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Abstract

Tannery wastewaters are difficult to treat biologically due to the high salinity and
organic matter concentration. Conventional treatments, like sequential batch reactors

(SBR) and membrane bioreactors (MBR), have showed settling problems, in the case of
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SBR, and ultrafiltration (UF) membrane fouling in the case of MBR, slowing their
industrial application. In this work, the treatment of tannery wastewater with an osmotic
membrane bioreactor (OMBR) is assessed. Forward osmosis (FO) membranes are
characterized by a much lower fouling degree than UF membranes. The permeate
passes through the membrane pores (practically only water by the high membrane
rejection) from the feed solution to the draw solution, which is also an industrial
wastewater (ammonia absorption effluent) in this work. Experiments were carried out at
laboratory scale with a FO CTA-NW membrane from Hydration Technology
Innovations (HTI). Tannery wastewater was treated by means of an OMBR using as DS
an actual industrial wastewater mainly consisting of ammonium sulphate. The
monitoring of the biological process was carried out with biological indicators like
microbial hydrolytic enzymatic activities, dissolved and total adenosine triphosphate
(ATP) in the mixed liquor and microbial population. Results indicated a limiting
conductivity in the reactor of 35 mS-cm™ (on the 43th operation day), from which
process was deteriorated. This process performance diminution was associated by a
high decrease of the dehydrogenase activity and a sudden increase of the protease and
lipase activities. The increase of the bacterial stress index also described appropriately
the process performance. Regarding the relative abundance of bacterial phylotypes, 37
phyla were identified in the biomass. Proteobacteria were the most abundant (varying
the relative abundance between 50.29% and 34.78%) during the first 34 days of
operation. From this day on, Bacteroidetes were detected in a greater extent varying the

relative abundance of this phylum between 27.20% and 40.45%.
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1. Introduction

Tannery industry belongs to the most polluting industrial sectors (Kandasamy et al.,
2017; Maharaja et al., 2017). This industry generates huge volumes of potentially toxic
wastewaters characterized by high organic matter and salt concentration. In order to
transform raw skins into finished leather products, three groups of processes have to be
carried out: beamhouse operations (for flesh, hair and epidermis removal from the skin),
tanning steps (to stabilize and avoid putrefaction) and final processes, in which the
leathers are finished, acquiring the desired aesthetic appeal and commercial value
(Mosca et al., 2017). Typically, beamhouse operations generate alkaline effluents and
tanning steps and final processes generate acidic effluents (Drioli et al., 1980; Mendoza-

Roca et al., 2010).

The most common treatment of the global effluents is based on a sulfide oxidation of
the alkaline stream, a subsequent homogenization of desulfurized alkaline wastewater
and acidic streams and a physic-chemical process of the global wastewater. The aim of
the physic-chemical treatment is to reduce suspended solids and chemical oxygen
demand (COD) content and to remove chromium by precipitation (George et al., 2015;
Galiana-Aleixandre et al., 2007). However, the remaining high COD and salt
concentrations require further treatments to meet the discharge limits. In this way, it is
necessary to apply biological treatments to reduce the organic matter content.
Membrane bioreactors (MBR) produce effluents with higher quality than conventional
biological treatments (Wang et al., 2016) and are also employed for industrial
wastewaters (Le-Clech et al., 2006; Yang et al., 2006). MBR are characterized by high

sludge retention time and low reactor volume. However, the main limitations of their
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application are the high energy consumption and the high maintenance costs due to the

frequent membrane cleaning (Suganthi et al., 2013).

Recent research advances in wastewater treatment and reuse have promoted the
development, as an emerging technology, of OMBR (Luo et al., 2016). OMBR uses FO
membranes to separate treated water from a bioreactor mixed liquor. The separation
process is produced because of the osmotic pressure difference between the biological
reactor and the draw solution (DS) (Lujan-Facundo et al., 2017; Wang et al., 2016). The
use of the FO nonporous membranes offers important advances such as high rejection
capacity for trace organic compounds (Xie et al., 2012), pathogens (Hoover et al., 2011)
and ions (Hickenbottom et al., 2013), low membrane fouling and the energy
consumption. However, the reverse salt flux (RSF) due to the Fick’s law and the
accumulation of non-biodegradable substances in the reactor originate operating
problems in the OMBR. Salinity build-up in the biological reactor may significantly
reduce the membrane water flux, modifying the mixed liquor characteristics and
enhancing scaling phenomena (Gu et al., 2015). Thus, the impact of solutes
accumulation on sludge properties and on microbial community and its activity is one of
the most important issues to be studied in OMBR. In this way, parameters such as
microbial hydrolytic enzymatic activities (MHEA), intracellular and extracellular ATP,
cellular viability and the study of the microbial population will give valuable

information about the OMBR process (Nguyen and Chong, 2015).

The changes in the biomass characteristics during the OMBR operation have been
evaluated by a limited number of authors. Wang et al. (Wang et al., 2017b) studied the
bacterial community analysis for the removal of silver nanoparticles from simulated
wastewater using a combination of microfiltration with OMBR. They found that the

main phylum in the sludge was Proteobacteria and the relative abundance of this
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phylum decreased as salt concentration increased. Luo et al. (Luo et al., 2017)
compared the microbial community structure of a conventional MBR with that found in
an OMBR. They concluded that there were differences between each community
analysis such as the presence of Planctomycetes only in the MBR and the increase in the
relative abundance of Bacteroidetes during the OMBR operation time. Qiu and Ting,
2013 studied the effect of salt accumulation on microbial community during a OMBR
operation. They published that almost all the dominant species in the sludge were

replaced by salt-tolerant new species as a consequence of salinity build-up.

The main objective of this paper is to study how the characteristics of the biomass
change with the operation time of an OMBR treating tannery wastewater using an actual
industrial wastewater mainly consisting of ammonium sulphate as DS. Until now, the
study of the performance of an OMBR process focusing on the biomass characteristics
using two actual effluents (as feed and as draw solutions) cannot be found in the
literature. In this work, the OMBR mixed liquor proposed characterization includes
MHEA, ATP, bacterial viability and microbial population. The relation of these mixed
liquor characteristics and accumulated COD and salts in the OMBR during its operation

is assessed.
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2. Materials and methods

2.1. Wastewater and draw solution

An actual wastewater from a tannery industry was used as influent. The main
characteristics of this wastewater were: COD between 1,497 and 3,468 mg-L™, pH in
the range of 8.04-9.29 and conductivity varying from 10.8 to 19.41 mS-cm™. An actual
wastewater from an absorption process for ammonia removal was employed as DS. This
wastewater mainly consisted of ammonium sulphate (SO42 and NH4-N concentrations
of 153 g-L™ and 19 g-L?, respectively). The pH and conductivity of this industrial
wastewater were 1.2 and 130 mS-cm™, respectively. In this way, pH had to be adjusted

to 4.0 in order not to damage the FO membrane.

2.2. OMBR plant and operating conditions

The laboratory OMBR plant used in this experiment was described in a previous study
(Lujan-Facundo et al., 2017). In order to evaluate the FO membrane water flux and the
RSF, the water mass permeated from the biological reactor to the draw solution was
registered each 20 minutes using a digital balance PKP (Kern Instruments, Germany)
and the software “Kern Balance Connection SCD-4.0”. In addition, the draw and feed
solutions conductivities were also registered each 20 minutes by means of two
conductivity meters model CDH-DS1 from Omega Engineering (United Kingdom). The
used FO commercial membrane was CTA-NW from Hydration Technology Innovations
(HTI, USA) made with cellulose triacetate and supported by an embedded polyester

screen. In previous studies (Lujan-Facundo et al. 2017), results regarding the
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characterization of this membrane have been described. Thus, membrane water fluxes
between 1.6 and 7.8 LMH and reverse salt fluxes between 1.4 and 2.8 g-m?-h™ were

reported for NaCl concentrations in DS between 25 and 200 g-L™.

Membrane water flux and COD removal efficiency were measured to study the OMBR

performance. The membrane water flux (J,, LMH) was calculated following the Eq. 1:

AV

Jw = 1T AL €Y

Where, AV represents the total volume increase in the DS tank (L) in a time period At

(h) and A is the active FO membrane area (m?).

Finally, COD removal efficiency was calculated three times per week measuring the

COD in the soluble fraction of the biological reactor.

The sludge used to inoculate the biological reactor was taken from the secondary
treatment of a municipal wastewater treatment plant (located in Valencia, Spain). The
tannery wastewater was mixed with synthetic wastewater (solution made with
bacteriological peptone and meat extract, Panreac, Spain) increasing the amount of
tannery wastewater in the reactor feed progressively. It was decided to mix again
tannery and synthetic wastewater after 40 days of operation due to the high conductivity
in the reactor. The simulated wastewater was always prepared with the same COD as
the tannery wastewater. In addition, tri-sodium phosphate 12-hydrate (Panreac, Spain)

was added to achieve a COD:N:P relation of 100:5:1.
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The initial mixed liquor suspended solids (MLSS) concentration in the OMBR was 5 g-L™.
During the whole operation, the hydraulic retention time (HRT) varied in the range of
2.86-13.78 days, depending on the membrane water flux. The reactor was fed once a
day providing the same wastewater volume as the drawn water volume in order to
maintain constant the reaction volume. The food to microorganism (F/M) ratio was
determined for the different tannery wastewater samples treated and it ranged between
0.11 and 0.33 g COD-g SS™-d™. The reactor was operated including an anoxic phase

after the wastewater supply.

Regarding membrane cleaning protocol, FO membrane was cleaned twice a week

according to the details given in a previous work (Lujan-Facundo et al., 2017).

2.3. DNA analysis

DNA was measured using Quant-it™ dsDNA HS (0.2-100 ng) kit (Molecular probes,
Eugene, OR, USA). The procedure consisted of mixing 10 pL of standard or sample
with 190 uL of Quant-it working solution. Each sample was stored at room temperature

for 2 min. Finally, DNA concentrations were measured in the Qubit fluorometer.

2.4. MHEA

Table 1 shows the seven MHEA that were measured together with the substrate,
reaction product and the wavelength at which absorbance was measured. 1.0 mmol of
reaction product produced in 1 hour was used to establish the definition of the

corresponding enzyme unit (EU).
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Before MHEA analysis the mixed liquor samples were centrifuged at 2500 rpm for 2 min
and wastewater was drained to eliminate substances that could produce interference in
the analysis. The pellet of activated sludge was re-suspended in the same amount of
Tris-HCI buffer (0.2 mol-L*, pH 7.6) to preserve the VSS concentration. The
absorbances were measured with a Thermo Scientific™ 9423UVG1002E
spectrophotometer. More details about the MHEA measurement can be found in Ferrer-

Polonio et al. (Ferrer-Polonio et al., 2017). The EU values were divided by the MLVSS

(9-L™).
Table 1: MHEA analyzed during the OMBR operation.
MHEA Substrate Reaction product Wavelength
(nm)
Alkaline 4-Nitrophenyl phosphate p-Nitrophenol 410
phosphatase bis(tris) salt
Acid phosphatase 4-Nitrophenyl phosphate p-Nitrophenol 410
bis(tris) salt
Dehydrogenase lodonitrotetrazolium 1,3,5- 490
chloride Triphenyltetrazolium
formazan
Lipase 4-Nitrophenyl palmitate p-Nitrophenol 410
Protease Azocasein Colored Unknown 340
peptides
a-D-Glucosidase 4-Nitrophenyl a-D- p-Nitrophenol 410
glucopyranoside
B-D-Glucuronidase 4-Nitrophenyl -D- p-Nitrophenol 410

glucuronide
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2.5. ATP

ATP was measured by QG21Waste™ kit using PhotonMaster™ Luminometer from
Luminultra®. The equipment calibration was carried out by a standard solution of
Luminase and volumes of 1.0 mL and 100 uL of activated sludge were used to quantify
total-ATP (tATP) and dissolved-ATP (dATP). The tATP is the sum of intracellular and
extracellular ATP and the dATP is the ATP present outside living cells and rejected by
dead microorganisms. The results were determined in RLU (Related Luminescence
Units) and were converted to ng ATP-mL* using a Standard ATP solution
UltraCheck™. Biomass Stress Index (BSI), which represents the microorganisms stress
or mortality, and Active Volatile Suspended Solids (AVSS) were calculated from the

ATP data.

2.6. Bacterial community analysis

Five activated sludge samples named S1 (day 6), S2 (day 20), S3 (day 34), S4 (day 48)
and S5 (day 55) were collected for 16SrRNA sequencing analysis. For DNA
extractionOne millilitre of AS S2 sample was extracted in duplicate using the
FastDNA® SPIN kit for soil (MP Biomedicals, Solon, USA) according to the
manufacturer’s instructions. Final DNA products were eluted in a final volume of 50 pL.
Afterwards, OneStep™ PCR Inhibitor Removal Kit (Zymo Research, CA, USA) was
used in order to remove sample inhibitors which could affect downstream enzymatic
reactions such as PCR. Duplicated samples were mixed at 1:1 ratio and DNA measured
using Qubit® dsDNA BR Assay Kit (Molecular probes, Eugene, OR, USA). DNA
260/280 ratio was measured using the NanoDrop ND-1000 UV/Vis spectrophotometer

(NanoDrop Technologies, DE, USA). The hypervariable V3-V4 regionsof bacterial 16S
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rRNA gene was amplified in all samples using Illumina primers and following Illumina
protocols. Libraries were sequenced on a MiSeq Illumina platform using a 2x300pb
paired-end run at Lifesequencing service (Valencia, Spain). Raw DNA sequencing data
was processed using QIIME™ 1.9.1 (Caporaso et al., 2010) applying additional scripts
available in MicrobiomeHelper virtual box (Comeau et al., 2017). Forward and reverse
reads were joined. Joined reads were ckecked for chimeras using Usearch61 algorithm
against 16S SILVA 123 database (Quast et al., 2013). Remaining sequences were
clustered at 97% similarity into Operational Taxonomic Units (OTUs) using the
denovoOTU clustering script. The most abundant sequence of each OTU was picked as
its representative, which was used for taxonomic assignment against 16S SILVA_ 128

database at 97% identity (cut-off level of 3%) using default parameters.

2.7. Statistical analysis

ANOVA simple analysis was carried out using the software STATGRAPHICS
Centurion XVII to study the relation between the COD removal efficiencies, BSI (%)
and Phylum classification in terms of Proteobacteria and Bacteroidetes (dependent
variables) and the mixed liquor conductivity values (independent variable). Mixed
liquor conductivity was studied for different levels: 1, 2, 3, 4 corresponding each level
with conductivities until 10 mS-cm™, from 10 to 20 mS-cm™, from 20 to 30 mS-cm™

and from 30 to 40 mS-cm™, respectively.
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3. Results

3.1. Mixed liquor conductivity and membrane water flux

Fig. 1 shows the mixed liquor conductivity changes during the OMBR operation. The
numbers expressing percentages in the figure mean the percentage of tannery
wastewater in the OMBR feed. As expected, there was salt accumulation in the
bioreactor due both to the reverse salt flux during forward osmosis process and the high
rejection capacity of the FO membrane (>97%) (Praveen and Loh, 2016). It can be
observed that the mixed liquor conductivity increases progressively from 1.3 mS-cm™
to a final value of 29.8 mS-cm™. It is important to remark that the percentage of tannery
waste water in the feed solution had an important influence over the mixed liquor
conductivity. The reason was the high salinity of the tannery waste water. The
increasing salinity in bioreactor led to a lower osmotic pressure gradient across the FO
membrane causing a reduction in the membrane water flux. In this way, the membrane
water flux varied between 3.44 LMH and 0.72 LMH during the total OMBR operation
time. After each membrane cleaning step, an increase in the membrane water flux was
observed. Membrane fouling also had influence on the membrane water flux decrease.
In this way, (Luo et al., 2017) also reported that both phenomena contribute to the

membrane water flux decline in the FO process.
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Figure 1: Mixed liquor conductivity evolution during the OMBR operation.

3.2. OMBR efficiency

OMBR organic matter removal efficiency can be calculated as the difference between
COD in the feed wastewater and the permeate COD divided by the feed wastewater
COD. In this way, the COD considered is that of the stream passing through the
membrane to the draw solution side. As the organic matter in the permeate stream was
negligible due to the high FO membrane rejection, efficiency results were almost 100%.
However, it does not mean that the biological COD removal efficiency was high. In

fact, it does not provide any information about the biological process.

COD removal efficiency may also be calculated considering the soluble COD in the
OMBR which could give a more accurate parameter to find out the biological
degradation occurring in the OMBR. Nevertheless, the accumulation of non-
biodegradable COD could also provide confusing values. This is the reason why the
study of the bacterial activity and the bacterial stress index among other biological

parameters proposed in this work is very helpful to assess the biological process. In this
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way, the final values included in Table 2 (COD removal efficiency percentage) could
indicate either biological process deterioration or an excessive accumulation of non-
biodegradable COD from the tannery wastewater. The decrease of the COD removal

efficiency in the reactor could also be associated to negative effects of salinity build-up

on biomass activity. Anyway, despite the

removal efficiencies were maintained near 80% during the first 50 days of operation at

increasing conductivity values. However,

conductivity began to affect the overall COD removal efficiency (%). High salinity

damages the microbial metabolism and, as a consequence, the biological treatment

(Wang et al., 2017a).

Table 2: COD removal efficiencies during the OMBR operation.

slight gradual decrease, the overall COD

it seems that around 35 mS-cm? the

COD removal
Period (d) efficiency (%0)

0-10
11-20
21-30
31-40
41-50
51-60

85.65+5.0
76.06 £5.0
80.38 +5.0
75.67£5.0
75.85+5.0
64.53+5.0

3.3. Biological mixed liquor characterization

3.3.1. DNA

DNA concentration in the soluble fraction of the mixed liquor has been represented in

Fig. 2 in order to analyse eventual cell lysis. It is observed that DNA concentrations

increased as mixed liquor conductivity rose.

As salinity decreased in the OMBR due to
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the mixing of tannery and synthetic wastewater, DNA concentrations in the biomass
also decreased gradually. It means that DNA concentration was directly related to the
conductivity in the reactor. Zuriaga-Agusti et al., 2012 reported that a slight diminution
in the COD removal efficiency was connected to the increment of DNA concentration

in the reactor as a consequence of cell disintegration.

1400 -
1200 -
jh 1000 -
S
o> 800 -
=
< 600 -
8
400 -
200 -__lII
0 — T T T T T T T T
0 7 14 21 28 35 42 49 56
Time (d)
Figure 2: DNA concentrations in the soluble fraction of the mixed liquor.
3.3.2. MHEA

Fig. 3 shows the a-D-glucosidase and p-D-glucuronidase (Fig. 3.a), alkaline
phosphatase, acid phosphatase and dehydrogenase (Fig. 3.b), lipase (Fig. 3.c) and

protease (Fig. 3.d) MHEA.
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From Fig. 3.a, two features can be remarked. On the one hand, glucuronidase activities
values remained almost constant during the total experimental period. On the other
hand, the glucosidase activity increased until 27" day, but from this day on it remained
almost constant. It indicates that the salinity build-up did not affect these enzymes. By
contrast, acid phosphatase, alkaline phosphatase and dehydrogenase did not show a
clear trend, though started to decrease from the 42" operation day. As explained above
(Section 3.3.1), cell lysis decreased from the 42" operation day, which can be
connected with the reduction of these activities. Ferrer-Polonio et al., 2017 also noted a
simultaneous decrease in the DNA concentrations and activity values. It has to be
commented that the peak of alkaline phosphatase on the 13th operation day might be
due to a deficit of phosphorous concentration in the influent wastewater. Cortés-
Lorenzo et al.,, 2012 showed that enzymatic activities (glucosidase, alkaline
phosphatase, acid phosphatase, protease and esterase) were reduced when the salinity
was increased in the influent of a submerged fixed bed film reactor. The minimum in
the dehydrogenase activity is also to be highlighted, since this value was measured
coinciding with the highest conductivity value in the mixed liquor. In other words, the
process deterioration by an excessive salinity was indicated by the minimal value of the
dehydrogenase activity. Chen et al., 2018 also found that salinity inhibited the

dehydrogenase activity of activated sludge.

It can also be observed in Fig. 3.c and Fig. 3.d that lipase and protease activities were
maintained practically constant in the six first samples (until the day 36th operation
day). Then, they began increasing. It occurred when DNA concentration in the soluble
fraction of the OMBR was very high due to the accumulation of cellular debris caused

by cell lysis. These substances are mainly proteins and lipids, which are consumed by
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358  Cell lysis releases these compounds, including saccharides, into the medium becoming
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Figure 3: MHEA activities a) a-D-glucosidase and B-D-glucuronidase, b) alkaline phosphatase, acid
phosphatase and dehydrogenase, c) lipase and d) protease.
*The units of acid phosphatase and alcaline phosphatase are pmol pNP-h™.gvsS™?
and the units of D-dehidrogenase are pmol formazan-h™-gvss™.

3.3.3. ATP

Bacterial metabolism includes energy generation (catabolism) and energy consumption
for anabolism. During both metabolic processes, free energy is conserved in form of
ATP after several electron transfer and biochemical reactions. On the one hand, the
ability of bacteria to synthesize ATP is very important since this parameter represents
the total energy molecule necessary for life. In addition, decreasing the production of
ATP will cause the lack of energy for an optimal microbial growth, motility and

nutrients transport (Feng et al., 2014).
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Fig. 4 plots tATP and dATP concentrations during the entire OMBR operation time.
tATP and dATP were normalized with respect to the VSS. In addition, Fig. 4 also
shows the BSI index calculated from tATP and dATP. As it can be observed, BSI index
increased until the 13" day of operation. Since then, that parameter decreased until the
day 41% of operation, probably due to the biomass acclimation to the OMBR saline
conditions. From this point on, BSI index was unstable and began increasing indicating
the gradual deterioration of the biological process as well as insignificantly low
anabolism activity. These results were in concordance with DNA concentrations
showed in Fig. 2 since BSI and DNA followed the same trend. In the last sample (55"
day) tATP value was practically the same as in the two earlier measurements, though
BSI decreased, indicating a recovery in the biological process due to the salinity

decrease and the mixing of the tannery effluent with simulated wastewater.
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Figure 4: ATP concentrations and BSI index evolution in the mixed liquor.

3.3.4. Relative abundance of bacterial phylotypes

Microbiota rarefaction curves showing microbiota diversity in OMBR samples are
showed in Fig. 5. Each curve shows the average number of OTUs found in a given
number of sampled sequences. Rarefaction curves were all calculated at the 97%
similarity. In total, 417,126 raw reads were obtained from all five OMBR samples.
After filtering, 330,474 high-quality sequences were produced. The number of reads of
all samples was normalized to the sample with the lowest number of reads (33,238).
Fig. 5, demonstrated that the bacterial phylotype richness of the sample 1S (day 5™) was

much higher than the other samples.

Salinity build-up in the biological reactor could affect the evolution of microbial
community. Overall microbiota compositions for each sample at the phylum and class
levels are shown in Fig. 6. In total, 37 phyla were identified in the biomass but only the

phyla with relative abundance higher than 1% are shown in Fig. 6.a. Bacterial sequences


https://www.nature.com/articles/srep14682#f2

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

affiliated with Proteobacteria were the most abundant (relative abundance varying
between 50.29% and 34.78%), specifically the first 34 days of operation. After that,
sequences affiliated with Bacteroidetes were detected in a greater extent varying the
relative abundance of this phylum between 27.20% and 40.45%. These results were in
concordance with other authors (Wang et al., 2014; Zhang et al., 2016; Zhao et al.,
2014) who worked with aerobic activated sludge and have demonstrated that the
dominant phyla presented in activated sludge were Proteobacteria and Bacteroidetes. In
addition, Liang et al., 2016 confirmed that Proteobacteria and Bacteroidetes are the
main bacteria in the microbial composition in the activated sludge treating tannery
wastewater. Chen et al., 2018 found that Bacteroidetes survive easier under the salt
stress. The phyla Planctomycetes and Firmicutes also increased from 1.67% (S1) and
0.96% (S1) to 4.27% (S5, day 55™) and 3.96%, respectively. Inversely, Chen et al.,
2018 observed a decreasing trend of Planctomycetes when the salinity reached 20 g-L™.
Firmicutes could survive even when salinity in SBR increased to 20 g-L™. The
anaerobic fermentative bacteria of the order Halanaerobiales (Firmicutes) consist of
halophiles (Oren, 2008). When the salinity increased, Halanaerobiales increased from
0.055 (S1) to 1.42% (S5). Halanaerobiales accumulate salt rather than organic solutes
to balance their cytoplasm with their medium (Oren, 2008). (Wang et al., 2017) reported

that Planctomycetes was less sentitive to salinity than other phyla.

Fig. 6.b. represents the different subclasses of Proteobacteria phylum. As it can be
observed in Fig. 6.b, the dominant subclasses of Proteobacteria are Alphaproteobacteria,
Betaproteobacteria and Gammaproteobacteria. During the OMBR operation, the relative
abundance of Alphaproteobacteria and Gammaproteobacteria increased from 26.77% to
58.53 and from 13.90% to 15.31%, respectively. By contrast, the relative abundances of

Betaproteobacteria decreased from 45.07% to 22.89%. These results were in concordance
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with (Liang et al., 2016) who also treated tannery wastewater biologically and published

that mostly Alpha-, Beta- and Gamma-proteobacteria predominated in all samples.

Regarding Bacteroidetes subclasses, Fig. 6.c. shows that the main bacteria presents are
Sphingobacteria and Flavobacteria. Sphingobacteria was the predominant class during
the first 34 days of operation time, but its abundance was seriously affected by salinity
build-up. The decrease of Sphingobacteria is influenced by salinity (Chen et al., 2018).
However, Flavobacteria and Cytophaga were not affected by the high salinity content
since its abundance even increased during the last days of the experiment. These results
are in agreement with (Cortés-Lorenzo et al., 2014) who also noted the same tendency
studying the biological treatment of saline urban wastewater. Flavobacteria and
Cytophaga are the most abundant group detected in the marine systems (Kirchman

2002).

Sequences of the most abundant OTUs (>0.1%) (Supplementary Table S1) were
classified at genus level against Silval28 database. Relative abundances of major genera
detected among five samples are shown in Supplementary material Table S1. The genera
Candidatus Microthrix, Methylophilus, Flavobacterium, Ferruginibacter, Thauera,
Zooglea, Terrimonas, Methyloversatilis, Nitrospira, Sphaerotilus and Acidovorax were
dominant (>1%) in sample S1. By contrast, the dominant genera (>1%) in sample S5
were: Leadbetterella, Filomicrobium, Algoriphagus, Sphingopyxis, Gelidibacter,
Cellulophaga, Hyphomicrobium, Planctomyces, Marivirga, Rhodococcus, Pseudomonas
y Arenibacter. Members of these genera commonly exist in marine environments
(Johansen et al., 1999; Kim et al., 2008; Lin et al., 2015; Martineau et al., 2013;
Nedashkovskaya et al., 2004; Santina et al., 2015; Zhang et al., 2015). Halotolerant

genera are presented in Table S2. During the OMBR operation, the relative abundance of
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Leadbetterella increased from 0.13% to 6.49%. (Ding et al., 2016) also identified
Leadbeterrella in bulk sludge of OMBR treating anaerobic bioreactor effluent. Growth of

Leadbetterella strains occurs in the presence of 1% CINa but not 3% (Weon et al., 2005).

The EPS producing-bacteria play a significant role in membrane fouling. When impacted
by salinity, sludge microorganisms secret EPS (He et al., 2017). (Yeon et al., 2009)
revealed that quorum sensing is strongly related to biofilm formation in membrane
bioreactors. The quorum sensing (QS) related bacteria during the experimental period
were classified following the QS list of (Jo et al., 2016). The relative abundances of QS
genera are shown in Table S3. We found differences in relative abundances of QS
bacteria. The QS Flavobacterium (7.19% vs 0.76%) and Rhodobacter (1.79% vs 0.20%)
decreased in comparison with Pseudomonas (0.18% vs 1.29%) and Arcobacter (0.06% vs

0.77%).

The excess growth of filamentous bacteria had significant influence on membrane fouling
(Meng et al., 2006).The filamentous bacterial genera identified during the OMBR
operation are listed in order of abundance in Table S4. Candidatus Microthrix was
dominant in sample S1 (5.70%) whereas Rhodococcus was dominant in sample S5
(1.35%). Foaming filamentous bacteria from mycolata group (Rhodocccus,
Mycobacterium and Gordonia) were detected at different abundances. The most abundant
foaming bacteria was Rhodococcus. The most abundant bulking bacteria was Candidatus
Microthrix 5.70% (S1) followed by Sphaerotilus 1.44% (S1). The Nostocoida filament
morphotypes | (Trichococcus), Il (Candidatus Alysiosphaera and Tetrasphaera) and Il

(Isosphaera) were also identified.
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The relative abundances of the nitrifying bacteria responsible for ammonia
(Nitrosomonas) and nitrite oxidation (Nitrospira) are shown in Table S5. The salinity
affected NOB but not AOB during the OMBR operation. The abundance of Nitrosomonas
was 0.31% (day 6) and 0.32% (day 55). The abundance of Nitrospira was reduced from
1.45% (day 5™) to 0% (day 55™). (Wang et al., 2017) found that Nitrospira could survive
at 5 g NaCl, but is inhibited over 10 g NaCl. Bacteria capable of denitrification belong to
a variety of groups and include a wide range of physiological traits (Sousa and Bhosle,
2011). Among the denitrifying bacteria, sequences were identified as Mesorhizobium,
Rhodobacter, Thauera, Hyphomicrobium, Pseudomonas, Paracoccus, Castellaniella,
Halomonas, Hyphomonas, Zooglea, Rhizobium, Acidovorax, Alcaligenes Azoarcus and
Comamonas (Table S5). The dominant (>1% at day 55) halotolerant potential denitrifiers

genera were Mesorhizobium, Thauera, Hyphomicrobium and Pseudomonas.
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Figure 5: Rarefaction curves of each sample.
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Figure 6: Changes in the microbial community structure a) at the phylum level during the OMBR operation,
b) relative abundance of classes of Proteobacteria and c) relative abundance of subclasses of Bacteroidetes.

3.4. Statistical study

One-way ANOVA was analyzed to study the relation between the COD removal
efficiencies, BSI (%) and Phylum classification in terms of Proteobacteria and
Bacteroidetes (dependent variables) and the mixed liquor conductivity values
(independent variable). In this way, Table 3 shows the p-value and the F-ratio for each
variable studied. It can be concluded that there were statistically significant differences
for COD removal efficiencies since p-value was lower than 0.05 (p-value was 0.0018)
and F-ratio differs significantly of 1 (F-ratio was 6.55) indicating that the null

hypothesis of equality of means of the COD removal efficiencies was rejected.
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Although p-value for BSI was slightly higher than 0.05, its low value and the F-ratio
indicated an influence of the conductivity on the BSI.

Tukey diagram was plotted in Fig. 7 to evaluate the statistical significant differences
between the different levels of conductivities. As it can be observed in Fig. 7, there were
only statistical significant differences between the level 1 and 2. Thus, when mixed
liquor conductivities were higher than 20 mS-cm™ the COD removal efficiencies began
to decrease, which was associated to a process deterioration. This was corroborated by

the higher BSI values.
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Figure 7: Tukey diagram for COD removal efficiency.

Table 3: p-value and F-ratio for each variable studied.

Variable p-value F
COD removal, r (%) 0.0018 6.55
BSI (%) 0.0755 5.07
Phylum (% Bacteroidetes) 0.6963 0.65
Phylum (% Proteobacteria) 0.5868 1.06
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Conclusions

In this work, the performance of an OMBR treating tannery wastewater has been
evaluated. In this type of reactors salinity and non-biodegradable COD are accumulated
due to the high rejection of the FO membranes. In addition to it, the reverse salt flux

contributes to a faster conductivity increase in the reactor.

Process monitoring is difficult because COD removal efficiencies data avoid finding out
the actual performance of the biological process. Thus, a series of biological indicators
have been studied. Results indicated that process deterioration occurs when conductivity
reached 35 mS-cm™. The deficient process performance was associated with an increase
of the lipase and protease activities, which indicated an increase of lipids and proteins
associated to the cell lysis as soluble DNA analysis confirmed. The maximal
conductivity entailed a dramatic decrease of the dehydrogenase activity, whose value
rose again after the mixing of the tannery effluent with simulated wastewater in order to

diminish the reactor conductivity.

The process can also be monitored from ATP analyses. The bacterial stress index as the
quotient between dissolved ATP and total ATP was an appropriate indicator to calculate

the active biomass and consequently the process performance.

Concerning the microbial population, Proteobacteria were the bacterial sequences more
abundant followed by Bacteroidetes. However, the relative abundance of Bacteroidetes

increased when reactor salinity increased.

As general conclusion it can be stated that the treatment of tannery wastewaters by
OMBR is limited by salinity accumulation in the reactor. According to the results, after
40 operation days the influent and the non-biodegradable conductivity have to be

diminished and sludge has to be withdrawn in order to restore the bacterial activity.
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More studies at larger scale would be necessary to find out whether the process is

sustainable and economically feasible.
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