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Abstract Nitrogen pollution has become an increasingly serious problem due to the discharge of nitrogen containing wastewater and
the extensive use of nitrogen containing fertilizers. Biological denitrification is one of the main treatment technologies for wastewater
denitrification because of the high efficiency, low cost and environmental friendliness of biological treatment. Sulfur autotrophic
denitrification has received widespread attention because it does not require an additional carbon source and produces less sludge. In
this paper, progress of denitrification by elemental sulfur, sulfide and thiosulfate as electron donors are introduced, the metabolic
pathways and influence mechanisms of sulfur autotrophic denitrification are explored, and an overview of several influencing factors for
sulfur autotrophic denitrification is given. On this basis, sulfur autotrophic denitrification bacteria as well as several types of functional
genes of denitrification such as nar, nir, nor and nos are analyzed, with a view to offering an outlook on the development of
denitrification processes and co-location technologies.
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Tab.1 Reaction Equations for Denitrification from Different Sources of Sulfur

BRI SR AT A AR AG°
goLo-10] S° + 1.2NO; + 0.4H,0 — SO + 0.6N, + 0.8H" ~547.6 kJ/mol( - 91.3 kl/e ™)
g-hol S%7+ 2.67NO; + 2.67H*— S03™ + 1.33N, + 1.33H,0 -920.3 kJ/mol( — 115.0 kJ/e™)

s,0%7 11 S,03” + 1.6NO; + 0.2H,0 —2S0%™ + 0.8N, + 0.4H" - 765.7 kJ/mol
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Fig.2  Steps of S’-Based Denitrification
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Tab.2 Costs of Different Electron Donors for Denitrification

(T AL feht) /

LA o WA/ (JE-kg™)
(kg-kg ™)
CH,0H 2.5 12.4~15.9
CH,COOH 3.6 54.6
s° 2.6 1.8
s* 1.9 1.7
S,07 6.5 9.7~11.7

2 WmBEFRELBEY
2.1 HMEFRELEIEFRRE

R WLAEE A SRR U EEE: Thiobacillus
(WA BT ) A Sulfurimonas (B MR ) , 4 3
FIE T LR DL S A DL 3w e L S e AT TREE A
FHR A

R3S A AN B T A

Tab.3 Microbe of Sulfur Autotrophic Denitrification and Main Electronic Donor

] CERRRITEN 32 4k T H IR L/ C &L pH S5 3k
Beggiatoa s°.s,0% 0, .NO;-N 25~38 6~9 [10]
Thiothrix s? 8% 8,07 0, .NO3-N 25~30 6.5~8.5 [10]
Thioalkalispira §* 5,07 0, .NO3-N 30 10 [10]
Thioalkalivibrio S,03 NO3-N,NO;-N 40 7.5~10.5 [10]
Thiovulum s° 878,07 0, .NO3-N >15 / [10]
Thiomicrospira s? . §* 8,07 0, .NO;-N_ NO;-N 5~35 5.5~8.5 [11]
Thiohalobacter s° 8% 8,07 NO3-N 30 8~9 [24]
Sulfurimonas s° .87 8,07 NO3-N.NO;-N 22~35 5.4~8.5 [34]

Thiobacillus s° .87 8,05 0, .NO3-N NO;-N 28~32 6.8~7.4 [34-35]

Ferritrophicum g0 ‘SZ’ \FezJ' NO;3-N 20~30 7.4~8.1 [34-36]
Paracoccus §%.5,0% NOj3-N 25~37 6.5~8.5 [36]
Agrobacterium S0 NO3-N 28 7.5 [36]
Thauera s? .87 8,07 NO3-N 30 7.5 [36]
Pseudomonas S0 ¥ NO;-N NO;-N 25~30 8~9 [36]
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Fig. 5 Pathways of Sulfur and Nitrogen during Denitrification
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Tab.4  Functional Genes Associated with Denitrification and Sulphur Oxidation
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®5 AR IIGEREAR PCR 519

Tab.5 PCR Primers for Denitrification-Related Functional Genes
T REHE A 5% ST F)(5'~3") P/ bp Z:7% 30k
narG narG 2179F TACWTSCTSAAGTACCTSCT 300 [47]
narG 3154R GGTGRTCCTGGWAGAACT
narG 2488R CBTTGTAGATCTCCCARTC
narG 1960m2f TA(CT)GT(GC) GGGCAGGA(AG) AAACTG 110 [48]
narG 2050m2r CGTAGAAGAAGCTGGTGCTGTT
napA napA z3F CGCGAACAAGCTGATGAAGG 110 [49]
napA z3R AAGATCATCGGGATGTCGGC
napA f1 CTGGACIATGGGYTTIAACCA 492 [50]
napA rl CCTTCYTTYTCIACCCACAT
napA V67F TAYTTYYTNHSNAARATHATGTAYGG 414 [51]
napA V67R DATNGGRTGCATYTCNGCCATRTT
nirK nirkK 1F GGMATGGTKCCSTGGCA 514 [52]
nirk 5R GCCTCGATCAGRTTRTGGTT
nirS nirS cd3akF GTSAACGTSAAGGARACSGG 514 [49]
nirS R3ed GASTTCGGRTGSGTCTTGA
ScnirS 372F TGTAGCCAGCATTGTAGCGT 473 [53]
ScnirS 845R TCAAGCCAGACCCATTTGCT
AnnirS 379F TCTATCGTTGCATCGCATTT 442 [53]
AnnirS 821R GGATGGGTCTTGATAAACA
norB cnorB 2F GACAAGNNNTACTGGTGGT 389 [52]
cnorB 6R GAANCCCCANACNCCNGC
cnorB Z1F GCGATGATCACGTAGAGCCA 389 [49]
cnorB Z1R CGCTGTTCHTCGACAGYCA
nosZ nosZ 1527F CGCTGTTCHTCGACAGYCA 389 [49]
nosZ 1773R ATRTCGATCARCTGBTCGTT
nosZ F CGYTGTTCMTCGACAGCCAG 453 [52]
nosZ R CGSACCTTSTTGCCSTYGCG
soxB soxB 710F ATCGGYCAGGCYTTYCCSTA 511 [43,54]
soxB 1184R MAVGTGCCGTTGAARTTGC
dsrA dsr 1 F+ ACSCACTGGAAGCACGGCGG 221 [43]
dsr R GTGGMRCCGTGCAKRTTGG

(1) i A IR A AL A R s AL i T . Akek
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TR S A TR R i PR 094 i 25 A iR Ak AR B P 57
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(3) B F SR S AL 5 A TR G Bl XK
Joi A BRSNS R B AP BEAFE A 25K, iR
Z TR T8 A F7 O AL 5 AL T 284, i
FIFR- AN TRR L B F I - Rl R Ak sh i - PR 4R
AR S AR EA R B IS, SR X e 5
T2 RERE FE A T R a4, 4R i S BRaT AT
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