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ABSTRACT

The desulfurization-denitrification biofilm reactevith an anaerobic sulfate reduction bioreactor @etreatment
was operated for 370 days. And autotrophic and ro&tephic denitrification was found to be coexisterin this
process. In anaerobic sulfate reduction reactor YARe influent sulfate was increased from 900 mg8@ 2100
mgSQ?/l and the sulfide generating rate was high at 94.3n autotrophic and heterotrophic (mixotrophic)
desulfurization-denitrification reactor (MR), HRTaw decreased from 6.63h to 3.31h. The sulfide wamved of
100% and predominantly oxidized to sulfur. TOC viwsher removed of 86.6% and the level of hetermitio
denitrification happened in MR ranged from 35.7%5&89%. The final average removals of sulfate arghnic
carbon were 93.8% and 97.8% at volumetric loadin§200 mgS@/(l-d) and 4800 mgC/(l-d), respectively. The
sulfate was finally converted to sulfur which cobklreused and would not cause secondary pollukarthermore,
nitrate and nitrite added as electron acceptorsevénally converted to nitrogen gas and the remswedre both up
to 100%.
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INTRODUCTION

The excess sulfate is bad for natural waters. it bmang death to aquatic animals and plants, aedlbthe ecological
balance. But with rapid development of world ecogpmuch wastewater containing sulfate was disclthimge
pharmacy, papermaking, tannery and mining industiiethe past thirty years, the anaerobic redoatiosulfate to
sulfide was a traditional microbial process fofatd removal [1]. However, the generated hydroggfide gas in this
process would bring secondary pollution to the emunent [2], inhibit the sulfate reduction bactef@RB) and
increase the difficulty for the methane recovery [Bherefore two-phase anaerobic digestion proeess some
physical-chemical processes [4], such as air stripghemical precipitation and electrodialysis evexkplored for the
sulfate removal. But these processes had somentadyes: high investing and operating costs, ragaiifficulty,
generating much chemical sludge and non-thoroughemtion of sulfurous compounds pollution [5].

In order to avoid these disadvantages, some bakspecies have been introduced. The sulfide caxioéized under
denitrifying conditions using chemoautotrophic leaict [6]. It has also been reported that the seilfidn be removed
by oxygen and nitrate under autotrophic conditi¢is But the organic carbon remained in wastewhtan sulfate
reduction limits the application of autotrophic dgfication. In view of this, the mixotrophic
desulfurization-denitrification process can be adirced to sulfate-laden organic wastewater tredtméemd in
wastewaters containing nitrogenous contaminartisites and nitrites generated after nitrificatian be circulated to
the effluents of sulfate reduction process to sasvelectron acceptors.
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In this work, the anaerobic attached-growth biofiractors were set up to remove sulfate, sulfideata, nitrite and
organic carbon (TOC) simultaneously. The autotropinid heterotrophic denitrification coexisted iis thioprocess.
In AR, the sulfate was predominantly reduced téigeil Little hydrogen sulfide gas was leaked to@phere. In MR,
the sulfide was predominantly oxidized to sulfurieth could be collected for reuse, and the orgamitban
compounds were further removed. Meanwhile, niteatté nitrite could be reduced to nitrogen gas imstdanitrous
oxide which brought pollution to the atmospherd. few processes have been reported to removeesutfaganic
carbon, nitrate and nitrite simultaneously up ® phesent.

EXPERIMENTAL SECTION

Design of experiments. The AR and MR were both anaerobic attached-growitineactors in column shape
illustrated in Fig. 1. The volumes of AR and MR wér.1 | and 3.52 |, respectively. The temperaturésR and MR
were maintained at (35+0.2C and (30+0.2)°C, respectively. The sludge inoculated in AR wag [Lfrom a
continuous stirred tank reactor treating sulfaté-mwastewater, giving the biomass concentratiatbo? MLVSSg/l.
The MR was inoculated with 1.5 | of the sludge ectéd from a secondary sediment tank used to tneatcipal
wastewater, giving the biomass concentration ol99MLVSSg/l. In order to increase the biomass iasidio
bioreactors, sponge cubes (8 mm x 8 mm x 8 mm) ampked as attached-growth media. Before it wasell to AR,
MR was operated solely and fed with artificial veagater containing sulfide, TOC, nitrate and nittdecclimate the
microorganisms for mixotrophic desulfurization- defication.

gas collection gas collection

effluent

™ oddation-reduction
potential nstrument

™ cxddation-reduction
poterdial instrarment

termperature
controller

termperature
controller

poros.
baffle

porous.
biafile

(sulfide and organic carbon) L
influent
. . tank
influent tank {sulfate and organic cathon)

(nitrate and nitrite) . .
recironlating puarmgp recirculating parrap

mixotrophic desulfirization and denitrification reactor araerobic sulfate reduction reactor
Fig. 1 Schematic diagrams of the anaer obic attached-growth bioreactors

Substrate: Artificial wastewater (solution (1)) containing soch sulfate as sulfate source, glucose as organbmoa
source, sodium bicarbonate as inorganic carborce@nd potassium dihydrogen phosphate as phospauitcse for
bacteria growth was used as the feed to AR. Thdisal (1) was diluted by tap water to supply othecroelements
nutrition for microorganisms. The pH was adjustgdibing 1 mol/l sodium carbonate. The effluent & was fed to
MR as influent, where the artificial wastewaterlgion (2)) containing potassium nitrate and sodinitnite was
added as electron acceptors. The pH of solutiowé®)adjusted to 6.5 by 1 mol/l hydrochloric acid.

Analytical methods: To measure sulfate, nitrate and nitrite, liquichpies were filtrated with a 0.45m filter and
injected into an ion chromatography (DIONEX ICS BPW@SA) equipped with an inhibitory type condudivi
detector and an lonpac column (AG4A AS4A-SC, 4 mi)e sulfide was measured by the spectrophotometer
(UV-2550, Japan). Nitrogen gas was analyzed bychemmatography (Agilent 4890D, USA). Measuremeatdtie
concentrations of TOC and inorganic carbon (IC)estaken by the TOC analyzing instrument (TOC-VCP¥pan).

The images of microorganisms were taken by scarglgxjron microscope (HITACHI S-4700, Japan). A# items
mentioned above were analyzed according to APHAo Tiuid samples for analyzing were taken from each
bioreactor every two days. And each sample was/aedlfor three times.

RESULTSAND DISCUSSION

Degradation of substrates and generation of sulfidein AR: The influent TOC and IC were 1200 mgC/l and 150
mgC/l, respectively, while the influent sulfate wiasreased from 900 mgS8il to 2100 mgSGF/l. The hydraulic
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retention time (HRT) was maintained at 6 h. Theage removal of sulfate was 93% during 231st d7tatl3d (steady
state).

The sulfate reduction in this research was diffefeom the traditional sulfate reduction processcduse it was the
pretreatment of mixotrophic desulfurization-defiitation and sulfide was required to be remainethabioreactor
as much as possible under high sulfate removalitons. The pH in the bioreactor was kept at arodrj because
high pH was beneficial to remaining sulfide in veagater. Therefore, the sulfide generating ratdismtesearch was
higher than the normal level[9]. When the sulfateswlecreased from 2100 mgSto 1800 mgSGF/l, the sulfide
generating rate was above 100%. This phenomenoaeeasinted for the sulfide accumulation in the dsator. The
sulfide in effluent reached about 540 rfigS/l and the sulfide generating rate reached 9@&fig the steady state.
The sulfide concentration of 540 nfgS/I was higher than the value reported by somerottaditional sulfate
reduction researches[10].

The porous sponge cubes as media in AR could peaitigh specific surface area for microbial groesia also
provided a shelter for bacteria that encounterdfidsutoxicity. Furthermore, the media were beniefito prevent
sulfide release of the bioreactor agSHjas and increased the sulfide concentrationniibeorganisms attached on
the media were shown in Fig. 2. There were micranoigns composed of Bacilli-like bacteria, vibrikdibacteria
and cocci-like bacteria. And the Bacilli-like batdte were predominant. It was probably interpretbdt tthe
concomitancy of different bacteria could endurdedént environmental conditions.

Fig.2 Scanning electron microscopic image of microorganisms attached on mediain AR

Degradation of sulfideand generation of sulfur in MR: The effluent of AR (solution (3)) was fed to MR find®231st
d and the abiotic oxidation of sulfide to sulfurdygen was about 10% when solution (3) was puntp@diR. Then
486 mg$-S/l of sulfide was remained in solution (3). Theate and nitrite in solution (2) were 800 mgN®/I and
800 mgNQ™-N/I, respectively. The volumetric ratio of soluti¢3) to solution (2) was 4:1. The average conediotns
of sulfide, sulfate, TOC, nitrate and nitrite fesl MR were 388.8 m¢SS/I, 100.8 mgS&i/l, 144 mgCl/l, 160
mgNG;-N/I and 160 mgN@-N/I, respectively. All the concentrations were aibed by mixing solution (2) and
solution (3).

As shown in Fig. 3, the sulfide removal was up@0% for different HRT and 11.5% of sulfate was matlito sulfide
in MR during 271st d to 370th d at HRT of 3.31 hefefore the sulfide from sulfate reduction in MBRsmabout 3.86
mgS-S/l and 392.66 mdSS/I of sulfide was finally used as electron dorforssulfide-utilizing denitrification. The
major biochemical conversions involved were giveiq (1) to Eq (4).

5 +2NQ +12H - 5S+N +6H O @)
3 +2NQ +8H - 3S+N +4H O 2)
12NO] +G H, Q) ~ 12NQ +6H 04600 @®)
8NO; +GH,Q — 4N, +4H OHHCQ +200 Q)

The stoichiometry of Eq. (1) and Eq. (2) indicathkadt sulfide of 392.66 mgSS/I could be converted to sulfur by
nitrate and nitrite of (68.7-114.5) mgN/Il. The aage removals of nitrate and nitrite at HRT of 3hWddere 99.4% and
99.5%, thus nitrate of 159mgN/I and nitrite of Z58gN/I were used for mixotrophic denitrifications Ahe nitrogen
compounds were also needed for heterotrophic dftitn, although 318.2mgN/l was higher than thedretical
amount for oxidization of sulfide to sulfur, theidization of sulfide to elemental sulfur still predinated in the
bioreactor, which was demonstrated by the low cotmagon of sulfate in MR.
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Fig.3 Removals of sulfide and sulfate asa function of timein MR

The main ingredient of biogas analyzed was nitrog@s There were not any$iand nitrous oxide (JD) in the
biogas to pollute environment. The ORP was -430msutide loading of 2819.1 mgsS/(l-d).

Degradation of TOC in MR: The organic carbon compounds disappeared withdsylfiitrite and nitrate from the
bioreactor. Fig. 4 illustrated the TOC removal &adation of pH in MR. This simultaneous respirgtprocess could
be explained in terms of the microbial diversitggent in the bioreactor shown in Fig. 5, whereitid be possible to
find groups of microorganisms simultaneously cargydut the biological reduction of nitrate anditgtusing glucose
and sulfide as electron donors. The autotrophidtidécation happened together with heterotrophénirification in
MR. And the level of heterotrophic denitrificatiomthe bioreactor could be indicated by TOC remoV&C fed to
MR was about 144 mgC/l and its average removal&8at% at HRT of 3.31 h. Then the corresponding arhoti
nitrate and nitrite was (113.5-190.6) mgN/l accogdito the stoichiometric reactions for the hetemolic
denitrification shown in Eq. (3) and Eq. (4). Besauhe total removed nitrogen (BIONO,) was 318.2 mgN/I, the
level of heterotrophic denitrification was (35.7:8%6. This result indicated that the heterotropthémitrification
would predominate in the bioreactor if glucose wasstly consumed by nitrite, while the autotrophénidrification
would predominate in the bioreactor if glucose wasstly consumed by nitrate. The level of heterdiiop
denitrification happened in MR depended on thegmates of electron acceptors.
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Fig.4 pH variation and TOC removal asa function of timein MR

The TOC removal decreased sharply at each steifRdfchanging for the influent shock load and inseshgradually
to a steady value when the microorganisms in MRpthato the environment. Furthermore, the effeanfifient
shock load on TOC removal decreased with HRT dsargas shown in Fig. 4. TOC removal could reaclb@tat
TOC loading 1044.1mgC/(I-d). Fig. 5(a) and Fig.)Sliowed the microorganisms attached on the sudiadeniddle
layer of media, respectively. The surface was ggiyagith a great deal of micro-holes, which were tthannels for
microorganisms acquiring nourishment from outsidd eemoving excretion from inside. There were fianous
bacteria, Bacilli-like bacteria, vibrio-like baci@and cocci-like bacteria on the surface. It wasagally thought that
the filamentous bacteria could form a matrix suédbr the other non-filamentous bacteria to attachAs shown in
Fig. 5(b), the Bacilli-like bacteria were predomitaDifferent groups of bacteria were distributeddifferent layers
of the biofilm. It was probably interpreted thatetltoncomitancy of different bacteria could enduiiernt
environmental conditions and increased the ragebétrate transfer. Fig. 5(c) and Fig. 5(d) shotlkatithe dominant
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microorganisms in the inner layer of biofilm weng rod. The effluent pH was around 8.1 for hydrogen
consumption during sulfur formation according ta Eg and Eq. (2) as illustrated in Fig. 4.

During the whole anaerobic reduction and mixotromtgsulfurization denitrification process, the remis of sulfate
and TOC were 93.8% and 97.8%, respectively.

y1123-09 15.0kV 11.9mm x20.0k SE(M)

Fig.5 Scanning electron microscopic images and micrograph of microor ganisms attached on mediain MR

Degradation of nitrate and nitrite in MR: Fig. 6 illustrated the removals of nitrate anditatin MR. When HRT
was maintained at 6.63 h, the nitrate removal Wwasecto 100%, while nitrite removal increased gedlyufrom
88.6% to 95.3%. The initial nitrite removal was high for nitrite inhibition on the microorganisni¢evertheless, the
nitrite began to compete with nitrate for limitadfile and TOC, when the microorganisms adaptee tivironment.
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As shown in Eq. (1) and Eq. (2), 1mol of nitratedi$5/2) mol of sulfide while 1mol of nitrite usé®f2) mol of sulfide.
The nitrate needed more sulfide than nitrite didug the competitive power of nitrite was highemthizat of nitrate
for limited electron donors. And the nitrite rembirecreased to 99.9% while nitrate removal rateréased to 99.1%
at HRT of 4.14 h to 3.31 h. The nitrate and nititere almost removed and would not introduce newogén
pollution to the wastewater. [11] reported thatitd@tcan be generated during the sulfur-utilizirgidrification. But
the opposite phenomenon that nitrite was removs@aal of being generated appeared in this research.
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Fig.6 Removalsof nitrate and nitrite asafunction of timein MR
CONCLUSION

Based on the study of biofilm mixotrophic desulkation - denitrification process, main conclusiopsid be drawn
as follows.

(1) The sulfide generating rate in AR was 97.5%iciwvas higher than the normal level. The sulfideaentration of
540mg$-S/l was close to the value that made the actifitpethanogens decreased by 50% in AR. The sparizssc
as media in AR were beneficial to the high sulfigmerating rate.

(2) Sulfide was removed up to 100% in MR when iefit sulfide loading ranged from 1407.4rfigS/(l-d) to
2819.1mg8&-S/(I-d). Sulfide was predominantly oxidized tofsuwhich could be reused, and sulfate of 11.5% was
further reduced in MR at HRT of 3.31 h.

(3) The TOC removal could reach 86.6% at TOC logdifi 1044.1mgC/(I-d). The autotrophic denitrificati
happened together with the heterotrophic deni&ifa whose level ranged from 35.7% to 59.9% in NRe level of
heterotrophic denitrification happened in the bémter depended on the categories of electron ameept
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