (NAR),
accounting for 45.36% of the total electron flux. Conversely, in the subsequent heterotrophic stage, a
substantially larger proportion of electrons was allocated to the downstream enzymes nitrite reductase
(NIR), nitric oxide reductase (NOR), and nitrous oxide reductase (NOS). This electron allocation
pattern in the heterotrophic phase likely promoted the efficient reduction and removal of N,O,
contributing to the lower emissions observed in the R1 system. Microbial community analysis revealed
structural similarities between the systems, with the sulfur autotrophic stage dominated by the genus
Thiobacillus (54.25%—69.00%), renowned for its sulfur-oxidizing denitrification capability. The
heterotrophic stages were primarily colonized by members of the family Burkholderiaceae
(15.82%—24.21%) and the genus Thauera (5.87%—16.45%). This study provides compelling evidence
that the staged sulfur autotrophic-heterotrophic denitrification system, particularly with autotrophy
preceding heterotrophy (R1), is a highly effective and sustainable strategy. It simultaneously achieves
advanced nitrogen removal and significantly reduces N,O emissions, offering a promising solution for
enhancing the environmental sustainability of municipal WWTPs.

Keywords: Sulfur autotrophic denitrification; Heterotrophic denitrification; Electron distribution;
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0 35| B

H AT, TG K A BT 2 KR R B
s e, L B AR R, X B K
IRAFTERAE M R RIS Y B o TR, FR 3T {5
2

IR ELA (AR AL LA M (C/N<3) , 3 AT J2 A= 4
it 0 B0 B D K, PR TR AT REE B it A 6 2R It
Ji1] 7 ) I il 2 £k 8L (NO; -N) FHE AL TF AL (N,0) &
T il R B T B O L BOmE KU
N,O J& — P o i = MR, H 4 BRAR B2 ¥ AE (1 2



CO, 1 265 5517, T H 25 7 M 10 HE R R v, T4
JE TR E R 15 KA BT 2 TRk e R

AW 5 S ACAE D ERMAR T2, e
fIX C/N V5 7K B 55 48 n Kt Ah e U5, 5 8075 e
T s AT AR m Y, Hod R AT RE S| & K
COD Mibr. Mffdeizln) @, JF THL i Tk
HF R AR R iz w4 . Ho, 8 [ 35 1L
DA (S”) | B Ak i A B I o F TR 1A
LT ANMA HUBRIE B 5 98 i~ k™. SR, &1 A 5%
2 Ak I R AR e e BENO; -N Ay Hy T 324K, F
TS 2 ] 7 4 (A R 3 . NL,O) R P by
() iR B AR 6 5 v (] 7= P R R R, 5 ) R~
I B AE AR A T 2038 A8 0L - LA I R 35
P2, A T DIRe s A Bk . b, 3l E i
A AL TR (SOB) &5 A 3= I il fk, 5 7% I il Ak B
(HD) s A L,

AR, B A - IR T A SR &
LRETRAGERMAGEWHE SR, B,
B AR 21 St T I AR B R A L 0 2 W 0k
M, KOJU 2510 fift i H oy R A 5 2285 11 55 S it 1k
M S EmtE k. T ARS R
MRS, “H s e 21, HET R R
fes FE R PRI R . ] RE, 22 b o) A 1 B 2 i iy
PREE 225 P KT AR 0, B )
Tk AR S AT . R, X RG R
R IRAFFENO; -N il N,O &5 ] p= iy fL 1 4
b2, 3l ik AN [ e X 43 0 A e 1 5% A R
FAHAL R, A SRR AR 207, T R AR
H 3% 5 5 7% RO A A B2 (0 A 34, T A L T
ZF7E) O E A LR AR o LT )40 G T RE
FE /D R A Ak A 4 R R O AT R
A AL A RS N,O BHE" ",

K, AS B 900 B 1 95 0 B S R

2 Pl A U 2 BB B R 9 IO AL R 4,

VAT RUERE . NLO HERL SR A Wi v 4y, %5 %%
e R o [ I, 3 5 e Y S 8 S A A L T
O3 AR AR, i A AS TR R A B SR B AR
fik o AW TBLR G SBUEAS N,O HE ]
ST %

1 #MR5ETE

L1 REFFESEITRE
BT BB SRS 97 S AL B It 1
HA PLBCE AR TR, 230 BT 2 2, B2A

R0 E R 21 em, JZ 18] LA ZNFL I A MLBE B LA 43
B, FEREHEEHEK D, 2 TR A = A4 e
i U ESA, T4 )20 18 em &b A HK O
TWAH T ATIORE . 55 11 om b5 BURHBCRE 111
TFARBUEYIEREA . JEHb AR 12 om, SNTEA 4
2, AME 18 em,

SISV E RIS R2 2 41 i #%: R1 N T 26
HAEE, PESFEBE R A TERKER. LER
HF B B H SR B 5T 300 mL(HERUARLD) it
TERECRAFRBR A 2 R IR, B R 90%, KifR 3~
6 mm, HEF B 1.05~1.15 glem’), S FH B A T
IECE 40 mL R T R R I R R (PHBV)
Wk CKIA% 3~6 mm, HEFRE 1.06 g/em’) 1 260 mL
Bk

TN R BB BE, B H 95 B SR R R E R
SAHALTETR 14 d, LASE A W 5, S B e
R TS A IS R . R HEKNO; N i
FE R 20 mg/L, 7K J145- B4 B[] (HRT) B E 0 2 h, i
I PRI AR SOV R TE (26 + 1) Co ARBFIEHE
PR T 5 K AR BT G A=Akt K AR R BB Ak U Tt
[ 5 7K, B HNO; -N ¥ B2 32 il £ 20 mg/L. ¥5 7K
ELR I WL 1, Sl e B R i 43 L2 2.

K1 RRIEHKES

Table 1 Reactor influent composition

NaNO; 121 mg/L
NaHCO, 250 mg/L
KH,PO, 50 mg/L

MgCl,-6H,0 10 mg/L
CaCl,2H,0 5mg/L
FeSO,-6H,0 1 mg/L
PR TG R AR 1 mL/L

R2 WETRRERMS

Table 2 Composition of trace element concentrate

gy WHE/(gL )
EDTA-2Na 10.00
CoCl,-6H,0 0.15
ZnSO, 7H,O0 0.12
MnCl,-4H,0 0.12
CuSO,-5H,0 0.03
Na,Mo0O,:2H,0 0.06
FeCl;-6H,0 0.40
H,BO, 0.15
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Table 3 Nitrogen composition of influent in each

group of batch experiments

25 AR
a 20 mg/L NO;-N
b 20 mg/L NO;-N
c 10 mg/L NO;-N, 10 mg/L NO;-N
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Fig.1 Nitrogen oxide concentrations in the effluent from reactors R1 and R2
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