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Abstract: A sulfur cycle-based bioprocess for co-treatment et flue gas desulfurization
(WFGD) wastes with freshwater sewage has been adg®@! In this process the removal of
organic carbon is mainly associated with biologmalfate or sulfite reduction. Thiosulfate is a
major intermediate during biological sulfate/s@freduction, and its reduction to sulfide is the
rate-limiting step. In this study, the impacts afise sulfite (the ionized form: HSO+ SQ?)
and free sulfurous acid (FSA, the unionized forreS€) sourced from WGFD wastes on the
biological thiosulfate reduction (BTR) activitieseve thoroughly investigated. The BTR activity
and sulfate/sulfite-reducing bacteria (SRB) popolst in the thiosulfate-reducing up-flow
anaerobic sludge bed (UASB) reactor decreased wieeRSA was added to the UASB influent.
Batch experiment results confirmed that FSA, indtefisaline sulfite, was the true inhibitor of
BTR. And BTR activities dropped by 50% as the FS#¥aentrations were increased from
8.0x10° to 2.0x10* mg H,.SO:-S/L. From an engineering perspective, the findioigghis study
provide some hints on how to ensure effective thiifage accumulation in biological
sulfate/sulfite reduction for the subsequent dgim#ition/denitritation. Such manipulation
would result in higher nitrogen removal rates iis to-treatment process of WFGD wastes with

municipal sewage.

Key words: biological thiosulfate reduction (BTR); sulfatefge-reducing bacteria (SRB);

saline sulfite (HS@ + SQ%); free sulfurous acid (FSA,2805)
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1. Introduction

Sulfur bioconversion-associated sewage treatmetegses have been reported extensively in
the last two decades, among which biological selfatuctions (BSR) and biological reduced
sulfur (i.e. sulfide, thiosulfate, elemental sulfatc) oxidations (BSO) play an essential role in
the removal of organics and nitrogen respectivélgng et al.,, 1998; Cardoso et al., 2006;
Manconi et al., 2007; Mora et al., 2014). By linkiBSR with BSO and based on the sulfur
sources from wet flue gas desulfurization (WFGD)st®a, an integrated process for
co-treatment of fresh sewage and WFGD wastes has developed (Qian et al., 2013). This
co-treatment process mainly depends on the sulfwohversions from sulfate/sulfite (alkaline
absorption of WFGD wastes) reduction to sulfide/shifate, followed by sulfide/thiosulfate
oxidation to sulfate (see Fig. S1 in Supportingotnfation for schematic diagram of the
co-treatment process). Due to the low biomass yiefdhe bacteria involved in this process, i.e.
sulfate/sulfite-reducing bacteria (SRB), sulfur dixing-denitrifying bacteria and autotrophic
nitrifying bacteria, the sludge production rat@my 0.03 to 0.09 g MLVSS/g COD (Jiang et al.,
2013; Qian et al., 2015a) (MLVSS: mixed liquor uo&a suspended solids; COD: chemical
oxygen demand), and this results in energy savamgsreduction in greenhouse gas emission

during the sludge treatment.

In this co-treatment process, sulfite produced ftoe@WFGD wastes is one of the major sulfur
compounds for biological energy conversions. Howewegative effects of sulfite in both
ionized form (saline sulfite: SO + HSQ) and unionized forms (free sulfurous acid, FSA:

H,S(0;) on microorganisms including SRB have been repoReevious studies have found that
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saline sulfite inhibition on sulfate/sulfite redigect occurs at concentrations as low as 16 mg S/L
(Weijma et al., 2000). Zan et al. (2016) recentymadnstrated that FSA from 0.002 to 1 mg
H,SOs-S/L instead of saline sulfite directly causeslysgs of microorganisms. This implies that

FSA, rather than saline sulfite, is the factor érgrthe antimicrobial effect on SRB.

During biological sulfate/sulfite reduction, thidfe (i.e. $O5%) is an important intermediate
and its reduction to sulfide is the rate-limiting during the biological S&/SO;* reaction
(Brunner and Bernasconi, 2005) (see Fig. S2). Aattally, thiosulfate is important in sulfur
dependent denitrification as its oxidation is répdrto drive denitrification 4-8 times faster than
oxidation by sulfide (Cardoso et al., 2006). Theref it is important to understand the potential
effects of saline sulfite and FSA on these impdrtaiosulfate transformations, including that of
biological thiosulfate reduction (BTR). This instghill determine the role of saline sulfite and
FSA in this sulfur cycle-based treatment of WFGDstea as well as to shed light on how to
maintain effective £ accumulation for high nitrogen removal in the =dent
S,04”-driven denitrification/denitritation. To the best the authors’ knowledge, although the
effects of saline sulfite and FSA effects on migabmactivation (Chang et al., 1997), biological
SO%/SO reduction (Weijma et al., 2000) and sludge treatnfgan et al., 2016) have been
examined, no detailed investigations of the effeftsaline sulfite and FSA on BTR have been

carried out so far.

This study aims to thoroughly explore the effedtsaline sulfite and FSA on BTR. Long-term

impacts of saline sulfite and FSA on BTR activitesswell as microbial community structures
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were investigated during the co-treatment procé3&EGD wastes with sewage in an up-flow
anaerobic sludge bed (UASB) reactor. Batch experisnevere conducted and the quantitative
relationship between the BTR activities and FSAcemtrations were determined. The findings
of this study also identified strategies on hovathieve 805 accumulation during biological
SO#/S0s* reduction, which is then utilized for high nitrageemoval in the co-treatment

process.

2. Materialsand Methods

2.1 UASB reactor setup and operation

A UASB reactor with an effective reactor volumelo® L (height: 51 cm, diameter: 5 cm) was
established (Fig. S3). The seeding sludge for tASBJreactor was from a lab-scale biological
sulfate reduction—sequential batch reactor (SB&9 [&ble S1 for detailed operating conditions).
At which time the SBR was at steady state achiednipast 90% sulfate and organic carbon
removal. 500 mL of mixed liquor sludge was takeonfrthis SBR reactor and added to the
UASB reactor, resulting in an initial MLVSS conceatton of 4300 mg/L. Although the typical
COD values of municipal sewage in Mainland Chind Bilong Kong are between 300 and 400
mg/L (equivalent to about 150 to 200 mg S/L), 200 mg COD/L was employed for the
UASB reactor’s influent as the electron acceptiagacity of $0s” is only half of that of S&.
The temperature of UASB reactor was kept at 26+in an air conditioned room and its
hydraulic retention time (HRT) was maintained ath4during the operation. The internal
recirculation flow rate was maintained at threeesnthe influent flow rate, this ensured effective

mass transfer between the bulk liquid and the bgsna
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The reactor was continuously operated for 181 dayssisting of 5 stages during which the
same influent organic carbon (200 mg COD/L, sodaretate was used as the sole organic
source) and thiosulfate (220 mg S/L) concentratiwase maintained, but varying pH (7.0-8.5),
influent saline sulfite (0-150 mg S/L) and infludtBA concentrations (0-6<10“*mg S/L) were
applied. The detailed experimental conditions factestage are shown in Table S2. Overall,
Stage | (Day 1 to Day 21) was to evaluate the BERgomance of the UASB reactor at pH 7.0
in the absence of added saline sulfite and FSA)eStd- 1V were to examine the effect of saline
sulfite and FSA on the BTR in the UASB reactor. Titerent FSA concentrations in Stages
[I-1V were obtained by varying the pH and J$£; concentrations (see Table S2). The operating
conditions of the UASB reactor at Stage V were sheme as those at Stage |. This was to
determine whether the inhibited BTR, caused bystilme sulfite and FSA, could be recovered

after removal of the influent saline sulfite andfES

During the UASB reactor’s operation, samples ofhbibe influent and effluent were regularly
drawn for analyses of COD, sulfide, saline suléited thiosulfate. Sludge samples were taken
periodically from the bottom, middle, and top oktheactor to determine the mixed liquor
suspended solids (MLSS)/MLVSS concentration. Initamtd microbial community structures
of the sludge were analyzed at the end of Stag&ay 21), 1l (Day 97) and V (Day 181)

during the UASB reactor operation.

2.2 Batch Tests
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Three sets of batch tests were performed to ealit effect of saline sulfite and F&Ad
reveal the true inhibitor on BTR. These were pened on sludge taken from the
abovementioned UASB reactor at the end of its dmergStage V). For each batch test, the
sludge was washed, using a synthetic wastewatdslg T&3), three times to remove the
background substrate (i.e. acetate, thiosulfatesalfdie, etc). 2 L serum flasks were used as the
batch reactors for all the tests. Nitrogen gas praged into each batch reactor before the assay
for half an hour to exclude oxygen and maintaineaolic conditions. Afterwards, all reactor
flasks were sealed tightly with butyl rubber stopgpand aluminum crimp seals. The reactors
were well mixed with magnetic stirrers at 150 rgrhe temperature of each reactor was kept at
25+1°C in an air-conditioned room. Sodium acetate wasl s the sole organic carbon source.
In order to exclude the possible influence of gatest $/H,S on BTR activity (O’Flaherty et
al., 1998), an Fe@Glsolution, at 200 mg B&L was added to each reactor for all the tests
(O’Flaherty et al., 1998). During the batch expennts, the mixed liquor was sampled regularly

for the analysis of thiosulfate, saline sulfite &&iA.

2.2.1 Batch Test I: BTR under different pH condigan the absence of saline sulfite and FSA
Batch test | was conducted to evaluate the effepHoon BTR in the absence of added saline
sulfite and FSA. The pH in four reactors (i.e. Bateactors 1-4) was adjusted to 6.0, 7.0, 8.0
and 9.0, respectively, by addition of M O,/NaH,PO, buffer solution, as shown in Table S4.
Initial acetate and 85> concentrations were 200 mg COD/L and 200 mg S¥tpectively, by

addition of sodium acetate and4Sg0; stock solutions. The batch tests lasted for 24 h.
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2.2.2 Batch Test II: Examine the overall effectsaline sulfite and FSA on BTR activities

Batch Test Il was carried out to investigate therall effects of both saline sulfite and FSA on
the BTR activities. The same amount of thiosul{2@0 mg S/L) was added into the four batch
reactors (i.e. Batch Reactors 5-8, see Table 3w).s@line sulfite and FSA concentrations were
50~200 mg S/L, and 2A.0*~8.0x10*mg H,SO:-S/L, respectively (see Table S4). The pH in
each reactor was controlled at 7.0+0.1 using thgHR&,/NaH,PO, buffer solution. The batch

tests lasted for 24 hours.

2.2.3 Batch Test lll: BTR under different FSA level

To explore the correlation between FSA concentnaéind BTR activities, Batch Test Il was
also conducted by changing the pH and initiad3 concentrations, according to Egs. (1) and
(2). Different amounts of N&Q; (i.e. 50~200 mg S/L) and different pH levels (i6e0~9.0)
were applied to the six batch reactors (i.e. Ba&&actor 9—-14) in this test, resulting in the
different initial FSA concentrations (i.e. &00%~0.015 mg S/L) in each batch reactor. Detailed

information of each batch reactor test is showhable S4. The batch tests lasted for 24 h.

H,SO; 2 HSOy + HY pKa = 1.91 at 25C Eq. (1)

HSO; 2 SO& +H" pKa=7.0 at28C Eq. (2)

2.3 Sampling and Chemical/Physical Analysis
Mixed liguor samples from the batch reactors waileeh periodically using a 10-mL syringe

and these were immediately filtered through disptesMillipore filters (0.22 pm pore size).
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Saline sulfite concentrations were determined trgition after sample pretreatment as detailed
in Qian et al. (2015a). Thiosulfate and acetateewdetected with an ion chromatograph
(DIONEX-900). Sulfide was measured by the methylelue method after sample pretreatment
with NaOH and ZnAc (APHA, 2005). MLSS/MLVSS were asered according to the Standard
Method (APHA, 2005). pH and temperature were meadousing a multi-meter electrode

during each test (PHSJ-4F).

As thiosulfate is an intermediary compound in bgatal sulfite reduction, BTR activity cannot
be directly derived from the profile 06Q;* concentration versus time. In this study, the BTR
activity was represented by the rate of thiosulfatézation (derived from the profile of,85%
concentration versus time) plus the biological isulfeduction rate (derived from the profile of
saline sulfite concentration versus time) and esged as kg 85>-S/d/n? in the UASB reactor

and mg $05°-S/g MLVSS/h in the batch reactor, respectively.

2.4 Microbial analysis

Sludge samples from the UASB reactor were colleatetle end period of Stages | (Day 21), llI
(Day 97) and V (Day 181) to analyze the structdrmrobial communities. The samples were
collected by centrifugation under 12,000 rpm formidiutes. Around 0.5 g of sludge pellet was
stored for each sample at =80 °C until the DNAa&otions were performed. Genomic DNA was
extracted using the PowerSoil DNA Isolation Kit (Blo Laboratories, Inc., Carlsbad, CA)

following the manufacturer’s protocols. The quakbtyd quantity of DNA were checked with a

NanoDrop device (ND-1000, thermo Fisher, USA).
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The primer pair 515 F and 926 R targeting the hyqeable V1 and V3 regions was used to
amplify the bacterial 16S rRNA gene (Quince et &Q11). Barcode sequences were
incorporated between the 454 adaptor and the fanpamer (Table S5). Each 1Q0. PCR
reaction mixture contained 5 U of Pfu Turbo DNAykrase (Stratagene, La Jolla, CA, USA),
1x Pfu reaction buffer, 0.gM of dNTPs (TaKaRa, Dalian, China), QuM of each primer and
20 ng of genomic DNA template. PCR was performea ¢imermal cycler (Bio-Rad, USA) with
the cycles including an initial denaturation at©4dr 5min, followed by 30 cycles of 94°C for
30s, 53°C for 30s and 72°C for 45s; and a finakesibn at 72 °C for 10 min. PCR products
were purified using Agarose Gel DNA Purificationt KTaKaRa, China) and quantified with the
NanoDrop device. The purified PCR amplicons wergusaced using the ROCHE 454 FLX
Titanium platform (Roche, Basel, Switzerland) & Nhational Human Genome Centre of China
(Shang Hai, China). Analysis of the sequences obthfollowed the procedures reported in

Qian et al. (2015b).

3. Resultsand Discussion

3.1 UASB reactor performance under different operating conditions

In Stage |, as the sulfur source was transformeth feulfate (for the sludge cultivation) to
thiosulfate in the UASB reactor, thiosulfate redwctefficiency (65%) and organic carbon
removal efficiency (60%) were low initially (Fig.aland b). However, the sulfide generation
became stable at the end of Stage | and reachean§8S/L in the UASB effluent (Fig. 1a),

indicating approximately 84% (185/220%100%) thidastd was converted to sulfide and the

10
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BTR rate was 1.11 kg ,8:°-S/d/nt. Correspondingly, the effluent COD concentrations
stabilized at around 18 mg /L after 16 days, c@oesing to a COD removal efficiency of 90%

through BTR (Fig. 1b).

(Position for Fig. 1)

During the UASB reactor operation Stage Il theuafit contained 50 mg S/L of p&0; (pH
7.0, equivalent to 2010 mg FSA-S/L). It was seen that the effluent sulfi®ncentration
decreased from 185 mg S/L in Stage | to 120 mgis/8tage Il (Fig. 1a) and the BTR rate
decreased from 1.11 to 0.93 kgO8"-S/d/nT. At the same time, the COD removal efficiency
dropped immediately and stabilized at about 75%s Tinplied an inhibitory effect of saline
sulfite and FSA on the BTR. As the influentJS&; concentration was increased to 150 mg S/L
(FSA at 6.x10*mg S/L), sulfide generation in UASB reactor’s edfiti dropped from 185 mg
S/L (in Stage | without FSA) to 99 mg S/L in Stadle In Stage Il the BTR rate had also
dropped to 0.8 kg &s>-S/d/n?, which was only 72% of that in Stage I. As welietCOD
removal efficiency continued to drop to 65% (Fif).1n Stage IV, the UASB reactor’s influent
pH was raised to 8.5 and the influent ,8@; concentration was kept at 150 mg SI/L,
corresponding to a lowered FSA concentration of1® mg FSA-S/L. In this stage, sulfide
generation, thiosulfate reduction as well as orgaarbon removal were restored to some extent.
As shown in Fig. 1a and b, there were increase¢hdrBTR rate to 0.96 kg,S83>-S/d/nt, the
effluent sulfide concentration to 157 mg S/L ane ¢tinganic carbon removal efficiency to about

80%. Therefore, in addition to the &5 concentration, pH may also play a role in the BTR

11
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activity, suggesting that the combined effects Hf gnd NaSO; (i.e. FSA) might be the true

inhibitor on the BTR activity in the UASB reactor.

At Stage V, the operating conditions of the UASBater were fully restored to those of Stage |I.
After 20 days into Stage V it was seen that the Bate (1.06 805°-S/d/nT), sulfide generation

(174 mg S/L) and the COD removal efficiency (89%)JASB reactor were comparable with
those in Stage | (Fig. 1). Thus, indicating thentégs activity in the UASB reactor had

recovered after eliminating the saline sulfite/&#lition to the influent.

3.2 Microbial community shift in UASB reactor

9812, 8174 and 9578 quality sequence reads ofédBeRNA gene (with an average read length
of 374 bp) were obtained from the UASB reactorhat ¢nd of Stages I, Ill and V respectively
(Fig. 2a). The sequences were clustered into 569,a&d 670 operational taxonomic units for

the three tested sludge samples in Stage |, lINarespectively (Table S6).

(Position for Fig. 2)

Excluding the unclassified Bacteria, altogethebagterial phyla were recovered from the three
sludge samples. The majority of the sequences gedorthe Firmicutes, Proteobacteria and
Bacteroidetes phyla (Fig. 2b). However, at the pimylevel microbial community changes are
not obvious between the stages with and withoutRBA addition to the reactor’s influent.

Therefore, the microbial communities were analyaethe class and genus levels (Fig. 2c and
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d). The sequences were further classified into lagses (Fig. 2c), and in all three stages, the
dominant classes were Bacilli, Deltaproteobactemal Clostridia. However, variation of
abundances of the classes was detected between different Stages, with the
Deltaproteobacteria having the most significanftshiAs most of the functional SRB genera
belong to the class Deltaproteobacteria (Castral.e2000), it is possible that this relates to

variation of the SRB populations correspondingh®dbsence and presence of FSA.

Within the microbial community analysis at the gerevel, four to five types of recognized
SRB were detected at different levels in each stagjd Desulfomicrobium and Desulfobulbus

as the most two abundant genera (see Fig. 2d dnld ). Species of these two genera can
reduce 805 to HS/S” coupled with the oxidation of organic substratest include lactate,
pyruvate, glycerol and acetate (Barton and Hamjlg@®7; Widdel, 1998; Brenner et al., 2005).
These are also previously reported to be the damif&B groups in both sulfate and/or
sulfite-reducing UASB reactors (Jiang et al., 20Q3an et al, 2015b). In Stage |, with
thiosulfate as the sole sulfur source, the totaB $Bpulation accounts for 42.6% at the genus
level, of whichDesulfomicrobium andDesulfobulbus make up 21.5 and 20.6%, respectively (see
Fig. 2d). The enrichment of SRB in Stage | suppteshigh BTR and COD removal rate in
UASB reactor without FSA and saline sulfite (Fig and b). When the reactor influent was
supplemented with FSA at &00* mg S/L in Stage I, the total SRB abundance skarp
decreased to 7.1% at the genus level. The levetwainajor SRB genera, i.&esulfobulbus
and Desulfomicrobium dropped to 3.4 and 0.8%, respectively. The smRIB $opulation in

Stage Il corresponds to the low BTR activity (Figa and b). In Stage V, when FSA addition

13
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was excluded, there was a recovery period accoringerformance that lasted for around 60
days (from Day 122 to Day 181). During that stage $RB population rebounded to 33.1%,
and this corresponded to the recovered BTR act{gie Fig. 1a and b). After this recovery, the
Desulfomicrobium and Desulfobulbus levels rose to 21.1% and 11.6%, respectively. @ase

the changes of microbial community and reactor ggerdnce at the different Stages, these

strongly implicate a negative affect of FSA andreakulfite on the SRB population.

Typically, in a sulfur reducing reactor operatirmg Municipal sewage treatment, fermentation of
organic compounds is an essential microbial pro¢éiss\g et al., 2013). Although the single
and simple organic compound (acetate, which iderotentable) was utilized as electron donor
and energy source in this study, certain levelypital fermenting genera were still detected in
the reactor communities (Fig. 2d). The most possieason should be the sludge lysis to some
extent as no sludge was purposely taken duringwthele operation period. The organic
products from cell lysis (the reactor had a longdgk retention time) and extracellular
polymeric substances could contribute the ferméatabbstrates in the reactor (Wang et al.,
2013, 2014). High abundance ®fichoccocus, a well-known fermenting bacteria (Liu et al.,
2002), was detected at 16.9% in Stage Il (see€el&l), compared with 0.67 and 6.62% in
Stages | and V. Thus, suggesting higher levelgmwhéntation occurred when FSA was added in
Stage lll, and possibly this was due to increassdlysis caused by FSA, as has been reported

for sludge treatment previously (Zan et al., 2016).

3.3 Effects of pH on the BTR

14



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

In Batch Test | the BTR activities were determiraddifferent pH in the absence of saline
sulfite and FSA (Fig. 3 and Fig. S4a). The BTR \aigti peaked at between 40 to 43 mg
$,057-S/g MLVSS/h at pH 7.0 and 8.0 (see Fig. 3a). Huisvity was 1.7 and 1.3 times that at
pH 6.0 and 9.0 respectively. Also, this pH reldread is the same as that detected for biological
co-sulfate/sulfite reduction where the reducingvitgtis also highest between pH 7.0 and 8.0
(Qian et al., 2015c). Consequently, this findingmarts the notion that thiosulfate reduction is

the rate-limiting step in biological sulfate/sudfiteduction.

(Position for Fig. 3)

3.4 The effects of saline sulfite and FSA concentrations on BTR

The effects of different N&O; (that includes both saline sulfite and FSA) comicgions (50 to
200 mg S/L) on the BTR activity were examined irtdBaTest 1l when the pH was controlled at
7.0 (Fig. 3b). It was seen that the highest biorspeific thiosulfate reduction rate of 17.7 mg
S,047-S/g MLVSS/h was achieved with the lowest initiddiion of NaSO; (50 mg S/L) and
the activity continually lower when the higher iaitNaSO; concentrations were added. Such
that the biomass-specific@s® reducing rate dropped by 39% when the$@ concentration
increased from 50 mg S/L to 200 mg S/L (Fig. 3lijerefore, the results of this test confirm that

NaSGO; consists of saline sulfite and FSA played a rolthe inhibition of the BTR activity.

3.5 Correlation between FSA (H,S0s) and BTR activity
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The BTR rates under different FSA levels were exaahiin Batch Test Ill. Both the pH and
NaSO; concentrations were varied in each reactor inttss (Table S4). Based on the results
from Batch Tests I, Il and Ill, we examined for ttm@relations between BTR activity versus pH
(Fig. 4a), BTR activity versus saline sulfite contration (Fig. 4b) and BTR activity versus FSA
concentration (Fig. 4¢). As confirmed in Batch Teghe pH really impacts the BTR activity,
but the correlation between pH and BTR activitya strong in the presence of 48&; (Fig.
4a). At the same pH level, lower activity was oledr at higher Ng&O; concentrations.
Generally, as the saline sulfite concentrationgased, the BTR activity was reduced. However,
this relationship also depends on pH (Fig. 4b).&@mple, with initial concentration of 200 mg
S/L saline sulfite, the BTR activity varied from44to 33.6 mg $5°-S/g MLVSS/h as the pH
changed from 6.0 to 9.0. Therefore, the correlatlmetween BTR and saline sulfite
concentrations is also not strong. These obsenatimply that saline sulfite and pH jointly

cause the inhibitory effect on thiosulfate reduttio

(Position for Fig. 4)

It was seen that the level of inhibition of the BTRd a strong correlation with the FSA
concentration, indicating that FSA may be direatiyusing the inhibition (Fig. 4c). The
inhibitory effect of FSA on the BTR was well desadl by an exponential function (Fig. 4c).
The BTR activity decreased significantly with tmerieased FSA concentration even in the very
low range of 0~1.%10° mg HSO:-S/L. The BTR activity decreased by 50% as FSA

concentrations increased from 810° (N&SO; concentration of 100 mg S/L at pH 9.0) to
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2.0x10* mg HSOs-S/L (equivalent to a N&QO; concentration of 50 mg S/L at pH 7.0). When
the FSA concentration increased from>810° (100 mg NaSOs-S/L at pH 9.0) to 0.015 mg S/L
(200 mg NaSGs-S/L at pH 6.0), the BTR activity was inhibited B9%. Consequently, these

results suggest that FSA alone rather than salilfiégesor pH, is the true inhibitor of the BTR.

3.6 Toxicity and inhibition of FSA to microorganisms

Sulfite, either in the ionized form (saline sulfit8Q;®> + HSQy) or unionized form (FSA:
H,SQs), is characterized as having potential toxicity nhicrobial metabolism. Its negative
effects are suggested to be through damaging timedaromolecules such as proteins, lipids and
DNA (Armentia-Alvarez et al., 1993; Shi and Mao 929 Trotter and Grant, 2002; Pena-Egido
et al., 2005), thus leading to the inhibition ofcnaibial activity and growth. Other studies show
that after exposure of microorganisms to sulfite tellular ATP levels are lowered and cell
destruction is observed (Schimz and Holzer, 19748zé&land Holzer, 1986; Maier et al., 1986;
Prakash et al., 1986). In addition, Park and Hw&@08) provided the evidence that the
addition of saline sulfite/FSA represses the exgpoesof genes involved in transcription, protein

biosynthesis and cell growth.

Other studies also show that the antimicrobialoactf saline sulfite/FSA is found to be the

greatest at low pH (Ough, 1993; Wedzichab, 1984#jhér adding support that,HO; (FSA) is

the true antimicrobial agent rather than salinditesulThe precise mechanisms of how FSA
causes its antimicrobial effect is yet to be deteenh. The presence of FSA could change the

structure of the cell membrane (Jiang et al., 20&8}er the cell and damage intracellular
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components (Stratford and Morgan, 1987), and/osipbsdirectly cause cell lysis (Zan et al.,

2016).

3.7 Implications of this study

Thiosulfate, as an intermediate of biological sglfsulfite reduction, is an effective electron
donor for chemolithoautotrophic denitrification. like the end product of biological
sulfate/sulfite reduction, i.e. sulfide, thiosu#fa not reported to be toxic to microorganisms
including the denitrifying bacteria (Cardoso et @006). So use of thiosulfate as the electron
donor in a wastewater treatment system could indubeh nitrogen removal rate as well as
lead to a low sludge yield. Recently, we develogéditritation coupled with thiosulfate-driven
denitritation (Nitritation-TDD)” process, that aelwed a high biological ammonia-nitrogen
removal rate of 0.43 kg N+N/d/m® (Qian et al., 2016). To facilitate the applicatiohthe
Nitritation-TDD process, a key point is to ensudeg@uate thiosulfate is generated as thiosulfate
is generally not directly available from the wasaésv. This study on FSA inhibition of BTR
provides some hints on how to obtain thiosulfateuawlation in a biological sulfate/sulfite
reducing reactor’s effluent. By utilizing the inltdry potential of FSA on BTR, an optimized
sulfur cycle-driven biological process with threleod-cut bioreactions is proposed here: 1)
biological sulfate/sulfite reduction to thiosulfa8Q?/SO* — S,047,) 2) denitritation with
thiosulfate as the electron donorn@& + NO, — SO + N,1) and 3) nitritation (NH —
NO,). Consequently, this will result in higher nitrogeemoval rates and lower sludge yields.
The study to achieve this optimized process fotreatment of wet flue gas desulfurization

wastes with freshwater sewage is required andbeiltarried out in the near future.
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4. Conclusions

The effects of FSA on biological thiosulfate redowctin a sulfur cycle-driven wastewater
treatment process were examined in this study.as woncluded that FSA, instead of saline
sulfite, is the true inhibitor of biological thioéate reduction. Based on the microbial
community analysis, the abundance of the SRB ptipualan the thiosulfate-reducing UASB
reactor was sharply decreased from 46.2 to 7.1%entis level when FSA was added to the
reactor’s influent at 6.810% mg H,SOs-S/L. The biological thiosulfate reducing activity
decreased markedly with the addition of FSA, thesswinhibited by 50% when initial FSA
concentrations were altered from 810° to 2.0x10* mg H,SOs-S/L in the batch reactor. The
inhibition of FSA on biological thiosulfate reduati was found to recover after the elimination

of FSA.
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Highlights

Free sulfurous acid was the true inhibitor of biological S,0s” reduction

S,04” reducing activity was depressed at an FSA concentration of 1.5x10° mg
S/L.

S0,%/S05*-reducing bacteria popul ation decreased in the presence of FSA

FSA inhibition on biological S,05” reduction is reversible



