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Abstract

This study investigated the effects of surfactant addition to the draw solution on the
performance of osmotic membrane bioreactor (OMBR). Forward osmosis (FO) tests
were conducted with the addition of sodium dodecyl benzene sulfonate (SDBS), a
representative surfactant, to both inorganic and ionic organic draw solutions, including
sodium chloride (NaCl), sodium acetate (NaOAc), and sodium propionate (NaPro), to
determine the desirable draw solution for OMBR operation. Results show that SDBS
impacts were more notable for inorganic draw solution in comparison to its ionic
organic counterparts at the same osmotic pressure (60 bar) in FO operation. In specific,
SDBS addition up to 5 mM considerably reduced the reverse diffusion of NaCl draw
solute (approximately 69.7%) with insignificant impact on water flux. Thus, salinity
build-up in the bioreactor could be effectively mitigated when SDBS was added to the
NaCl draw solution in OMBR operation. This mitigation led to stable sludge
characteristics and biological treatment to sustain OMBR performance regarding water
production (approximately 10 L/m*h) and contaminant removal (over 90% for

pharmaceutically active compounds).

Keywords: Osmotic membrane bioreactor; Forward osmosis; Salinity build-up;

Sodium dodecyl benzene sulfonate; Wastewater treatment
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1. Introduction

Safe and adequate access to clean water remains a pervasive challenge to our
sustainable development. It has been speculated that over three billion people would
live under water-scarce and water-stressed conditions by 2025 [1]. More alarmingly,
water scarcity is deteriorated by global climate change, population growth, and
environmental pollution, which easily occur in developing and industrialized countries
[2]. Wastewater treatment and reuse is a pragmatic strategy to simultaneously address
water scarcity and environmental problems [3]. Nevertheless, the current wastewater
treatment facilities are challenged by strict water regulations and ubiquitous occurrence
of trace organic contaminants (TrOCs), such as pharmaceutically active compounds
(PhACs), personal care products, and endocrine disruptor [4]. In particular, PhACs have
become the main TrOCs of emerging concern due to overuse of pharmaceuticals, such

as antibiotics and analgesic substances [5].

Membrane bioreactor (MBR), which combines conventional biological treatment and
membrane separation process, has been globally deployed for wastewater treatment and
water reclamation. By using porous membrane processes, such as microfiltration and
ultrafiltration, MBR enables the effective removal of emerging contaminants from
wastewater. For instance, it has been widely reported that MBR could effectively
remove several emerging TrOCs, particularly those easily biodegradable and/or
hydrophobic compounds, such as estrone, bisphenol A, and salicylic acid [6, 7].
Nevertheless, some hydrophilic and biologically persistent contaminants, such as
PhACs, are recalcitrant to MBR treatment (less than 30%) and require further
elimination, for example, by reverse osmosis (RO), advanced oxidation, and adsorption

(8, 9].

Recent progress in MBR has led to the development of osmotic membrane bioreactor
(OMBR) to advance wastewater treatment and reuse [10-12]. OMBR integrates
forward osmosis (FO), an osmotically driven membrane process, with the biological
treatment. Previous studies have well evidenced the superiority of OMBR over

conventional MBR in wastewater treatment and reuse, particularly in terms of product
3
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water quality, energy consumption, and membrane fouling propensity and reversibility
[13, 14]. For example, Luo et al. [15] demonstrated that OMBR could improve the
removal of 31 TrOCs in comparison with conventional MBR, and thus relieving the

treatment stress on downstream RO unit.

Although OMBR holds promise to advance wastewater treatment and reuse, its further
development is hindered by salinity build-up within the bioreactor [9]. Salinity build-
up is an intrinsic issue to OMBR due to the effective FO retention of inorganic salts
from wastewater and reverse solute flux from draw solution. Ample evidences have
clearly demonstrated that salinity build-up could detrimentally impact OMBR
performance by disturbing biological stability, reducing effective driving force, and
aggravating membrane fouling [16, 17]. Thus, several strategies have been developed
to address salinity build-up for sustainable OMBR operation. These mainly include
developing high selective FO membrane [10], enhancing sludge discharge [18],
integrating with porous membrane for salt release [9], and employing suitable draw

solution [8].

Draw solution in OMBR can significantly affect water flux and salinity build-up in the
bioreactor. Inorganic draw solutions, such as sodium chloride (NaCl) and magnesium
chloride, have been widely used for OMBR due to their effective osmotic pressure and
diffusivity to induce high water flux [9]. Nevertheless, high reverse diffusion of
inorganic draw solutes results in severe salinity increase in the bioreactor and thus
deteriorates OMBR performance [9]. Recent studies have suggested that surfactants
could reduce the reverse diffusion of inorganic draw solutes. For instance, Nguyen et
al. [19] observed a sustainable water flux and low salt accumulation in the bioreactor
when a sponge-based moving bed OMBR was continuously operated for 90 days with
the addition of polyethylene glycol tert-octylphenyl ether (Triton X-114) to the MgCl
draw solution. Furthermore, Wang et al. [20] demonstrated the outperformance of
sodium dodecyl benzene sulfonate (SDBS) out of six different surfactants to mitigate
the reverse flux of NaCl draw solute in FO operation. Nevertheless, the role of SDBS

in OMBR operation and performance remains unknown.

4
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Ionic organic draw solutions have been proposed to mitigate salinity build-up in the
bioreactor during OMBR operation. Compared to their inorganic counterparts, ionic
organic draw solutes could contribute comparable water flux, but much lower reverse
solute flux due to their relatively large molecular weight, and thus smaller diffusivity
[21]. Moreover, organic components reversed from the ionic organic draw solutions
could be biodegraded by activated sludge [9]. Nevertheless, severe membrane fouling
may occur due to reverse organic diffusion to provide carbon source for biofilm
development on the membrane surface. For instance, Luo et al. [8] demonstrated that
sodium acetate (NaOAc) as the draw solution could effectively control salinity build-
up in the bioreactor, but still resulted in notable flux decline with cohesive and thick
fouling layer on the FO membrane surface in OMBR operation. Thus, strategies to
further mitigate the reverse diffusion of ionic organic draw solutes need to be developed

to sustain OMBR operation.

Inspired by recent studies, this study aims to evaluate the effects of surfactant addition
in the draw solution on OMBR performance. SDBS highlighted in recent studies was
used as the representative surfactant [20]. FO tests were conducted to compare SDBS
impacts on the water flux and reverse diffusion of both inorganic and ionic organic draw
solutes to determine the draw solution for OMBR operation. OMBR performance was
assessed with respects to water production, sludge characteristics, and PhAC removal.
Results from this study will provide important insights to manage salinity build-up in

the bioreactor for practical OMBR applications.
2. Materials and methods
2.1 Synthetic wastewater and pharmaceutically active compounds

Synthetic wastewater, simulating medium strength municipal sewage, was used as the
OMBR influent. The synthetic wastewater was formulated daily and comprised 100
mg/L glucose,100 mg/L peptone, 17.5 mg/L KH2POs4, 17.5 mg/L MgS0O4, 10 mg/L
FeSO4, 10 mg/L CuSO4, 10 mg/L ZnSO4, 10 mg/L MnCl,, 225 mg/L. CH3COONa, and

35 mg/L urea. Basic physiochemical properties of the synthetic wastewater were
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measured every three days and mainly contained 133.18 + 9.99 mg/L total organic
carbon (TOC), 33.50 £+ 4.09 mg/L total nitrogen (TN), 1.40 £ 0.80 mg/L. ammonium
nitrogen (NH4"-N), 3.51 + 0.63 mg/L total phosphorus (TP). Moreover, the electrical
conductivity (EC) and pH of the synthetic wastewater were 242.00 + 9.78 uS/cm and

5.60 = 1.01, respectively.

A set of 12 PhACs that ubiquitously present in wastewater and sewage-impacted water
bodies were introduced to the synthetic wastewater. These compounds can be
categorized into four groups, including sulfonamides, tetracyclines, fluoroquinolones,
and macrolides. A stock solution containing 50 pg/mL of each compound was prepared
in pure methanol and stored at —20 °C in the dark. The stock solution was added into
the synthetic wastewater to obtain a concentration of 5 pg/L of each compound. Key
physiochemical properties of the 12 compounds are shown in Table S1, Supplementary

Data.
2.2 Draw solutes and FO membrane

Performance of NaCl, NaOAc, and NaPro draw solutes was compared in this study.
NaCl is a widely used draw solute due to its high osmotic pressure, low cost, and stable
physiochemical properties. NaOAc and NaPro are ionic organic draw solutes and can
produce comparable water flux, but much less reverse solute flux than NaCl during FO
operation [22, 23]. SDBS was used to modify these draw solutes to reduce their reverse
solute fluxes [20]. All chemicals were purchased from Sinopharm Chemical Reagent

Co., Ltd.

A flat-sheet, thin-film composite FO membrane obtained from Aquaporin Asia
(Aquaporin A/S, Singapore) was used. The FO membrane consisted of a polyamide
selective layer with the embedment of aquaporin protein vesicles and a porous
polysulfone supporting layer [10]. Key physiochemical characteristics of the aquaporin
FO membrane have been demonstrated in our previous studies [10, 24]. Briefly, the FO
membrane had a water permeability of 2.09 + 0.02 L/m?h-bar, solute permeability of

0.07 £ 0.01 L/m?h, structural parameter of 301 + 36 pm [24], and estimated pore radius
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of 0.30 nm [25].
2.3 Experimental systems and protocols

This study included two experimental sections using FO and OMBR systems,
respectively. The FO system was used to screen the draw solution and determine the
appropriate surfactant concentration for OMBR operation. Subsequently, the OMBR
system was then used to validate the results from FO tests by evaluating surfactant

performance to control salinity build-up in the bioreactor.
2.3.1 FO evaluation

A bench-scale, closed-loop FO system consisting of a cross-flow membrane module
and two variable speed gear pumps was employed (Fig. S1A, Supplementary Data).
Details of the FO system are available elsewhere [26]. Briefly, the membrane module
was made of acrylic plastic and had two identical flow chambers with a length, width,
and height of 100, 50, and 2 mm, respectively. The FO membrane was sealed between
two flow chambers with an effective membrane area of 50 cm?. The two variable speed
gear pumps (Micropump, Vancouver, WA) were used to circulate feed and draw
solutions at a cross-flow velocity of 8.3 cm/s. The draw solution reservoir was placed
on a digital balance (Mettler Toledo, Hightstown, NJ) connected to a computer to record

the weight change for water flux calculation.

The FO system was operated in the osmotic dilution mode in a temperature-controlled
room (25 £ 1 °C). Three draw solutions were evaluated individually at the initial
osmotic pressure of 60 bar. Based on the simulation results from the OLI Stream
Analyzer software (OLI Systems, Morris Plains, NJ), the three draw solutions were 1.2
M NaCl, 1.5 M NaOAc, and 1.6 M NaPro, respectively. SDBS was added to these draw
solutions at different concentrations (in the range of 0 — 7 mM). Deionized water was
used as the feed solution to contact the membrane active layer. The initial volume of
both feed and draw solutions was 1 L. All FO tests were conducted for 2 h after the

membrane was stabilized for 1 h.

Feed solution EC was measured every 0.5 h to calculate the reverse solute flux based

7
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on the concentration-EC standard curve of each draw solute [23, 27]. Since SDBS
surfactant hardly transported through the FO membrane [20], EC increase in feed
solution was caused by reverse draw solute. All tests were performed in duplicate using

new membrane coupons.
2.3.2 OMBR operation

Two identical bench-scale, submerged OMBR systems were used (Fig. S1B,
Supplementary Data). Each system mainly comprised a wastewater reservoir, an
aerobic bioreactor, a plate-and-frame FO membrane module, a draw solution reservoir,
and a control unit. A level controller was used to feed wastewater into the bioreactor to
maintain the reactor working volume of 8 L. The FO membrane module was made of
acrylic plastic with a draw solution flow chamber of 150 mm length, 80 mm width, and
3 mm height. The FO membrane was sealed on the flow chamber with the active layer
(effective area of 120 cm?) in contact with the mixed liquor. A gear pump was utilized
to circulate the draw solution to the membrane module at a cross-flow velocity of 8.3
cm/s. The draw solution reservoir was placed on a digital balance to record weight

increase to calculate water flux.

Activated sludge obtained from a local Wastewater Treatment Plant (Beijing, China)
was used to inoculate the bioreactor. The activated sludge was acclimatized to the
synthetic wastewater for more than two months in conventional MBR. After the MBR
achieved stable performance as indicated by over 95% TOC removal, the sludge
concentration in the bioreactor was adjusted to approximately 5 g/L and then

transformed to the OMBR system.

The two OMBR systems were operated and compared in parallel using the draw
solution determined from FO evaluation above with and without SDBS addition,
respectively. The bioreactors were continuously aerated to maintain dissolved oxygen
concentration of approximately 4 mg/L. Mixed liquor was daily discharged (400 mL)
to keep the sludge retention time (SRT) of 20 days. The operating hydraulic retention

time (HRT) was determined by the FO water flux. Draw solution in each OMBR system
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had a working volume of 1.5 L and was refreshed every 12 hours to maintain osmotic
pressure for water permeation and minimize contaminant accumulation. In practice, an
additional desalination technique, such as RO and membrane distillation (MD), can be
potentially integrated with OMBR for draw solution regeneration and clean water
production [15, 28]. It is noteworthy that MD can be potentially used to treat wastewater
containing high concentrations of surfactants with the rapid development of
superhydrophobic and omniphobic membranes [29, 30]. The OMBR experiment was
continuously operated for 21 days without any membrane cleaning in the same
temperature-controlled room as FO tests. Aqueous samples were collected from
wastewater, mixed liquor supernatant, and draw solution every three days to analyze
their basic water parameters. Mixed liquor was taken every four days for biomass
characterization. Notably, all samples were collected when the diluted draw solution

was renewed.
2.4 Analytical methods
2.4.1 Water flux and reverse solute flux

Water flux (J,, L/m?h) was determined as:

>
<

J, =

(1

N
2

where AV was the increased volume of draw solution (L) over a certain period, A¢ (h);

and 4 was the effective membrane area (m?).

Reverse solute flux (Js, g/m>h) of the draw solution was determined as:

- Hahe )

where V) and V; were feed solution volumes at the beginning and a certain time (7) in
FO operation, respectively; Cop and C; were feed solution concentrations at the

beginning and a certain time (¢) in FO operation, respectively.
2.4.2  Basic water quality parameters
TOC and TN were measured using a TOC/TN analyzer (TOC-Vcsn, Shimadzu, Kyoto).

9
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NH4"-N was determined by a Flow Injection Analyzer (QuikChem 8500, Lachat, CO).
The ammonium molybdate spectrophotometric method was used to quantify TP.
Solution pH and EC were monitored using an Orion 4-Star Plus pH/conductivity meter
(Thermo Scientific, Waltham, MA). Since contaminants passed through the FO
membrane could be diluted by draw solution during OMBR operation, a dilution factor

(DF) was used to calculate their actual concentrations in permeate as follows:

DF =125 3)

Vro

where Vps was the draw solution volume when aqueous samples were collected; and
Vro was water volume that permeated through the FO membrane. Thus, contaminant

removal by OMBR (Rowusr) was defined as:

Ronsr = (1 i MDF) x100% &)

Feed

where Creeq and Cpraw were the measured contaminant concentrations in the feed and

draw solution, respectively.
2.4.3  Analysis of pharmaceutically active compounds

PhAC concentrations in wastewater, mixed liquor supernatant, and draw solution were
determined weekly based on a method described previously by Liu et al. [31]. Briefly,
this method included solid phase extraction, derivatization, and quantification by an
ultrahigh performance liquid chromatography-tandem mass spectrometry (UPLC-
MS/MS, Waters, Milford, MA). The mixed liquor was centrifuged at 4000 rpm for 20

min to obtain the supernatant.

PhAC removal by OMBR was calculated based on Egs. (3) and (4). It is noted that
contaminant removal in OMBR was mainly contributed by biological treatment (i.e.
biodegradation, biotransformation and biosorption) and FO membrane rejection. PhAC
removal by biological treatment (Rpi») was defined as follows:

CSup VB[O + CDrawDFA VFO
CFeedAV

Rio = (1 - )*100% )

where Cs,py was the measured PhAC concentrations in the mixed liquor supernatant;

10
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Vsio was the effective bioreactor volume (8 L); and AVro was water volume that
permeated through the FO membrane over a certain period (A¢), which was equal to the

volume of wastewater fed into the bioreactor (AV).

According to Egs. (4) and (5), the observed FO rejection of PhACs by the FO membrane

(Rro) was calculated as follows:

Rro = Romsr - Rpio (6)

It is noted that the observed rejection rates were not the actual rejection capacity of the

FO membrane, but its contribution to contaminant removal in OMBR.
2.4.4 Biomass characteristics

MLSS and mixed liquor volatile suspended solid (MLVSS) concentrations in the
bioreactor were determined by the Standard Method 2540 [32]. Specific oxygen uptake
rate (SOUR) of activated sludge that was used to indicate biomass activity was
measured following the Standard Method 1683 [32]. Extracellular polymeric substance
(EPS) in sludge was extracted using a thermal method described by Zhang et al. [33].
EPS extract was obtained by blending samples with 0.9% sodium chloride solution and
then heating at 80 °C for 1 h. EPS and soluble microbial products (SMP) in the mixed
liquor were measured by quantifying their protein and polysaccharide concentrations.
The Folin method with bovine serum albumin as the standard [34] and the phenol-
sulfuric acid method with glucose as the standard [35] were used to measure the protein

and polysaccharide concentrations, respectively.

3. Results and discussion

3.1 Effects of SDBS addition on FO performance with different draw solutes
3.1.1 Water flux

Regardless of different SDBS concentrations, the NaCl draw solution produced a higher
water flux than both NaOAc and NaPro during FO operation (Fig. 1). Indeed, the higher
water flux contributed by NaCl draw solution over its ionic organic counterparts has

been reported previously and could be attributed to their smaller diffusion coefficients

11



290  to induce more severe internal concentration polarization (ICP) in FO operation [22,
291  23]. Since the SDBS concentration in the NaCl draw solution increased from 0 to 7 mM,
292 the water flux decreased and then gradually stabilized. The decreased water flux was
293  possibly due to the increased viscosity of draw solution with SDBS addition to
294  aggravate ICP and thus reduce the effective osmotic pressure across the membrane for
295  water permeation. It has been reported that SDBS could form micelles when its
296  concentration was above the critical micelle concentration (CMC) (i.e. 2.76 mM) [20].
297  On the other hand, SDBS has both hydrophobic and hydrophilic functional groups,
298  which could absorb onto the FO membrane surface through hydrophobic interaction to
299  reduce surface tension and increase membrane hydrophilicity to enhance water
300  permeability [36-38]. Thus, the stable water flux observed for NaCl draw solution with
301  SDBS concentration above 5 mM could be related to the enhanced water permeation to

302  compromise flux decline caused by increased solution viscosity.
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304  Fig. 1: Effects of different draw solutions with SDBS addition on FO water flux. FO
305  was operated in osmotic dilution mode with deionized water feed and draw solutions at

306  the same osmotic pressure of 60 bar. Cross-flow velocity of feed and draw solutions
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was 8.3 cm/s. Error bars represent standard deviation from duplicate tests in a

temperature-controlled room (25 £+ 0.1 °C).

A comparable water flux was observed for NaOAc and NaPro draw solutions in
response to SDBS addition. Unlike NaCl, increasing SDBS concentration in these two
ionic organic draw solutions insignificantly affected the FO water flux. Only slight
increase in the water flux was observed for NaPro. This result was due to the possibility
that the enhanced hydrophilicity on the membrane supporting layer was more
significant than the increased solution viscosity as NaPro has large molecular weight

and thus resisted to interact with SDBS [39].
3.1.2 Reverse solute flux

SDBS addition could effectively reduce the reverse flux of all draw solutes (Fig. 2).
Nevertheless, such reduction was only notable (approximately 69.7%) when SDBS
concentration was lower than 5 mM. The reduced reverse solute flux could be attributed
to micelle aggregation to narrow membrane pore size and/or to form a thin surfactant
layer on the membrane supporting layer to block solute passage [27]. Moreover, SDBS
had negatively charged heads and thus could effectively aggregate sodium ions via
electrostatic attraction to enlarge the molecular size of draw solutes and reduce their
diffusivity [20, 36]. Compared to the two ionic organic draw solutes, the reduction in
reverse solute flux was more notable for NaCl due to its smaller molecular weight and
thus high ion diffusion, which could be easily captured by SDBS for micelle
aggregation [20, 40].

13
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Fig. 2: Effects of SDBS addition on reverse flux of different draw solutes in FO

operation. Experimental conditions are shown in the caption of Fig. 1.

Specific reverse solute flux (SRSF) was calculated to comprehensively evaluate the
effects of SDBS addition on water and reverse solute fluxes (Fig. 3). All draw solutes
experienced a significant decline in SRSF, particularly with SDBS concentration up to
5 mM. Such reduction was more notable for NaCl in comparison to the two ionic
organic draw solutes due to its much higher water flux (Fig. 1) and lower reverse
diffusion (Fig. 2) in response to increased SDBS concentration. This result indicates
that the NaCl draw solute is more promising than its ionic organic counterparts for

OMBR operation with SDBS addition to alleviate reverse solute flux.
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Fig. 3: Effects of SDBS addition on specific reverse solute flux of different draw solutes

in FO operation. Experimental conditions are shown in the caption of Fig. 1.
3.2 Effects of SDBS addition on OMBR performance

Results reported above show that NaCl was more sensitive to SDBS addition than the
two ionic organic draw solutes in FO operation. In particular, SDBS concentration up
to 5 mM contributed to the lowest SRSF for NaCl with notable mitigation on reverse
solute flux but insignificant hindrance on water permeation. Thus, two OMBR systems
were compared in parallel to evaluate surfactant impacts using NaCl draw solution with

and without 5 mM SDBS, respectively.
3.2.1 Salinity build-up and water production

Both OMBR systems experienced a continuous increase in salinity build-up in the
bioreactor (indicated by the mixed liquor conductivity) (Fig. 4A). Such an increase
could be attributed to the high salt rejection from wastewater by FO membrane and the
reverse draw solute diffusion [9]. Compared to pure NaCl draw solution, SDBS
addition could mitigate salinity build-up in the bioreactor, which was mainly related to

the reduced reverse solute flux as discussed in section 3.1.2.
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Fig. 4: (A) Mixed liquor conductivity and (B) water flux during OMBR operation with
and without SDBS addition, respectively. Experimental conditions: draw solution = 1.2
M NaCl, 1.2 M NaCl + 5 mM SDBS surfactant; cross-flow velocity = 8.3 cm/s; DO =
4 mg/L; initial MLSS = 5 g/L; SRT = 20 d; temperature = 25 + 1 °C; HRT was

determined by the FO water flux.

A decrease in water flux was observed for the two OMBR systems (Fig. 4B). Since the
draw solution was replaced every 12 hours, the observed flux decrease was mainly
ascribed to salinity build-up in the bioreactor and membrane fouling [41]. The elevated
salinity in the bioreactor could enhance osmotic pressure in the mixed liquor side,
thereby reducing the net driving force (i.e. transmembrane osmotic pressure) for water
permeation [18]. Moreover, a patchy and thin fouling layer was observed on the
membrane surface at the conclusion of OMBR operation regardless of SDBS addition

(Fig. S2, Supplementary Data).

Compared to pure NaCl draw solution, SDBS addition slightly reduced the OMBR
water flux within the first 3 days (Fig. 4B). This result is consistent with that observed
in FO tests due to the increased viscosity of the draw solution with SDBS addition to
reduce the transmembrane osmotic pressure for water transport. Nevertheless, SDBS
addition to the draw solution could effectively control salinity build-up in the bioreactor

and thus sustain the OMBR water flux (approximately 10 L/m?h) thereafter.

3.2.2 Biomass characteristics
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SDBS addition to draw solution significantly improved biomass characteristics during
OMBR operation (Fig. 5). It has been reported that the elevated bioreactor salinity could
result in the dehydration and plasmolysis of microbial cells and thus inhibit sludge
growth and activity in OMBR operation [16]. Thus, the MLVSS/MLSS ratio and sludge
SOUR reduced in OMBR without SDBS addition (Fig. 5 A&B). Nevertheless, such
reduction became negligible from day 15 onward, possibly due to microbial adaptation
to the increased salinity [42]. Furthermore, microbial response to salinity build-up in
the bioreactor enhanced both EPS and SMP concentrations in the mixed liquor (Fig. 5
C&D) through cell lysis and cellular secretion [43]. By contrast, adding SDBS to the
draw solution alleviated salinity build-up in the bioreactor, thereby maintaining

biomass characteristics during OMBR operation.
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Fig. 5: Key biomass characteristics during OMBR operation with and without SDBS
addition to the draw solution, respectively. Experimental conditions are shown in the

caption of Fig. 4.
3.2.3 Removal of bulk organic matter and nutrients

By integrating biological treatment with highly selective aquaporin FO membrane,
17
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OMBR could effectively remove both organic matter and nutrients in wastewater (Fig.
6&7). Nevertheless, salinity build-up in the bioreactor could negatively affect the
biological treatment of OMBR. Of the two OMBR systems, TOC and NH4"
concentrations in the bioreactor increased from day 9 onward when no SDBS was added
to the draw solution (Fig. 6). This observation consolidates the inhibitory effect of high
salinity on the microbial metabolism, particularly susceptible nitrifiers in the mixed
liquor [8]. For instance, Luo et al. [6] observed a notable decrease in NH4" removal
(from almost 100% to 38%) by a conventional MBR when the bioreactor salinity
increased to 6 g/L NaCl. Nevertheless, the aquaporin FO membrane safeguarded over
98% TOC and 85% NH4" removals by OMBR regardless of fluctuation in biological
treatment. On the other hand, SDBS addition in the draw solution led to ignorable TOC
and NH4" concentrations in the bioreactor, indicating stable biological treatment over
OMBR operation. It is noteworthy that TOC removal by OMBR with SDBS was not
calculated since its addition increased organic content in the draw solution. In practice,
an additional desalination process, such as RO and MD (using superhydrophobic or
omniphobic membranes) can be potentially used to regenerate the draw solution with

SDBS and produce recycling water.
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Fig. 6: (A & B) TOC and (C & D) NH4" concentrations as well as their overall removal
in OMBR operation with and without SDBS addition in the draw solution, respectively.

Experimental conditions are shown in the caption of Fig. 4.

TN and TP cannot be effectively removed in activated sludge treatment as they largely
rely on microbial assimilation [44]. Without denitrification, TN presents mainly in the
form of NH4", nitrite (NO2"), and nitrate (NO5") in activated sludge. Since the aquaporin
FO membrane could moderately retain these nitrogen species (approximately 60%) [10],
TN accumulated considerably in the mixed liquor for the two OMBR systems (Fig.
7A&B). Nevertheless, the passage of these nitrogen species through the FO membrane
reduced the overall TN removal by OMBR. In particular, adding SDBS to the draw
solution could sustain water flux to increase the wastewater loading, thereby enriching
TN in the bioreactor to deteriorate OMBR removal performance (Fig. 4B). Similarly,
SDBS addition resulted in more notable TP accumulation in the bioreactor in
comparison with the pure NaCl draw solution (Fig. 7 C&D). Nevertheless, the effective
steric hindrance and electrostatic repulsion between the FO membrane and phosphate

ions resulted in above 90% TP removal by both OMBR systems [10].
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Fig. 7: (A and B) TN and (C and D) TP concentrations as well as their overall removal
in OMBR operation with and without SDBS addition in the draw solution, respectively.

Experimental conditions are shown in the caption of Fig. 4.
3.2.4 Removal of pharmaceutically active compounds

All 12 PhACs investigated in this study were removed by more than 90% in both
OMBR systems (Fig. 8). Such effective removal could be ascribed to the
complementarity between membrane retention and biological treatment. Indeed, Xie et
al. [25] have demonstrated the high TrOC removal by the aquaporin FO membrane
through steric hindrance and electrostatic interaction. Nevertheless, biological
treatment, mainly including biodegradation, sludge adsorption, and/or

biotransformation [45], was the dominant contributor to PhAC removal in OMBR.

Of the four PhAC groups categorized based on their attributes, the highest removal
through biological treatment in OMBR was observed for sulfonamides, followed by
tetracyclines, macrolides, and fluoroquinolones, respectively (Fig. 8). The effective
removal of sulfonamides (90%) could be attributed to their high biodegradability by

specific enzymes (e.g. ammonium monooxygenase) through microbial co-metabolism,

20



445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

which has been considered as the main pathway for antibiotic biodegradation [45, 46].
Moreover, more than 80% removal was observed for both macrolides and tetracyclines
from the two bioreactors. Given their high hydrophobicity (Log Kow > 3), macrolides
could readily adsorb onto activated sludge through hydrophobic interactions to
facilitate biodegradation and/or biotransformation [47]. Although tetracyclines are
relatively hydrophilic (Log Kow < 0), they could be zwitterion in the mixed liquor with
pH of approximately 7.5 and thus electrostatically attracted by activated sludge [45].
By contrast, fluoroquinolones have robust chemical structure and are recalcitrant to
biodegradation. Thus, their removal in the two bioreactors only ranged from 59% to
74%, which could be largely attributed to sludge adsorption through electrostatic

attraction [48].

Compared to the system without SDBS, a slightly higher removal of several PhACs (in
the group of tetracyclines, macrolides, and fluoroquinolones) by biological treatment
was observed for OMBR with surfactant (Fig. 8). This result is expected as SDBS
addition mitigated salinity build-up in the bioreactor and thus maintained the biological
stability. Indeed, recent studies have demonstrated that the elevated salinity could
inhibit the activity of halophobic microorganisms, such as nitrifying bacteria that could

biodegrade antibiotics through co-metabolism [6, 15, 49].
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Fig. 8: Removal of PhACs by the biological treatment and the FO rejection during
OMBR operation with and without SDBS addition to the draw solution, respectively.
Average removal data obtained from three measurements (once every 7 days) were
shown with the standard deviation in the range of 4% — 14%. The observed FO rejection
showed the removal difference between the bioreactor and OMBR rather than its real

retention capability. Experimental conditions are shown in the caption of Fig. 4.
4. Conclusion

Results reported here demonstrate that SDBS addition up to 5 mM could effectively

reduce reverse draw solute flux with a slight decline in water flux during FO operation.
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Such effect was more notable for NaCl draw solution in comparison to its two ionic
organic counterparts (i.e. NaAOc and NaPro). Furthermore, adding SDBS to NaCl draw
solution considerably mitigate salinity build-up in the bioreactor and thus sustain the
water flux in OMBR operation. As a result, sludge characteristics and biological
treatment were relatively stable in OMBR, contributing to effective biological removal
of contaminants. Nevertheless, all 12 PhACs investigated could be highly removed by
OMBR (> 90%) due to their effective retention by the FO membrane irrespective to

SDBS addition to the draw solution.
5. Acknowledgements

This research was supported under the National Natural Science Foundation of China

(Project 51708547).
6. References

[1] R.V. Linares, Z. Li, S. Sarp, S.S. Bucs, G. Amy, J.S. Vrouwenvelder, Forward
osmosis niches in seawater desalination and wastewater reuse, Water Res, 2014; 66:
122-139.

[2] X. Qu, PJ.J. Alvarez, Q. Li, Applications of nanotechnology in water and
wastewater treatment, Water Res, 2013; 47: 3931-3946.

[3] M.A. Shannon, P.W. Bohn, M. Elimelech, J.G. Georgiadis, B.J. Marinas, A.M.
Mayes, Science and technology for water purification in the coming decades, Nature,
2008; 452: 301-310.

[4] R.P. Schwarzenbach, B.I. Escher, K. Fenner, T.B. Hofstetter, C.A. Johnson, U. von
Gunten, B. Wehrli, The challenge of micropollutants in aquatic systems, Science, 2006;
313: 1072-1077.

[5] M.J. Gallardo-Altamirano, P. Maza-Marquez, N. Montemurro, B. Rodelas, F.
Osorio, C. Pozo, Linking microbial diversity and population dynamics to the removal
efficiency of pharmaceutically active compounds (PhACs) in an
anaerobic/anoxic/aerobic (A20) system, Chemosphere, 2019; 233: 828-842.

[6] W. Luo, F.I. Hai, J. Kang, W.E. Price, W. Guo, H.H. Ngo, K. Yamamoto, L.D.

23



501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

Nghiem, Effects of salinity build-up on biomass characteristics and trace organic
chemical removal: Implications on the development of high retention membrane
bioreactors, Bioresour Technol, 2015; 177: 274-281.

[7] A.T. Besha, A.Y. Gebreyohannes, R.A. Tufa, D.N. Bekele, E. Curcio, L. Giorno,
Removal of emerging micropollutants by activated sludge process and membrane
bioreactors and the effects of micropollutants on membrane fouling: A review, J
Environ Chem Eng, 2017; 5: 2395-2414.

[8] W. Luo, F.I. Hai, W.E. Price, M. Elimelech, L.D. Nghiem, Evaluating ionic organic
draw solutes in osmotic membrane bioreactors for water reuse, ] Membr Sci, 2016; 514:
636-645.

[9] X. Song, M. Xie, Y. Li, G. Li, W. Luo, Salinity build-up in osmotic membrane
bioreactors: Causes, impacts, and potential cures, Bioresour Technol, 2018; 257: 301-
310.

[10]W. Luo, M. Xie, X. Song, W. Guo, H.H. Ngo, J.L.. Zhou, L.D. Nghiem, Biomimetic
aquaporin membranes for osmotic membrane bioreactors: Membrane performance and
contaminant removal, Bioresour Technol, 2018; 249: 62-68.

[11]X.H. Wang, J.F. Zhang, V.W.C. Chang, Q.H. She, C.Y.Y. Tang, Removal of
cytostatic drugs from wastewater by an anaerobic osmotic membrane bioreactor, Chem
Eng J, 2018; 339: 153-161.

[12]B. Yuan, X.H. Wang, C.Y. Tang, X.F. Li, G.H. Yu, In situ observation of the growth
of biofouling layer in osmotic membrane bioreactors by multiple fluorescence labeling
and confocal laser scanning microscopy, Water Res, 2015; 75: 188-200.

[13]X. Wang, VW.C. Chang, C.Y. Tang, Osmotic membrane bioreactor (OMBR)
technology for wastewater treatment and reclamation: Advances, challenges, and
prospects for the future, ] Membr Sci, 2016; 504: 113-132.

[14]R.W. Holloway, A. Achilli, T.Y. Cath, The osmotic membrane bioreactor: a critical
review, Environ Sci-Water Res Technol, 2015; 1: 581-605.

[15]W. Luo, H.V. Phan, M. Xie, F.I. Hai, W.E. Price, M. Elimelech, L.D. Nghiem,

Osmotic versus conventional membrane bioreactors integrated with reverse osmosis for

24



530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

water reuse: Biological stability, membrane fouling, and contaminant removal, Water
Res, 2017; 109: 122-134.

[16]W.C.L. Lay, Y. Liu, A.G. Fane, Impacts of salinity on the performance of high
retention membrane bioreactors for water reclamation: A review, Water Res, 2010; 44:
21-40.

[17]1X. Wang, Y. Chen, B. Yuan, X. Li, Y. Ren, Impacts of sludge retention time on
sludge characteristics and membrane fouling in a submerged osmotic membrane
bioreactor, Bioresour Technol, 2014; 161: 340-347.

[18]D. Xiao, C.Y. Tang, J. Zhang, W.C.L. Lay, R. Wang, A.G. Fane, Modeling salt
accumulation in osmotic membrane bioreactors: Implications for FO membrane
selection and system operation, J] Membr Sci, 2011; 366: 314-324.

[19]N. Nguyen Cong, S.-S. Chen, N. Hau Thi, S.S. Ray, N. Huu Hao, W. Guo, P.-H.
Lin, Innovative sponge-based moving bed-osmotic membrane bioreactor hybrid system
using a new class of draw solution for municipal wastewater treatment, Water Res, 2016;
91:305-313.

[20]B. Wang, X. Wen, B. Shen, P. Zhang, A systematic evaluation on the performance
and mechanism of surfactants as additive of draw solution in forward osmosis,
Desalination, 2018; 445: 170-180.

[21]1K.S. Bowden, A. Achilli, A.E. Childress, Organic ionic salt draw solutions for
osmotic membrane bioreactors, Bioresour Technol, 2012; 122: 207-216.

[22]1A.J. Ansari, F.I. Hai, W. Guo, H.H. Ngo, W.E. Price, L.D. Nghiem, Selection of
forward osmosis draw solutes for subsequent integration with anaerobic treatment to
facilitate resource recovery from wastewater, Bioresour Technol, 2015; 191: 30-36.
[23]M.S. Islam, S. Sultana, J.R. McCutcheon, M.S. Rahaman, Treatment of fracking
wastewaters via forward osmosis: Evaluation of suitable organic draw solutions,
Desalination, 2019; 452: 149-158.

[24]W.H. Luo, M. Xie, X.Y. Song, W.S. Guo, H.H. Ngo, J.L. Zhou, L.D. Nghiem,
Biomimetic aquaporin membranes for osmotic membrane bioreactors: Membrane

performance and contaminant removal, Bioresour Technol, 2018; 249: 62-68.

25



559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

[25]M. Xie, W. Luo, H. Guo, L.D. Nghiem, C.Y. Tang, S.R. Gray, Trace organic
contaminant rejection by aquaporin forward osmosis membrane: Transport mechanisms
and membrane stability, Water Res, 2018; 132: 90-98.

[26]Y. Li, Z. Xu, M. Xie, B. Zhang, G. Li, W. Luo, Resource recovery from digested
manure centrate: Comparison between conventional and aquaporin thin-film composite
forward osmosis membranes, ] Membr Sci, 2020; 593.

[27]N. Hau Thi, S.-S. Chen, N. Nguyen Cong, N. Huu Hao, W. Guo, C.-W. Li,
Exploring an innovative surfactant and phosphate-based draw solution for forward
osmosis desalination, J] Membr Sci, 2015; 489: 212-219.

[28]W. Luo, H.V. Phan, G. Li, F.I. Hai, W.E. Price, M. Elimelech, L.D. Nghiem, An
Osmotic Membrane Bioreactor-Membrane Distillation System for Simultaneous
Wastewater Reuse and Seawater Desalination: Performance and Implications, Environ
Sci Technol, 2017; 51: 14311-14320.

[29]D.Y. Hou, K.S.S. Christie, K. Wang, M. Tang, D.W. Wang, J. Wang, Biomimetic
superhydrophobic membrane for membrane distillation with robust wetting and fouling
resistance, J Membr Sci, 2020; 599.

[30]Y.C. Woo, Y. Kim, M.W. Yao, L.D. Tijing, J.S. Cho, S. Lee, S.H. Kim, H.K. Shon,
Hierarchical Composite Membranes with Robust Omniphobic Surface Using Layer-
By-Layer Assembly Technique, Environ Sci Technol, 2018; 52: 2186-2196.

[31]H. Liu, C. Pu, X. Yu, Y. Sun, J. Chen, Removal of tetracyclines, sulfonamides, and
quinolones by industrial-scale composting and anaerobic digestion processes, Environ
Sci Pollut R, 2018; 25: 35835-35844.

[32]APHA, Standard Methods for the Examination of Water and Wastewater, American
Public Health Association, 2005; New York.

[33]1X.Q. Zhang, P.L. Bishop, B.K. Kinkle, Comparison of extraction methods for
quantifying extracellular polymers in biofilms, Water Sci Technol, 1999; 39: 211-218.

[34]0.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, Protein measurement with
the folin phenol reagent. J Biol Chem, 1951; 193: 265-275.

[35]M. Dubois, K.A. Gilles, J.K. Hamilton, P.A. Rebers, F. Smith, Colorimetric method

26



588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

for determination of sugars and related substances. Anal Chem, 1956; 28: 350-356.
[36]L. Chekli, N. Pathak, Y. Kim, S. Phuntsho, S. Li, N. Ghaffour, T. Leiknes, H.K.
Shon, Combining high performance fertiliser with surfactants to reduce the reverse
solute flux in the fertiliser drawn forward osmosis process, J Environ Manage, 2018;
226: 217-225.

[37]B. Kronberg, K. Holmberg, B. Lindman, Surface Chemistry of Surfactants and
Polymers, 2014.

[38]P. Zhao, B. Gao, Q. Yue, S. Liu, H.K. Shon, The performance of forward osmosis
in treating high-salinity wastewater containing heavy metal Ni**, Chem Eng J, 2016;
288: 569-576.

[39]N. Dharaiya, S. Chavda, K. Singh, D.G. Marangoni, P. Bahadur, Spectral and
hydrodynamic studies on p-toluidine induced growth in cationic micelle,
Spectrochimica Acta Part a-Molecular and Biomolecular Spectroscopy, 2012; 93: 306-
312.

[40]J). Xiao, W. Li, Study on osmotic pressure of non-ionic and ionic surfactant
solutions in the micellar and microemulsion regions, Fluid Phase Equilib, 2008; 263:
231-235.

[41]X. Wang, Y. Zhao, B. Yuan, Z. Wang, X. Li, Y. Ren, Comparison of biofouling
mechanisms between cellulose triacetate (CTA) and thin-film composite (TFC)
polyamide forward osmosis membranes in osmotic membrane bioreactors, Bioresour
Technol, 2016; 202: 50-58.

[42]G. Qiu, Y.-P. Ting, Osmotic membrane bioreactor for wastewater treatment and the
effect of salt accumulation on system performance and microbial community dynamics,
Bioresour Technol, 2013; 150: 287-297.

[43]C.S. Laspidou, B.E. Rittmann, A unified theory for extracellular polymeric
substances, soluble microbial products, and active and inert biomass, Water Res, 2002;
36:2711-2720.

[44]L.N. Nguyen, F.I. Hai, J. Kang, W.E. Price, L.D. Nghiem, Removal of emerging

trace organic contaminants by MBR-based hybrid treatment processes, Int Biodeter

27



617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

Biodegr, 2013; 85: 474-482.

[45]D.L. Cheng, H.H. Ngo, W.S. Guo, Y.W. Liu, J.L. Zhou, S.W. Chang, D.D. Nguyen,
X.T. Bui, X.B. Zhang, Bioprocessing for elimination antibiotics and hormones from
swine wastewater, Sci Total Environ, 2018; 621: 1664-1682.

[46]Y. Zhu, Y. Wang, X. Jiang, S. Zhou, M. Wu, M. Pan, H. Chen, Microbial
community compositional analysis for membrane bioreactor treating antibiotics
containing wastewater, Chem Eng J, 2017; 325: 300-309.

[47]E. Sahar, 1. David, Y. Gelman, H. Chikurel, A. Aharoni, R. Messalem, A. Brenner,
The use of RO to remove emerging micropollutants following CAS/UF or MBR
treatment of municipal wastewater, Desalination, 2011; 273: 142-147.

[48]Z. Xu, X. Song, Y. Li, G. Li, W. Luo, Removal of antibiotics by sequencing-batch
membrane bioreactor for swine wastewater treatment, Sci Total Environ, 2019; 684:
23-30.

[49]W.L. Zheng, X.H. Wen, B. Zhang, Y. Qiu, Selective effect and elimination of
antibiotics in membrane bioreactor of urban wastewater treatment plant, Sci Total

Environ, 2019; 646: 1293-1303.

28



