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Running title: COD removal in saline wastewater by CHBC.
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Abbreviations:  Agg, absorbance measured at 600nm wavelength; BODs, biochemical
oxygen demand after 5 days; COD, chemical oxygen demand; CHBC, cultivable ha-
lo-tolerant bacterial community; DO, dissolved oxygen; MLSS, mixed liquor suspended

solid; TDS, total dissolved solids.

The GenBank/EMBL/DDBJ accession numbers for the nearly complete 16S rRNA gene
sequences of strains CB03, MN3-2, NH7-4, BY4, XM15, BYXT, AXY1, T211, HM4,
PY3-1, YY1 are KF956044, KF956045, KF956046, KF956047, KF956048, KF956049,

KF956050, KF956051, KF956052, KF956053, KF956054 respectively.

Wiley-VCH



©CoO~NOUTA,WNPE

10

11

12

13

14

15

16

17

18

19

20

CLEAN - Soil, Air, Water

Abstract

Industrial wastewater with high Na,SO, concentration is characterized by high
osmotic pressure and salinity, and requires pretreatment before discharging into cen-
tral treatment facilities. To date, few studies have addressed the COD removal in bio-
treatment of Na,SO4 wastewater. Here, a novel aerobic system for treating Na,SO4
wastewater was developed based on screening of halo-tolerant bacterial strains. The
system has maintained a stable chemical oxygen demand (COD) removal at > 90% in
saturated concentration (varied from 5% to 40% depends on temperature) of Na,SO4
for five years. Activated sludge was initially constructed by cultured strains of Hy-
phomicrobium sp. CB03, Dietzia sp. XM15, Staphylococcus sp. T211, Flavobacte-
rium sp. AXY'1, Ochrobactrum sp. BY4, Bacillus sp. BYXT, Sphingobacterium
sp.YY1, Rhodococcus sp. NH7-4, Stappia sp. HM4, Microbacterium sp. PY3-1 and
Pseudomonas sp. MN3-2. Uncultured phylum TM7 was detected in sludge after ac-
climatization. The present aerobic cultivable halo-tolerant bacterial community
(CHBC) was successfully applied to large scale removal of organic pollutants in sa-

line wastewater.

Keywords: COD, cultivable halo-tolerant bacteria, microbial community, saline

wastewater, sulfate.
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1. Introduction

Sulfate-rich wastewater is generated by industrial processes that used sulfuric acid,
sulfite and sulfide. The high concentration of sulfate leads to increased osmotic pres-
sure and high salinity of the wastewater. Under such condition, the acclimatization of
activated sludge used for biotreatment becomes severely inhibited. We postulate that
the high osmolarity is directly responsible for the failure to acclimatize activate sludge;
however, we cannot rule out other factors at this point. Moreover, sulfate is reduced to
sulfide in the anaerobic bioreactor, which increases the toxicity of the wastewater
hence further undermining the COD removal rate [1]. As such, biotreatment of sul-
fate-rich wastewater remains a distinct challenge and underutilized despite its great
potential. Here, we describe a novel system that leverages halotolerant bacteria to
treat high salinity wastewaters.

Halo-tolerant microorganisms and halophiles from archaea, bacteria and eukaryote
domains, can survive in extremely hypertonic environment. Much research has re-
vealed the mechanisms underlying their halo-tolerance [2, 3]. Some halo-tolerant mi-
crobes not only thrive but also utilize organic compounds at an impressive rate under
high osmotic pressure [4], making them valuable candidates for the bio-treatment of
saline waste. However, few studies to date have investigated the performance of aero-
bic biotreatment method under high Na,SO,4 concentration level.

In this study, a cultivable halo-tolerant bacterial community (CHBC) was devel-
oped to treat an extreme sulfate-rich wastewater : Na,SOy saturated effluent (Na,SO4
concentration up to 400000 mg-1I"!, COD = 20000 mg1"', BODs/COD = 0.44 ~ 0.51)
yielded by a typical fine chemical factory. The factory mainly produces aliphatic es-
ters from aliphatic acids and excess alcohols, using concentrated sulfuric acid as cata-

lyst and dehydrator in the condensation reaction (Supplemental Material, Fig. S1, a).
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The result is extremely high level of sulfuric acid in the sewage. In addition, the ef-
fluent contains alcohols, aliphatic acids, esters, sulfuric acid, sodium chloride and
other undetermined pollutions. After neutralization by NaOH, the sulfuric acid turns
into crystallized Na,SO,4 (Supplemental Material, Fig. S1, b). Approximately 40 tons
of this sewage is yielded per day. According to wastewater regulations in China [5],
wastewater of COD > 500 mg'l'1 is not allowed to be discharged into the local sewage
treatment center. Therefore, pre-treatment is necessary. Prior to this study, a conven-
tional treatment system (Supplemental Material, Fig. S1, c) had been built, but it
failed to meet the law restriction of COD < 500 mg-1™', consequence of the strong in-

hibitory effect of high level osmotic pressure on regular sludge [6].

2. Materials and methods

2.1. Effluent

The effluent samples were collected from Haiyan Fine Chemical Factory (Jiaxing,
Zhejiang, China, 30°36'04" N, 121°02'21" E). To investigate the impact of Na2S04
concentration, neutralized sewage incubated at 4, 10, 20, 30 °C were filtered after

crystallization to make different final concentrations of Na;SOj.

2.2. Strains

To obtain effective halo-tolerant microbial community to treat the sulfate-rich
wastewater, a massive screening of strains was conducted. Over the past decade, hun-
dreds of halo-tolerant prokaryotic species have been isolated from different salty
samples (e.g. sea water, mirabilite mine, salt lake) in our laboratory, and preserved

permanently in freeze-dried ampules in our own collection (availability:
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http://www.zjubiolab.zju.edu.cn/wumin). All strains had been classified by 16S rRNA
gene sequence as previously described [7, 8]. 0.1% KH,PO4 was used as selective
medium to screen strains for adaptability and Agg of the cultured medium was meas-
ured (spectrophotometer, DR3900, HACH) to determine the activities of strains. Fil-

tered (0.22um, at 20 °C) sewage was supplemented with 0.1% (w/v) urea.

2.3. Bioreactor

For laboratory simulation, plexiglass simulators (Supplemental Material, Fig. S2,
a) were used to simulate actual treatment system at Haiyan Fine Chemical Factory.
The selected strains were mixed and acclimatized in it to form sludge. The power of
aerator was fixed to make DO range from 3 to 4 mg'1". The sewage continuously
flowed in and out of the reactor at a fixed rate of 2 liters per day. Hydraulic retention
time (HRT) was 48 hours. COD loading rate of aerated reactors was from 3.0 to 4.3
g1"-day™ and MLSS was about 1.0 g-1"". Pure cultured sewages of selected strains
were mixed equally in simulator for acclimation. Influent sewage was stored at 20 °C
and simulator worked in thermostat room at 24°C. The solubility of Na,SO4 varies
with temperature, and variable osmotic pressure could damage sludge in some cases
[6]. Based on the simulator mentioned above, the impact of Na,SO4 concentration on
sludge viability was investigated. To obtain sewages of different Na,SO,4 concentra-
tions, original sewages were neutralized and kept at 4, 10, 20, 30 °C overnight and the
upper clear liquors were independently decanted to simulators for treatment at 37 °C
with other parameters same of the above.

For actual application in factory setting, the existing facilities in Haiyan Fine
Chemical Factory were adapted to the new system developed in this study (Supple-

mental Material, Fig. S2, b). Instead of plexiglass, the tanks were concrete, sulfate
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corrosion proof structures. The sludge was bred in oxidation tank until sufficient
sludge was acquired. The sewage was de-greased first, and then neutralized by NaOH.
After the removal of sediments, the upper sewage flowed continuously into oxidation
tank containing the sludge. HRT =48 h, DO = 3.0 - 4.0 mg-I"!, COD loading rate was
from 3.2 to 4.0 kg'm~-day™ and MLSS was from 0.9 to 1.3 g-1"".). The treated efflu-
ent was discharged after precipitating the sludge. 21.9 mg urea and 1.4 mg KH,PO4
per 1000 mg COD were added to sewage as supplements for both laboratory simula-

tion and actual implementation.

2.4. Analysis

2.4.1. Interaction

Some bacteria secrete antibiotics and acids to inhibit other species, which may be
destructive for maintaining a stable and effective bacterial community [9]. To under-
stand if any strains studied in this research could potentially inhibit the others, cells of
all well-grown strains (Sewage Agoo > 0.5 after cultivation for a week) were collected
and pairs ofstrains were mixed equally and cultured in sewage for a week at 25 °C in
flasks. Every possible pairing combination was investigated. The cultured sewages
were filtered (0.22pm) to determine residual COD every day during cultivation. The

lowest detected COD value of each flask was recorded in Table 1.

2.4.2. Morphology
The sludge morphology reflects the microbial diversity and influences the activity
of sludge [10]. Sludge was observed directly by optical microscopy (BX40F4, Olym-

pus). After critical point drying treatment [11], the microbes in sludge was observed
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by scanning electron microscopy (SEM) (S-3000N, Hitachi).

2.4.3. Microbial diversity

To investigate the microbial diversity, the total DNA in the sludge was extracted
by Fast DNA Spin Kit for Soil (MP biomedicals). After extraction, archeal 16S rRNA
genes were amplified by forward primer W17 (5'-ATTCYGGTTGATCCYGSCRG-3")
and reverse primer W02 (5'-GNTACCTTGTTACGACTT-3") [12]. Eukaryotic 18S
rRNA genes were amplified by forward primer W99 (5'-CGGTAATTCCAGCTCC-3")
[13] and WO02. PCR reactions were performed as described (Lefebvre et al. [14]) .
Bacterial diversity based on 16S rRNA gene were sequenced and analyzed by Illumi-

na MiSeq Platform as previously described [15].

2.4.4. Other analyses
COD, BODs, MLSS, N-NHj; and P—PO43' were analyzed according to Standard
Methods [16]. DO, pH and temperature were determined by multi-parameter handheld

meter (Multi 350i; WTW). The amount of SO4* was determined by BaCl, [17].

3. Results and discussion

3.1. Effluent quality

Several batches of sewage were collected for laboratory use Their COD varied
from 18600 to 25500 mg-l'l; N-NH;" from 2.1 to 4.3 mg-l'l; P—PO43' from 0 to 0.2
mg-1™"; pH < 1; appeared light yellow and exuded acrid smell. After neutralization and
filtration, the samples displayed COD ranging from 6100 to 8500 mg-1"'; N-NH;"

from 1.2 to 3.8 mg'1"'; P-PO,> from 0 to 0.2 mg-1"'; pH = 7.2 and appeared colorless.
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3.2. Selected strains

37 of 475 strains survived (Agp > 0.1) in sewage and 15 of them grew to Agpo >
0.5. The compatibility tests among the 15 strains were conducted by mixed cultivation
as Table 1. The result showed that Hyphomicrobium sp. CB03, Dietzia sp. XM15,
Staphylococcus sp. T211, Flavobacterium sp. AXY 1, Ochrobactrum sp. BY4, Bacil-
lus sp. BYXT, Sphingobacterium sp.YY 1, Rhodococcus sp. NH7-4, Stappia sp. HM4,
Microbacterium sp. PY3-1 and Pseudomonas sp. MN3-2 are compatible , while
Pseudomonas sp. GE2, Halobacterium sp. AE4-1, Natrinema sp. XJ5 and Actino-
polyspora sp. DH9-1 should be eliminated from the mixture. Some species of Na-
trinema and Actinopolyspora were reported to produce antibiotics which might be the
reason of inhibition to other strains [18, 19]; however, further research is needed to
confirm this speculation. The chosen strains belonged to Actinobacteria, Proteobacte-
ria, Firmicutes and Bacteroidetes families according to systematic analysis by MEGA
5.0 software [20] (Fig. 1). As the Na,SO,4 concentration of the sewage was over 15%,
all of the chosen strains exceeded expectation in halo-tolerance given that they were
originally isolated from sea water, ocean sediment and saline wastewaters with TDS
(mainly NaCl) less than 4%, which suggested that CHBC might be less sensitive to

Na,SO,4 concentration.

3.3. Bioreactor performance

Effluent COD in the simulator bioreactor was maintained at < 500 mg-1" and its
removal rate > 90% after running for 23 days. Although the influent quality varied,
the COD removal rate was maintained at > 90% (Fig. 2). Residual N-NH;" and

P-PO,’" was maintained below 5 mg-l'1 and 0.5 mg'l'1 respectively all through the test.
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Influent pH started out at 6.8, but was raised to 7.6-8.2 in 24 hours. The success of
simulator indicated that, with CHBC, organic pollution removal at Na,SO4 saturated

concentration was feasible.

3.4. Impact of Na,SO,4 concentration

The Na,SO4 concentrations of sewages at 4, 10, 20, 30 °C were stable at 64.2+1.8
g1, 89.943.3 g-17, 186.5+7.2 g-1" and 383.0+£6.5 g-1" respectively. Then the simula-
tion was conducted at 37 °C to study the evolution of COD removal rate (Fig. 3) of
sewages with four different Na,SO, concentrations mentioned above. COD removal
was enhanced by reduced Na,SOy, albeit the effluent COD in highest Na,SO4 level
still maintained the < 500 mg-1" threshold. The result indicated that the increasing
Na,S04 reduced COD removal rate of CHBC significantly (z-test, a=0.05), which was
similar to the effect of NaCl seen in previous studies [6]. Despite reduced efficiency,
the treatment system with CHBC achieved COD < 500 mg-1" threshold even under
the extreme constraint of highest Na,SO, level.

Traditionally, sulfate is first removed from the wastewater before being treated in
an anaerobic anoxic treatment system. Sulfate removal reduces osmolarity and avoids
production of sulfide, thus making the wastewater amendable to common anaerobic
biotreatment methods. However, sulfate removal often produces hazardous solid
wastes, which causes secondary pollution and incur extra treatment costs. Here, our
system circumvents the step of sulfate removal and directly applies the activated
sludge comprised of selected halo-tolerant bacterial strains to Na,SO4 saturated
wastewaters. Our assumption is that Na,SOy in itself does not constitute additional
environmental threats beyond the fact that it increases the osmolarity of the

wastewater . Although we do not have direct evidence of this assumption, our result

Wiley-VCH



©CoO~NOUTA,WNPE

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

CLEAN - Saoil, Air, Water Page 10 of 28

indicated that increased osmolarity was the main effect of sulfate. Based on the hy-
pothesis, we developed a halo-tolerant bacterial community, used only aerobic reac-
tors to avoid production of sulfide in anaerobic process, and achieved COD removal
without removing the sulfate. Thus, our system represents a novel method for treating
sulfate rich wastewater. This method is suitable for pretreatment of wastewater con-

taining sulfate.

3.5. Application performance

CHBC was applied in  the Haiyan Fine Chemical Factory. The residual COD of
discharged effluent had been monitored for more than five years (Fig. 4, a). The result
showed that the new system meets the law restriction of COD < 500 mg-1"". During
the processing, an accident caused a set of aerators to shutdown in December 2009,
which reduced the DO in oxidation tank to 0.2 mg-1"". Anaerobes produced copious
amount of sulfides that made the sewage black and putrid. The effluent COD rose
higher than 500 mg-1" until the aerators were repaired. It took several months to reju-
venate the activity of sludge; and while low temperature during the winter decreased
the activity of bacteria, but also reduced Na,SO4 concentration. The net effect of the
low temperature and low Na,SO,4 concentration was that residual COD became
slightly higher in winter but still remained below 500 mg-1"'. Compared with the ef-
fect of regular sludge (acquired from local wastewater treatment center) used in pre-
vious systems, CHBC maintained higher and more stable COD removal rate (Fig. 4, b)

in actual application.

3.6. Microbial community

After acclimation in the laboratory setting, the sludge was transplanted to the ac-

Wiley-VCH
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tual oxidation tank in the factory wastewater processing center. Under an open system,
the sludge was exposed to external microbes and consequently, the composition of
original strains mixture was altered. Nevertheless, the high osmotic pressure created
by the hypersaline environment prevented the establishment of most exogenous mi-
crobes: neither archaeal 16S rRNA gene nor eukaryotic 18S rRNA gene was detected
by PCR amplification, and no protist was observed by microscope. The MiSeq
analysis of bacterial community revealed that exogenous uncultured phylum TM7
occupied approximately 15% in relative abundance. Meanwhile, Proteobacteira, Ac-
tinobacetira and Bacteroidetes families comprised approximately 75% relative abun-
dance as the dominant phyla in the sludge (Supplemental Material, Fig. S3). Short
partial 16S rRNA gene (about 300 bps) sequences read by MiSeq Platform were con-
sistent with GenBank KF956044 — 956054, indicating that the original 11 strains set-
tled in the sludge and formed dominant species except Staphylococcus sp. T211 and
Bacillus sp. BYXT. Furthermore, confirming the result of PCR, the SEM graphic
showed abundance of bacteria (Supplemental Material, Fig. S4) and absence of eu-
karyotic cells. While similar bacterial distribution in saline sludge was discovered in
previous research [14], the CHBC revealed a very simple distribution of cultivable

strains which made it easier to analyze, control and rebuild.

4. Conclusion

High salinity in sewage inhibits bioactivity by raising the osmotic pressure to le-
thal levels for cells [21, 22], making biotreatment of sulfate-rich wastewater a distinct
challenge. This study circumvents this challenge with the use of CHBC, and demon-
strates that CHBC can be effectively applied to treat sulfate-rich wastewater with var-

iable Na,SO, concentration (6.4% - 38.3%) at wide temperature range (4°C - 37°C).
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Proteobacteira, Actinobacetira and Bacteroidetes were the main classes in this case.
Application of CHBC revealed consistently high COD removal rate of > 90% for

years. This method proved suitable for removing bio-degradable organic pollutants

with high salinity.
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Legends to Figures:
Fig. 1. Neighbor-joining tree based on the 16S rRNA gene sequences of selected

strains. Bootstrap percentages are based on 1000 replicated datasets; bar, 0.05 substi-

tutions per nucleotide position.

Fig. 2. Evolution of COD and its removal rate in simulators during acclimatization.

Fig. 3. Evolution of COD in simulators at different Na,SO4 concentrations. The data
were collected after simulators were kept running for 5 days. Height of blue back-

ground indicated the influent sewage COD of three batches used in this test.

Fig. 4. Application effect of regular sludge and CHBC. a, the evolution of effluent
COD after treatment; current system replaced the old one in Jun 2009; red short lines
represent the summer days, blue lines for winter; the curve was drawn according to
the average COD values per 30 days. Increasing red indicates higher COD value. b,
comparison of the COD data of the old system used regular sludge and current system
used CHBC; data for statistical analysis was collected from Aug 23, 2008 to Apr 25,
2009 and from Mar 10, 2010 to Mar 29, 2013 for previous and current system respec-

tively; inf., influent; eff., effluent; st.dev., standard deviation.
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3 341  Legends to Table

4

g 342  Table 1. The interaction of the strains. Increasing red indicates higher residual COD.

g 343 COD, (n=1-15) was calculated as average of the 14 residual COD values of cultured

20 344  sewage mixed with strain n and the other 14 strains in pairs. The COD; g, 10,11 Were

11

12 345  significantly higher than the average level of COD, (Welch’s test, a=0.05), which in-

13

1451 346  dicated that Pseudomonas sp. GE2, Halobacterium sp. AE4-1, Natrinemapallidum sp.

i? 347 XI5 and Actinopolyspora sp. DH9-1 reduced the COD removal effect when mixed

18 . .

19 348  with other strains

20

21 Strain No.

gg Halobacterium sp. AE4-1 1 Residual COD (mg-1")
Hyphomicrobium sp. CB03 2

%4 Dietzia sp. XM15 3

22 Staphylococcus sp. T211 4

27 Flavobacterium sp. AXY1 5

28 Natrinema sp. XJS 6

29 Ochrobactrum sp. BY4 7

30 Bacillus sp. BYXT 3

31 Sphingobacterium sp.YY1 9

32 Actinopolyspora sp.DH9-1 10

33 Pseudomonas sp. GE2 11

34 Rhodococcus sp. NH7-4 12

gg Stappia sp. HM4 13

37 Microbacterium sp. PY3-1 14

38 Pseudomonas sp. MN3-2 15
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100 Rhodococcus sp. NH7-4

100 Dietzia sp. XM15 Actinobacteria

99

Microbacterium sp. PY3-1

Baciluus sp. BYXT
[ Baciluus sp Firmicutes

100l———— Staphylococcus sp. T211

99

Hyphomicrobium sp. CB03 )
100 _|:Ochrobactmm sp. BY4 Proteobacteria
97 Stappia sp. HM4
Flvaobacterium sp. AXY1 Bacteroidetes

Pseudomonas sp. MN3-2 }

Sphingobacterium sp. YY1

Fig. 1. Neighbor-joining tree based on the 16S rRNA gene sequences of selected strains. Bootstrap
percentages are based on 1000 replicated datasets; bar, 0.05 substi-tutions per nucleotide position.
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Fig. 2. Evolution of COD and its removal rate in simulators during acclimatization.
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Fig. 3. Evolution of COD in simulators at different Na2S04 concentrations. The data were collected after
simulators were kept running for 5 days. Height of blue back-ground indicated the influent sewage COD of
three batches used in this test.
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29 Fig. 4. Application effect of regular sludge and CHBC. a, the evolution of effluent COD after treatment;
30 current system replaced the old one in Jun 2009; red short lines represent the summer days, blue lines for
31 winter; the curve was drawn according to the average COD values per 30 days. Increasing red indicates
32 higher COD value. b, comparison of the COD data of the old system used regular sludge and current system
33 used CHBC; data for statistical analysis was collected from Aug 23, 2008 to Apr 25, 2009 and from Mar 10,
2010 to Mar 29, 2013 for previous and current system respec-tively; inf., influent; eff., effluent; st.dev.,
standard deviation.
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Supplementary

Fig. S1. The chemical reaction yielding Na,SOj, ; diagram of the treatment system used
prior to this study. a, the main chemical reaction of Na,SO4 production; b, the
Na;S04-10H,O crystal formed in the sewage after neutralization; c, the
treatment system operated before the study. R and R’, hydrocarbon chain;
UASB, Up-flow anaerobic sludge bed.

Fig. S2. Simulator and treatment system applied in this study. a, the simulator with cells
of 5 liters; b, the treatment system converted from the simulator to treat large
scale industrial wastewater.

Fig. S3. Relative abundance of phyla detected in sludge by MiSeq.

Fig. S4. SEM graphic of sludge formed by CHBC.
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Fig. S3.
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