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ARTICLE INFO ABSTRACT

Keywords: High salinity is becoming more common in industrial process water and final effluents, particularly when striving

ATIMBR o to close water loops. There is limited knowledge on the anaerobic treatment of chemical wastewaters charac-

1‘3;10“"3155 characteristics terized by distinct salinity fluctuations. This study investigates the high and fluctuating salinity effects on the
€eno

conversion capacity and membrane filtration performance of an anaerobic membrane bioreactor (AnMBR) in
treating phenol-containing wastewater. The AnMBR operated for 180 days with sodium concentrations between
8 and 37 gNa™L 1. At < 26 gNa*™"L~!, approximately 99% COD and phenol removal efficiencies were achieved.
At 37 gNa™L ™, phenol and COD removal efficiencies decreased to 86 and 82%, respectively, while the biomass
specific methanogenic activity was 0.12 4 0.05 gCOD-CH;gVSS™d . Due to large salinity fluctuations, phenol
and COD removal efficiencies reduced to < 45% but recovered to > 88%. Compared to phenol conversion,
methanogenesis was more severely affected. Calculations showed a maximum in-situ phenol conversion rate of
25.5 mgPh'gvSS "'d~!. Concomitantly, biomass integrity was compromised, and the median particle size
severely dropped from 65.6 to 4.3 pm, resulting in a transmembrane pressure increase above 400 mbar. Cake
layer resistance to filtration contributed to 85% of the total resistance. Nonetheless, all biomass was effectively
retained in the AnMBR. A change in salinity > 14 gNa*L~! substantially reduced the microbial richness and
diversity. The microbial community was dominated by Bacteria belonging to Clostridiales and Archaea of the
orders Methanosarcinales and Methanobacteriales. Our findings demonstrate AnMBRs as suitable techniques for
treating chemical process water, with possible subsequent reclamation, characterized by high phenols concen-
trations and largely fluctuating salinity levels.

Microbial diversity
Salinity fluctuations

1. Introduction

Worldwide, the introduction of cleaner industrial production pro-
cesses has promoted closing water cycles, particularly in water-intensive
industries, such as the chemical industry [1]. Consequently, industrial
residual waters are becoming increasingly associated with extreme
conditions, such as high salinity and the presence of high concentrations
of toxic aromatic compounds that can adversely reduce biological ac-
tivity [2]. Inorganic salts in wastewaters are mainly present as sodium
chloride (NaCl). Moreover, hypersaline wastewater streams represent
5% of the world’s total industrial effluents [3]. High sodium concen-
trations may reduce the effectiveness of anaerobic treatment and could
induce the disintegration of flocs or granules, leading to operational
challenges [4], although anaerobic consortia may adapt to high salinity
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levels [5].

Previous studies have reported the effect of increasing sodium con-
centrations on high-rate anaerobic reactors for both granular sludge bed
and membrane-based systems. Vyrides and Stuckey [6] reported that
anaerobic biomass could acclimate to sodium concentrations from 4 to
12 gNa*'L™l. Ismail et al. [7] suggested that by increasing sodium
concentration from 5 to 20 gNa™L ™! in a UASB, sludge granulation was
hampered following a considerable reduction in granule strength by the
exchange of calcium with sodium ions. However, when adding calcium
to the influent to compensate exchange losses, Sudmalis et al. [8] noted
stable granule formation at both 5 and 20 gNa*'L ™! concentration in a
UASB reactor, although the COD removal efficiency was reduced at 20
gNa™L7L. Song et al. [9] concluded that in an AnMBR, a step-wise in-
crease in the sodium concentration beyond 4 gNa™"L ™! reduced the COD
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removal efficiency to values lower than 80%. Similarly, Chen et al. [10]
demonstrated a decrease in the COD removal efficiency from 96% to
78% by sequentially increasing the sodium concentration from 0 to 2, 4,
8, and 16 gNa™"L ™. In contrast, in our previous study, we achieved COD
removal efficiencies exceeding 90% in an AnMBR treating phenol-
containing wastewater, after a step-wise increase in the sodium con-
centration from 8 to 18 gNa*'L’1 [11]. Furthermore, in a comparative
study, we showed the superiority of an AnMBR over a UASB reactor
following a step-wise increase in sodium concentration from 16 to 26
gNatL~! [12]. The long-term calcium wash-out led to a disintegration
of granules and failure of the UASB at 26 gNa™*"L L. It should be realized
that large amounts of industrial effluents containing priority organic
pollutants, such as phenol, exhibit very high salt concentrations. Sodium
chloride in phenolic wastewaters from chemical processes and agro-food
industries ranged from 2 to 100 gNaCI'L™! [13,14] which is equivalent
to approximately 0.8 to 39 gNa*‘L’l.

Regarding the microbial community composition, Lu et al. [15]
showed that a salinity increase from 0 to 9.2 gNa*L™! only enriched
specific lineages, but no drastic changes in the composition were
observed. In contrast, Chen et al. [10] indicated that a step-wise salinity
increase to about 16 gNa™L~! in an AnMBR affected the diversity of the
microbial community. Further research is required to better understand
the effect of changes in the sodium concentration on both anaerobic
reactor performance and microbial composition. To the best of our
knowledge, all previous studies only investigated a gradual increase in
salinity. However, in practice, more drastic salinity fluctuations may
occur owing to process operation dynamics, device cleaning, and/or
water recycling [16]. Presently, there is very little research on salinity
fluctuations in anaerobic reactors, including AnMBRs.

Based on the above considerations, this study aimed to assess the
effects of large fluctuations in sodium concentration on the anaerobic
conversion capacity and membrane filtration performance in an AnMBR
used for treating phenol-containing chemical wastewater. Four opera-
tion phases were applied to examine whether salinity variations
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deteriorate the phenol conversion rate, methanogenic activity, and
biomass characteristics, such as particle size, extracellular polymeric
substances, and filterability. Moreover, we investigated the effect of
salinity fluctuations on microbial community diversity.

2. Material and methods
2.1. Experimental reactor set-up and operation

The experiments were carried out by using laboratory-scale AnMBR
reactor with 6.5 L effective volume, equipped with an ultra-filtration
side-stream membrane module (Fig. 1.). A tubular polyvinylidene
fluoride (PVDF) membrane was used (Pentair, The Netherlands) with
dimensions of 5.5 mm inner diameter, 0.64 m length, and 30 nm nom-
inal pore size. The system was equipped with feed, recycle and effluent
pumps (120U/DV, 520Du, Watson Marlow, The Netherlands), pH and
temperature sensors (Memosens, Endress & Hauser, Germany), biomass
recirculation flow meter (Mag-view MVM-030-PN, Bronkhorst, The
Netherlands), a permeate scale (EW 2200-2NM, Kern-Sohn, Germany),
and a biogas flowmeter (Milligas Counter MGC — 1 PMMA, Ritter,
Germany). Transmembrane pressure (TMP) was measured using three
pressure sensors (AE Sensors ATM, The Netherlands). Warm water was
recirculated by a thermostatic water bath (Tamson Instruments, The
Netherlands) through the reactor’s water jacket, and the temperature
was controlled at 35.0 + 0.8 °C. The AnMBR was controlled by a com-
puter running LabView software (version 15.0.1f1, National In-
struments, USA).

The AnMBR operated as a continuously mixed reactor during 180
days in phases of 40 (phase I-III) and 60 (phase IV) days. The biomass
was continuously recirculated at a cross-flow velocity of 0.6 m.s ! with a
reactor turnover of about 190 times per day. The sludge of the AnMBR
was acclimated to sodium concentrations in the range of 8-22 gNa™L 1.
The sodium concentration in the AnMBR was varied in each of the four
phases of operation as shown in Fig. 2.A. Different modes, simulating
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— Effluent

Influent Pump

>

'
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PLC/ Data
logger
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Fig. 1. Schematic representation of the AnMBR.
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high salinity variations, were applied, i.e., increasing/decreasing be-
tween 18 and 23 gNa+'L_1, stepwise increase from 20 to 37 gNa+'L_1,
decrease from 37 to 26 gNa™L™!, and random fluctuations between 8
and 35 gNa*™"L~! with different variation frequencies between 2 and 7
days. In phase III, the sodium concentration was kept constant once it
reached 26 gNa*L™. In phase IV, the random salinity fluctuations fol-
lowed a random data set generated with Minitab statistical software
(Minitab 17, Minitab LLC). A completely mixed reactor mass balance
model was used to determine the sodium feed solution composition in
order to reach the desired in-reactor sodium concentrations with a
control bulk-liquid volume of 6.5 L.

Sodium mass balance:
% = % Cin — % C (€8]

With ¢ =rand £ =C (1)

Rearranging the equation as a function of time:

C (t) = tCin — C(t) 2)
Integrating to solve the Eq. (2) then:

C(t) =Cin+ce™ 3
with c as the integration constant:

¢=C(0)—Cin 4)

Therefore, by knowing the actual sodium concentration (C(0)) and
the final concentration (C(t)) that is determined to be reached in the
fluctuation within a time (t), the corresponding sodium concentration of
the AnMBR feed solution (Cin) and the constant value (c¢) were
calculated.

Table 1 summarizes the operational conditions of the AnMBR
continuous flow experiment.

The average SRT of the AnMBR was maintained at about 517 + 180
days (Table 1).

The reactor was fed with synthetic wastewater containing sodium
acetate trihydrated (70.8 g.L_l) and phenol (0.5 gPh.L_l). The sodium
chloride (NaCl), K,HPO, (34.85 g.L 1) and KHyPO, (24 g.L 1) varied
depending on the sodium concentration applied in the reactor main-
taining a fixed K*:Na® ratio of 0.05. Macronutrients (9 mL.L™}),
micronutrients (4.5 mL.L™!) and yeast extract (2.0 g.L’l) were supple-
mented. Macronutrients solution included (in g.L_l): NH4Cl 170,
CaCly-2H50 8, and MgS0O4-7H20 9; and micronutrients solution con-
tained (in g.L’l): FeCl3-6H,0 2, CoCly-6H,0 2, MnCly-4H,0 0.5,
CuCl,-2H50 0.03, ZnCly 0.05, H3BO3 0.05, (NH4)6Mo702-4H20 0.09,
NaySeOs 0.1, NiCly-6H20 0.05, EDTA 1, NagWO4 0.08.

2.2. Specific methanogenic activity (SMA)

SMA tests were performed in triplicate using an automated methane
potential test system (AMPTS, Bioprocess Control, Sweden) and were
carried out at 35 °C following the method described by Spanjers and
Vanrolleghem [17]. The ratio K":Na™ was kept constant at 0.05 in the
media. The initial pH was adjusted to 7.0 (20 + 0.4 °C).

2.3. Flow cytometry assay

Flow cytometry assay was conducted with biomass samples at
different sodium concentrations. BD Accuri C6® flow cytometer (BD
Accuri cytometers, Belgium) was used, with a 50 mW laser emitting at a
fixed wavelength of 488 nm. BD Accuri CFlow® software was used for
data analysis to distinguish between intact cells and cells with
compromised membranes. Biomass samples were diluted to obtain
bacteria concentrations less than 2 x 10° cells mL™!. Samples were
stained and evaluated following the protocol defined by Prest et al. [18].
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2.4. Biomass characteristics stress index (BSI)

ATP was measured by QG21Waste™ test kits from biomass samples
following the manufacturer’s method (Luminultra®). Total ATP (tATP)
and dissolved ATP (dATP) were determined to observe the impact of
sodium concentration on biomass integrity. 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. Analyses were
conducted in duplicates. After dilution and extraction steps, samples
were read immediately by a luminometer. The biomass stress index (BSI
%), which indicates the stress level or mortality of the biomass, was
calculated with the equation: BSI [%] = 100 (dATP/tATP) [19].

2.5. Biomass characteristics

2.5.1. Extracellular polymeric substances (EPS) and soluble microbial
products (SMP)

EPS and SMP were characterized based on proteins and poly-
saccharides methods [20,21]. Biomass samples were centrifuged at 4 °C
and 12,000 rpm for 15 min. The supernatant was filtered (0.45 pm) and
directly used to measure the SMP. EPS extraction was carried out by the
cation exchange resin method. DOWEX Marathon C (20-50 pm mesh,
sodium form, Fluka 91973) was used as a cation exchange resin.
Extraction was carried out at 4 °C, 800 rpm, during 4 h. EPS was
normalized against the volatile suspended solids (VSS) concentration of
the biomass in the reactor. The VSS and total suspended solids (TSS)
concentrations were determined following standard methods using the
lowest possible sample volume [22].

2.5.2. Relative hydrophobicity

Biomass relative hydrophobicity (RH) was determined by bacterial
adhesion to hydrocarbons method with dodecane as the hydrocarbon
phase [23]. Analyses and sampling were conducted in triplicates. 1 g/L
TSS of biomass samples was obtained by dilution with permeate. 4 mL
dodecane was added to each sample (4 mL) and the resulting suspension
was mixed for 1 min. The water phase was taken with a pipette after 10
min gravitational phase separation, and the corresponding absorbance
(Absg) was determined at 600 nm by a UV spectrophotometer (DR3900,
Hach Lange, Germany). The AnMBR permeate was used as the blank and
the diluted biomass sample was measured as the initial absorbance
(Abs;). All measurements were carried out in triplicates, and RH was
calculated as RH[%] = 100 (1-Abs;/Abs;).

2.5.3. Biomass filterability: Capillary suction time (CST)

CST of the biomass was measured by a Capillary Suction Timer de-
vice (Model 304 M, Triton Electronics, Essex, England, UK). A CST paper
(7 x 9 cm) was used for each sample (6.4 mL). Samples were measured
in triplicate. The results were normalized by dividing the CST by total
suspended solids concentration [24].

2.5.4. Particle size distribution (PSD)

PSD measurements were carried out employing a DIPA-2000 Eye-
Tech™ particle analyzer (Donner Technologies, Or Akiva, Israel) with
an A100 and B100 laser lens (0.1-300 pm and 1-2000 pm, respectively)
and a liquid flow cell DCM — 104A (10 x 10 mm). The median particle
size of the PSD is expressed as D50.

2.6. Permeate characterization

2.6.1. Sodium concentration

Sodium concentrations in the reactor permeate were measured by
Ion Chromatography (Metrohm, Switzerland). Dilutions were applied to
samples and were prepared in triplicates. Calibration curves were made
using standard solutions (Sigma-Aldrich) in the range between 0.1 and
50 mg'L~!. The final concentrations were calculated by using the MagIC
Net 3.2 software.
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2.6.2. Phenol and COD analysis

Phenol concentrations were measured by high-performance liquid
chromatography HPLC LC-20AT (Shimadzu, Japan) equipped with a 4.6
mm reversed-phase C18 column (Phenomenex, The Netherlands) and a
UV detector at a wavelength of 280 nm. The mobile phase was 25% (v/
v) acetonitrile solution at a flow rate of 0.95 mL.min~!. The column
oven was set at 30 °C. Quick phenol concentration measurements were
carried out by Merck — Spectroquant® Phenol cell kits using a spectro-
photometer NOVA60 (Merck, Germany). Hach Lange kits were used to
measure chemical oxygen demand (COD). Proper dilutions were made
to avoid interference by high chloride concentrations, without
compromising the accuracy of the measurement. The COD was
measured using a VIS - spectrophotometer (DR3900, Hach Lange,
Germany).

2.7. Membrane cleaning

At the end of the experiment, the membrane of the AnMBR was
cleaned, first physically and then chemically, to determine the different
fouling resistances. The physical membrane cleaning was performed by
flushing the membrane with water to remove the cake layer. The
chemical cleaning was carried out by soaking the membrane in 500 ppm
NacClO and 2000 ppm citric acid solution sequentially for 2 h each. After
each step, the membrane resistance to water filtration was measured.
The total resistance to filtration is formulated as the sum or the intrinsic,
removable, irreversible and irrecoverable resistance, Ry = APrn-J =
Rintrinsic + Rremovable + Rirreversible + Rirrecoverable; Where Ryorq is the total
filtration resistance (m™1), Rinminsic the intrinsic membrane resistance
(MY, Rremovable the cake layer resistance that is physically removed by
flushing with water (MY, Rireversible the resistance caused by inorganic
and organic foulants which is removed by chemical cleaning (m™),
Rirrecoverable the resistance caused by foulants that are not removed by
physical and chemical cleaning (m’l), and J, APt and n refer to the flux
(ms‘m_z's_l), transmembrane pressure (TMP) (Pa) and the dynamic
viscosity of water (Pas), respectively.

2.8. Microbial community analysis

Samples were taken within the four operational phases with in-
tervals > 20 days. The DNA extraction was carried out from AnMBR’s
biomass samples by using the DNeasy UltraClean Microbial Kit (Qiagen,
Hilden, Germany) to evaluate the microbial community dynamics. DNA
obtained was checked by agarose gel electrophoresis (quality) and
Qubit3.0 DNA detection (Qubit® dsDNA HS Assay Kit, Life Technolo-
gies, U.S.) (quantity). 16S rRNA gene amplicon sequencing was carried
out by the MiSeq Illumina platform and using the primers 341F (5'-
CCTACGGGNGGCWGCAG-3') 785R (5-GACTACHVGGGTATCTAATCC-
3') for bacteria/archaea in the V3-V4 region (BaseClear, Leiden, the
Netherlands). The QIIME pipeline (version 1.9.0) was used to analyze
the sequences [25]. Demultiplexing and quality filtering were per-
formed with parameter values Q = 20, r = 3, and p = 0.75. Chimeric
sequences were removed with UCHIME2 (version 9.0) algorithm [26].
Sequences were clustered into operational taxonomic units (OTUs) with
a 97% similarity as the cutoff, with UCLUST algorithm [27]. Singletons
were removed, and OTUs with an occurrence less than three times in at
least one sample were excluded. The taxonomic assignation was per-
formed using the Silva database (SILVA—128) with UCLUST [28]. Alpha
diversity was determined after random subsampling using the metrics
Chaol, observed OTUs, Shannon, and Simpson indices in QIIME. The
sequences reported in this paper have been deposited at ENA under the
study accession number PRJEB38420.

Chemical Engineering Journal 417 (2021) 129263

3. Results and discussion
3.1. AnMBR process performance

The AnMBR treating phenol-containing wastewater was subjected to
sodium concentration fluctuations (Fig. 2A). Phenol removal efficiencies
of 99% were achieved at 18-23 gNa™L~! after 20 days of operation
(Phase I, Fig. 2B). The lowest and highest volumetric phenol conversion
rates achieved were 78 mgPh'L™1'd™! (7.5 mgPh'gvsS 1'd™!) and 114
mgPhL%d™! (15.0 mgPhgvSS 1'd™!), respectively (Table 2).
Concomitantly, COD removal efficiencies between 96 and 99% were
achieved (Phase I, Fig. 2C). The SMA decreased by 21% at the end of
phase I from the initial value of 0.39 gCOD-CH4'gVSS™1d™! (Table 2.).

In phase II, after the sodium concentration reached 37 gNa™L™! on
days 62-79, the phenol removal efficiency decreased from 98% to 86%.
The in-situ phenol conversion rate on day 80 was 101 mgPh'L~>d~! (13
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Fig. 2. Anaerobic membrane bioreactor performance. A. Applied sodium con-
centrations. B. Effluent phenol concentration and removal efficiency. C.
Effluent COD concentration and removal efficiency.
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Table 1

Operational conditions of the AnMBR.
Parameter Value Units
Influent phenol 0.50 gPhL~!
OLR 8.07 £ 0.1 gCODL d™!
Flow rate 1.48 +£ 0.2 Ld!
SRT 517 + 180 d
Flux 59+0.8 L'm *h!
Cross flow velocity 0.60 ms~!
TMP 80-250 (I-I11) mbar

>250 (IV) mbar

Temperature 35.0 £ 0.8 °C
pH 8.1+0.2 pH

mgPh'gVSS~1'd1). The COD removal efficiency was maintained above
99% at sodium concentrations of up to 26 gNa™L~!. However, at the end
of phase II, the COD removal efficiency reduced to 84%, corresponding
to a COD effluent concentration of 5,445 mgCOD'L’1 (Phase II, Fig. 2C).
The SMA was 0.12 + 0.05 gCOD-CH4'gVSS~1'd~! before COD removal
deteriorated at 36.3 gNa™L 1. This SMA value was ten-fold higher than
that expected based on our previously reported sodium response curve
[2], suggesting that the AnMBR biomass was well adapted to high so-
dium concentrations. Wang et al. [29] also showed a significant
decreased in methanogenic activity of 59% by increasing the sodium
concentration from 10 to 20 gNa™L™! in a UASB reactor treating
phenolic wastewater.

In phase III, sodium concentration was reduced to 26 gNa*"L ™!, and
was maintained at a constant level to recover the biomass from reactor
perturbation caused by the high salinity built up in phase II. We
observed a notably fast recovery in the phenol removal efficiency of 93 —
97% in the remainder of phase IIl (Phase III, Fig. 2B). In contrast, the
COD removal efficiency only slowly recovered with a concomitant in-
crease in SMA to 0.56 + 0.02 gCOD-CH4-gVSS~'d ™. On day 119, a COD
removal efficiency of 73% was observed (Phase III, Fig. 2C). The results
indicated that compared to phenol conversion, methanogenesis was
more severely affected by increasing sodium concentrations. Wu et al.
[30] concluded that when increasing the salinity from low (3.3
mS-ecm™?) to high (21.0 mS:em™?), the abundance of hydrogenotrophic
and acetoclastic methanogens decreased significantly, which resulted in
a reduced COD conversion to methane.

In phase IV, when the salinity decreased from 26 to 18.9 gNa*L ! on
day 123, the lowest phenol removal efficiency was 43%, and the SMA
was 0.05 + 0.03 gCOD-CH4'gVSS™'d~. On day 140, the sodium con-
centration decreased to 13 gNa™"L ™}, causing an increase in the phenol
removal efficiency to 97%, whereas an increase to 29 gNa™L ™! on day
142 decreased the efficiency to 84% (Phase IV, Fig. 2B). A subsequent
decrease to 8 gNat'L™! resulted in an increase in the phenol removal
efficiency increase to 87%. Vyrides et al. [31] also suggested an
improved process performance after a step-wise decrease from 13.8
gNa™L ! to 0.08 gNa"L~! in a submerged AnMBR. We noted that the
consecutive large fluctuations to 27, 13, 28 and 13 gNaJ"L_1 (Phase 1V,
Fig. 2A) did not have a negative effect on the phenol removal efficiency
that increased from 83% to 95% at the end of phase IV. The phenol
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conversion rate increased from 50 (6.9 mgPh'gVSS’l'd’l) to 109
mgPh'L~1d"! (25.5 mgPh'gVSS™1'd 1) during phase IV. Fluctuating the
sodium concentrations between 13 and 35 gNa™L7!, revealed a
decreasing trend in the COD removal efficiency with the minimum value
reaching 28% on day 142. However, further fluctuations up to day 180
did not negatively affect the COD removal efficiency. In contrast, a
gradual recovery of up to 88% was observed (Phase IV, Fig. 2C).
Concurrently, the SMA increased to 0.39 + 0.05 at a sodium concen-
tration of 16.0 gNa*‘L’1 (Table 2). Previous studies on AnMBRs at high
salinity suggested that step-wise increases in sodium concentration of up
to 16 gNatL~! reduced the COD removal efficiency to values lower than
80% [9,10]. Moreover, small salinity fluctuations of 2 gNa*'L’1 between
18 and 20 gNa™L ™! were previously assessed, which did not affect the
overall AnMBR conversion performance [11]. In contrast, despite the
application of high salinities (8-37 gNa"L™1), the results suggested that
the microbial community became more resilient to disturbances caused
by large fluctuations in salinity. As a result, the AnMBR phenol and COD
conversion capacities were sustained and recovered, respectively, to
values higher than 88%.

The flow cytometry results showed that most cells (84%) with
compromised membranes were observed after the salinity increased
from 20 to 37 gNa™"L ™! at the beginning of phase III (Fig. 3A). Moreover,
during the large fluctuations in the range of 8-37 gNa™L ™! (phase IV),
67% of cells had compromised membranes on day 146. On the contrary,
the number of cells with compromised membranes was only 15% in
phase I and approximately 20% at the end of phase IV, corresponding to
the highest phenol and COD removal efficiencies in the AnMBR. By
measuring the dissolved ATP over total ATP, the biomass stress index
(BSI) was determined, which reflects the microbial stress level of the
biomass and indicates the deterioration of the biological process [19]
(Fig. 3B). Biomass samples from phase I showed a relatively low BSI with
an average of 38%. During phase II, and increasing trend from 39% to
99% was observed with a step-wise increased in salinity to 37 gNa*L ™.
A decrease to a BSI of 50% was attained when no salinity fluctuations
were imposed on the reactor in phase III, which can be considered
indicative of microbial adaptation and cell recovery [32]. In addition,
osmoprotectants present in the yeast extract and protein (PN)-like sub-
stances may have played a role in alleviating the osmotic stress of the
anaerobic biomass [33]. In phase IV, the BSI index was unstable and
increased up to 99%, following biomass exposure to fluctuations in so-
dium concentrations exceeding 14 gNa™L™l. Hereafter, the BSI
decreased to 49% at sodium concentrations in the range of 8-28
gNa*'L_l.

3.2. Effect of salinity fluctuations on biomass characteristics

3.2.1. Extracellular polymeric substances (EPS) and soluble microbial
products (SMP)

Proteins (PN) and polysaccharides (PS) were determined as the main
compounds in EPS and SMP in the AnMBR. EPS-PN accounted for 82% of
the total EPS, with their content being 5 mg'gVSS™! at the initial sodium
concentration of 22.4 gNa™L™! (Table 3.). Salinity fluctuations in phase

Table 2
Specific methanogenic activity, as well as volumetric and specific phenol conversion rate at different sodium concentrations in the four operational phases of the
AnMBR.
Phase Day  Sodium concentration SMA [gCOD- Phenol conversion rate Min. and Max. phenol conversion Specific phenol conversion rate
[gNatL ] CHygVsS d 1] [mgPhL 1d™1] rates [mgPh'L~-d '] [mgPh-gvSs 1d 1]
I 1 22.3 0.39 £ 0.00 113 78 Ming 14 Max 10.7
30 22.5 0.31 £ 0.03 114 15.0
1I 70 363 0.12 £ 0.05 109 101 Ming14 Max 14.3
it 101 26.1 0.56 = 0.02 111 9g Mingq] Max 15.1
v 123 189 0.50 + 0.10 50 49 Miny1Q Max 6.9
137 15.5 0.05 £+ 0.03 103 18.6
163 16.0 0.39 £+ 0.05 95 12.6
180 13.3 0.28 £+ 0.04 109 25.5
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Fig. 3. A. Cells percentage with intact and compromised membranes. B.
Biomass stress index (BSI).

Table 3
EPS and SMP concentrations resulting from salinity fluctuations. PN: Proteins,
PS: Polysaccharides.

Phase Day  Sodium concentration EPS SMP
[gNatL™] [mggVss™1] [mggVss~!]
PS PN PS PN
1 0 22.4 1.1 5.0 0.7 24.2
14 19.1 0.4 32.3 0.1 127.8
28 20.1 0.2 26.1 0.3 51.0
40 19.5 2.1 35.2 0.0 14.0
I 54 29.4 1.9 30.3 1.7 62.9
68 34.6 2.4 42.5 1.6 72.5
111 80 36.9 0.9 22.8 2.3 136.6
v 120 26.9 2.6 65.6 5.1 154.3
137 15.5 5.6 62.6 2.5 112.3
146 14.1 6.3 75.6 2.3 128.9
154 8.0 8.0 118.6 3.1 128.7
163 16.0 10.0 113.2 2.9 163.7
172 24.4 5.2 68.9 2.8 87.8
180 13.3 7.0 91.2 1.2 64.5

I (18-23 gNa*.L_l) increased the EPS-PN content from 5.0 to 35.2
mggVSS~. However, the EPS-PS content did not significantly increase
in both phase II and III. Similarly, Ismail et al. [7] reported that the PN
fraction of EPS in a UASB operated at 20 gNa™"L~! was much higher, i.e.,
87-94%, than the PS fraction. The exposure to increased salinity in the
AnMBR biomass in phase II increased the PN content of EPS to 42.5
mg'gVSS~!; however, it decreased to 22.8 mg'gVSS~! when the sodium
concentration in the reactor reached 36.9 gNa™L~! on day 80.
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Concomitantly, the SMP-PN content increased from 14 mggVSS™! at
19.5 gNa™L™! to 136.6 mg'gVSS™! at the end of phase II, suggesting
protein solubilization due to high salinity exposure [34]. During random
fluctuations in phase IV, the highest amount of EPS-PN of 118.6
mg'gVSS~! was observed under the fluctuation from 14 to 8 gNa™L L.
For SMP-PN, the highest PN concentration was 163.7 mg'gVSS~! on day
163, after the variation from 27 to 16 gNa™L~!. We noted foaming in the
AnMBR within this phase. Foaming might be attributed to the increase
in proteins at the gas/liquid interface owing to their surface-active
properties [35].

3.2.2. Relative hydrophobicity (RH)

The RH of the AnMBR biomass during phases I, II, III, and IV was, on
average, 37 + 15%, 44 + 5%, 35 + 19%, and 11 + 5%, respectively
(Fig. 4.). The biomass was highly hydrophobic at the start of phase I as
well as after being exposed to a high sodium concentration (36.9
gNatL™1) at the end of phase II. High content of EPS-PN is generally
responsible for high biomass hydrophobicity. In contrast, large salinity
fluctuations in phase IV decreased AnMBR biomass hydrophobicity to
8%, even though extracellular PN-like substances were higher than PS.
The low hydrophobicity of the AnMBR biomass in phase IV, likely
resulted in increased cake/gel layer accumulation on the hydrophilic
membranes and therefore to a higher transmembrane pressure.
Reversely, Van den Broeck et al. [36] reported that an increase in
biomass hydrophobicity resulted in decreased membrane fouling, which
can be attributed to a reduced interaction between hydrophobic biomass
and usually hydrophilic membranes.

3.2.3. Biomass particle size and capillary suction time (CST)

The median biomass particle size (D50) decreased by approximately
45% from 21.0 pm at the start of phase I (22.4 gNa*L™1) to 11.5 pm at
the end of phase I (Fig. 4). In phase II, along with the step-wise increase
in salinity to 37 gNa™L ™!, D50 increased to 19.4 pm on day 80. Ismail
et al. [7] and Gagliano et al. [37], assessed granular sludge in UASB
reactors, and observed that granules formed at 20 gNa™L ™! were bigger
than those formed at 10 gNa*"L™1. The high concentration of sodium
might weaken the binding of EPS and induce enlarged flocs, resulting in
a likely weaker structure.

In phase III, the median particle size increased to 65.6 pm , under a
constant sodium concentration of 26 gNatL~!. However, a total
reduction of 93.4% in the D50 to 4.3 pm from the beginning to the end of
phase IV notably indicated a substantial negative effect on the biomass
particle size due to the large salinity fluctuations. Moreover, Liu and

Phase | Il 1] v
70

Relative Hydrophobicity [%]

0 20 40 60 80
Days

100 120 140 160 180

—4—Relative Hidrophobicity -#-D50 -4-CST

Fig. 4. Left y-axis: Relative hydrophobicity [%] and median biomass particle
size D50 [um]. Right y-axis: Normalized capillary suction time [s.L.g1].
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Fang [38] concluded that a reduction in the biomass particle size could
also result from a decreasing sludge hydrophobicity, as was observed in
phase IV. Although a decrease in biomass particle size under increasing
salinity conditions is observed by other studies [12,39], our present
results clearly show the detrimental effects of large salinity fluctuations
on biomass morphology.

CST ranged from 0.5 s'L-gTSS ™! in phase I to 32.5 s'L'gTSS ™! in phase
IV. These results corroborated with those described above of D50. When
the biomass was exposed to 8 gNa™L ™! on day 154, the measured CST
(32.5 sL'gTSS™1) was three times higher than the initially observed 10.8
sL'gTSS™! on day 120, which corresponded the major decrease in par-
ticle size in phase IV. This increased in CST indicated that the biomass
had the worst filterability characteristics after being exposed to large
salinity fluctuations in phase IV, which contributed to an increasing
resistance to filtration.

3.3. Membrane filtration performance

The AnMBR exhibited a non-disturbed filtration performance in
phases I, II, and III, when the reactor was operated under a trans-
membrane pressure (TMP) of 80 to 250 mbar and an average flux of 5.9
L.m~2h~!. A TMP of 250 mbar was reached in phase II, while operating
the AnMBR at 37 gNa™L ™. However, in phase IV, when sodium con-
centrations between 29 and 35 gNa™L ™! were applied (days 120-137),
the TMP rapidly increased to 452 mbar (day 133), concomitantly with a
membrane filtration resistance increase to 26.1 x 102 m™! (Fig. 5A).
The deterioration of the membrane filtration performance was attrib-
uted to the decrease in biomass particle size from 65.6 to 13.2 pm
(Fig. 4). The TMP and membrane filtration resistance increased gradu-
ally, reaching peaks on days 138, 148, and 156. The change from 8 to
27.3 gNa™L ™! apparently led to an increase in the TMP and membrane

resistance to filtration reaching 667 mbar and 38 x 102 m™,
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Fig. 5. A. Membrane filtration performance during large salinity fluctuations in
phase IV. B. Relative contribution of the different types of fouling to the total
filtration resistance at the end of the experiment.
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respectively on day 156. After day 163, TMP gradually increased further
up to 774 mbar at the end of AnMBR operation, with a particle size
reduction from 12.2 to 4.3 pm. Zhou et al. [40] indicated that particles
in the range 0.45-10 pm are the main foulants in AnMBRs, and espe-
cially particles in the size-fraction from 5 to 10 um led to higher cake
resistances. Hence, the low biomass particle size at the end of our
experiment most likely contributed to cake layer compaction and,
thereby, to a higher resistance to filtration.

Fig. 5B shows the relative contributions of the different types of
fouling to the total resistance to filtration in AnMBR at the end of the
experiment. Cake layer resistance compromised the largest portion of
total filtration resistance, i.e., 85%, which confirmed that the primary
fouling mechanism in the AnMBR was cake layer formation. Sequential
chemical cleaning conducted using NaClO and citric acid resulted in an
increase in the membrane permeability of only 2%. Complete restora-
tion of the membrane permeability was not possible, and 13% of the
permeability loss was attributed to both intrinsic and irrecoverable
fouling. Both the role of osmotic pressure changes on filtration resis-
tance [41] and gel layer formation mechanisms due to high SMP accu-
mulation [42], resulting from salinity fluctuations, should be
investigated further.

3.4. Microbial community diversity and dynamics

The microbial community dynamics of the reactor biomass was
determined in the four phases of the AnMBR operation. Alpha diversity
indices [43] were used to compare the evenness and richness of the
microbial population in the reactor (Fig. 6). The alpha diversity metrics
from the Chaol index slightly decreased at the end of phase I on day 40
from 611 to 586. An increasing trend to 649 and 666 in phases II and III,
respectively, and up to 707 in phase IV on day 142 was observed. The
observed OTUs showed a similar trend (Fig. 6A). The Chaol (498) and
observed OTUs (383) scores showed that at the end of AnMBR operation,
the number of OTUs was lower than the initial and maximum values
observed on days O and 142, respectively. This, indicated that larger
salinity fluctuations had a considerable effect on the microbial popula-
tion diversity. However, both scores were high compared with those
noted in our previous study [11], where a maximum sodium concen-
tration of 20 gNa™L ™! was applied. Both the Shannon’s and Simpson’s
index scores, consider the richness and evenness of the microbial pop-
ulation. The highest values were observed in phase IV on day 163 when
a sodium concentration of 16 gNa*L~! was applied (Fig. 6B, C). The
decrease in the bacterial diversity (Simpson’s = 0.85; Shannon’s = 4.33)
at the end of the operation indicated a high stress level, which was
attributed to the sodium concentration fluctuations exceeding 14
gNa*L~! within four days.

A lower evenness of the microbial community at high stress levels
could be caused by the dominance of a few halophilic/salt-tolerant
microorganisms. Disturbances, e.g., large salinity fluctuations, could
promote higher diversity but could also lead to variable microbial
community function. However, we cannot assume that a more diverse
community yields a community with better functionality [44]. Under
the disturbances caused by different frequencies and concentrations of
sodium in the AnMBR in phase IV, a higher alpha diversity did not
suggest a healthier system, but on the contrary, the COD conversion
gradually increased, whereas there was a decrease in the microbial
community diversity in the reactor.

The most dominant bacteria in the AnMBR during the entire opera-
tion belonged to class Clostridia (25.2%), Synergistia (16.9%), and
Bacteroidia (7.9%), while the dominant archaea were Methanomicrobia
(27.9%) and Methanobacteria (11.8%) (Fig. 7A). Na et al. [45] also
reported that most detected bacteria in a UASB reactor treating phenols
belonged to class Clostridia. Two major population changes were
observed following salinity fluctuations in AnMBR. Bacteria belonging
to Bacteroidia remarkably increased from 1.8% to 25.1% relative
abundance during phase II to III, respectively, and thereafter decreased
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to 2.1% in phase IV, whereas Synergistia increased from 6.7% to 39.3%
during phase IV. At the order level, Methanobacteriales and Meth-
anosarcinales decreased from 20.6% and 39.3%, respectively, on day
0 to 15.7% and 37.2%, respectively, under 33 gNa*L™! in phase II
(Fig. 7B). In phases III and IV, Methanobacteriales further decreased to
12.6% and 10.6%, and Methanosarcinales decreased to 10.8% and 7.1,
respectively. The highest relative abundance of Methanomicrobiales on
day 120 was 1.8%. Along with the large salinity fluctuations in phase IV,
Clostridiales increased from 8.6% to 18.6%, while Natranaerobiales
decreased from 14.0% to 10.6%. All Synergistales were from the genus
Thermovirgaceae, whose abundance notably increased from 6.1% to
38.7% in phase IV (see Supplementary material Fig. S1). Thermovirga-
ceae members have a high tolerance to high salinity [46] and a prefer-
ence for PN/amino acid degradation corresponding to the highest
soluble PN (SMP-PN) content observed in phase IV. Similarly, all Bac-
teroidales were from genus ML635J-40, which decreased from 25.0% at
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the beginning of phase IV to 0.2% at the end. The abundance of Clos-
tridium, belonging to Clostridiales, varied between 2.3% and 8.9%
during phase IV. The maximum relative abundance of Pelotomaculum at
0.9% was observed on day 142 under 29 gNa™L™! in phase IV. In our
previous study [11], we related the improvement in the phenol con-
version rate to Pelotomaculum relative abundance, which, in this study,
corresponded with the highest phenol removal observed in phase IV.

3.5. Implications and future research

The large salinity fluctuations affected the conversion capacity of the
AnMBR but resulted in increasing resilience to more frequent and larger
concentration fluctuations. Although sodium concentrations higher than
26 gNa™L™! and large fluctuations between 8 and 35 gNa™L™! tran-
siently reduced the biomass activity, the reactor preserved a high con-
version and recovery capacity. Notably, and to the best of our
knowledge, no other anaerobic reactor system, including AnMBRs, have
been subjected to sodium concentrations higher than three times the
typical seawater sodium concentration (10.5 gNa*‘Lfl), with contin-
uous concentration fluctuations exceeding 14 gNa*'L’l.

Overall, the exhibited robustness of the AnMBR to the large sodium
concentration fluctuations would imply a forward step in pushing the
limits of high-rate anaerobic bioconversion of industrial chemical
wastewaters under highly variable saline conditions, as well as sup-
porting research developments on anaerobic treatment, e.g., of
concentrated streams resulting from applying forward osmosis or brines
with high organic content. Further research should examine the impact
of more frequent salinity fluctuations at a lower hydraulic retention
time. Similarly, online control strategies to optimize membrane filtra-
tion performance and mitigate the reduction of the biomass particle size
due to salinity fluctuations; e.g., applying flux enhancers, should be
investigated to guarantee sustainable fluxes at full-scale applications.
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4. Conclusions

The AnMBR revealed high robustness against large salinity fluctua-
tions, maintaining phenol conversion rates between 6.9 and 25.5
mgPh'gVSS~1'd~!. Sodium concentrations exceeding 26 gNa*L~! and
large sodium fluctuations between 8 and 35 gNa™L™! resulted in
biomass stress and reduced the biomass methanogenic activity and cell
membrane integrity. A reduction in median biomass particle size from
21 to 4.3 ym compromised membrane filtration performance and
induced transmembrane pressures above 400 mbar. Cake layer resis-
tance contributed to 85% of the total filtration resistance while only 2%
irreversible fouling was determined. Microbial population richness and
diversity were substantially reduced by salinity fluctuations larger than
14 gNa™L ™!, Furthermore, the dominant Bacteria belonging to the or-
ders Clostridiales and Synergistales were enriched, whereas Archaea
classified under the orders Methanosarcinales and Methanobacteriales
decreased in relative abundance. Nonetheless, there was a gradual in-
crease in COD conversion to 88%. This study revealed the potential of
AnMBRs to endure extreme salinity fluctuations, advancing high-rate
anaerobic treatment of industrial chemical wastewaters under these
conditions.
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