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ARTICLE INFO ABSTRACT

Keywords: The filtration performance and fouling behaviour of reverse osmosis (RO) membranes was investigated for the
Aerobic post-treatment of aerobic (Ae) and anaerobic (An) MBR effluents treating municipal wastewater for potable
Anaerobic

reuse. Both MBR effluents followed by RO can produce a water quality sufficient for indirect potable water reuse,
while fluorescence excitation-emission scan suggests RO can effectively remove disinfection by-products pre-
cursors, ensuring the safety for chlorine based reuse water distribution by rejecting the dissolved organic matters
in MBR effluents. AnMBR effluent leads to more fouling when compared to the AeMBR effluent with an average
membrane fouling resistance of 12.35 x 10 m™! and 8.97 x 10'®* m~!. Elemental analysis and membrane
surface imaging results demonstrate that the foulant deposition sequence is organic and colloidal at first, fol-
lowed by inorganic substances, while TOC and Ca are the most deposited foulants from both effluents. The
unremoved ammonia in the AnMBR effluent may partially go through in the RO permeate and exceed the
threshold in Singapore's PUB NEWater standard, while experiencing a significantly higher deposition rate of
13.8 % than the nitrate (0.02 %) from the AeMBR effluent. The findings suggest that the combination of AnMBR
with RO offers a more sustainable approach than with the AeMBR but nutrients removal, with the potential of
recovery, is recommended before the RO membranes to limit the fouling propensity and achieve a permeate of
sufficient quality.
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1. Introduction several advantages over conventional treatment systems, delivering a

robust, solids free effluent which is substantially disinfected [10]. The

Water reuse has the potential to make a significant contribution to
overcoming the challenges of water scarcity and growing demands on
fresh water supply [1,2]. There are growing numbers of water reuse
schemes providing non-potable supplies for agricultural irrigation and
industrial cooling in many countries [3,4]. Furthermore, potable water
reuse applications are becoming more widely implemented across the
world, including surface and ground water recharge schemes which
blend treated effluent with raw water before final abstraction for
drinking water production (indirect potable reuse) and directly using
treated effluent as a source of drinking water (direct potable reuse)
[5,6]. To ensure the quality and safety of the purified wastewater, water
quality parameters have to be monitored and controlled including or-
ganics, nutrients, pathogens, trace elements including for example
disinfection by-products (DBPs) [7-9].

In this context, membrane bioreactor (MBR) technologies offer
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combination of a conventional activated sludge process with membrane
filtration also significantly reduces the plant footprint [11]. Typical
MBR applications are based on aerobic reactors (AeMBR). Anaerobic
membrane bioreactors (AnMBR) operating in an oxygen free environ-
ment are an alternative form of MBR which has attracted extensive in-
terest in recent years. In comparison to AeMBR, the biological process of
an AnMBR digests the organic compounds in the absence of oxygen
which requires no energy demand for aeration, and produces a methane
rich biogas which offers the potential to produce energy from the
methane, leading to lower energy consumption as well as a further
reduced footprint [12,13].

Reverse osmosis (RO) filtration is commonly used for potable reuse
applications [14-16]. With a typical pore size between 0.1 and 1.0 nm
these membranes allow the rejection of the smallest contaminants and
monovalent ions [17]. The combination of RO with AeMBR has been
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shown to deliver a reliable and high quality effluent for potable water
reuse [14,18] specifically when strict organic micropollutant threshold
values are set [15,19]. Indeed, the combined systems have been shown
to remove almost 99.9 % of particles, pathogens, viruses, and organic
micro-pollutants (OMPs), as well as the vast majority of nutrients, thus
posing no organic and pathogen concerns as the resulting effluent has
high bio-stability [20]. These advantages raise the possibility of
combining RO with AnMBRs to produce potable reuse quality effluent
but with lower overall energy consumption. In this context, Gu et al.
have reported a combined AnMBR-RO-IE (ion exchange) system able to
produce NEWater-like water [21,22] while recovering energy. However,
the effluents from AeMBRs and AnMBRs have different matrices that
may impact the RO filtration performance and in particular the fouling
mechanism differently. Shin et al. [23] reported that at pH 6, the total
ammonia nitrogen rejection efficiency of RO was optimal at 99.8 % and
Liu et al. [24] suggested that the presence of N and P at higher levels
may lead to severe membrane fouling due to biofilm formation. Avail-
able literature comparing the performance of AnMBRs with AeMBRs is
focusing on several aspects, as for example, Wang et al. [13] demon-
strated that AnMBRs have a better energy efficiency treating municipal
wastewater compared to AeMBRs, Zaouri et al. [25] showed that both
AeMBR and AnMBR effluents have different organic and nutrient con-
tent as well as concentrations of emerging contaminants and heavy
metals, and Liu et al. [26] reported a higher removal of most trace or-
ganics (TrOCs) by AeMBR while AnMBR effluent has a higher level of
TrOCs with nitrogen in their molecular structures. However, no litera-
ture has been found which focuses on the comparison of AnMBR and
AeMBR effluents for potable reuse applications, and more specifically on
how the different matrices produced by the aerobic and anaerobic sys-
tems will impact the treatment and operational performance of the
reverse osmosis membranes.

Several studies which have looked at potable water reuse through an
AeMBR-RO system have focused on the fate of TrOCs [27-29]. Other
studies have reported that the organic matter in MBR effluent plays an
important role in the evolution of RO fouling [30] and that the incom-
plete removal of nitrate by the RO membrane poses a potential concern
of catalysing DBP formation [31,32]. RO processes can simultaneously
remove both organic and inorganic DBP precursors thereby providing an
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important option for DBP minimization [33]. Studies on AnMBR-RO
systems are very few compared to those on AeMBR-RO. Despite this
interest in coupling AnMBRs with RO for reuse, several knowledge gaps
remain if we are to better understand the feasibility of AnMBR-RO sys-
tems for potable water reuse, specifically the impact which the different
effluent matrix, when compared to an AeMBR, may have on treatment
performance and fouling mechanisms. The fate of DBP precursors
through each technology is also unclear. Therefore, a comparative
evaluation of reverse osmosis membranes combined with both anaer-
obic and aerobic MBR treating municipal wastewater for potable reuse
applications would provide significant advances in the field.

This paper is then the first direct comparison between an AnMBR and
an AeMBR treating real municipal wastewater for potable water reuse
when coupled with reverse osmosis membranes and compares the per-
formance of both options against a comprehensive range of water
quality parameters and trace elements listed in PUB's NEWater standard
for potable reuse. It also specifically examines the impact of various key
species on RO fouling from each effluent. The major RO foulants were
qualitatively and quantitatively characterized for the AnMBR and
AnMBR effluent, respectively.

2. Materials and methods

2.1. Pilot scale anaerobic membrane bioreactor and aerobic membrane
bioreactor

AnMBR and AeMBR pilot plants (Fig. 1) were installed in Cranfield
University's National Research Facility for Water and Wastewater
Treatment and operated stably for 55 weeks. The systems were fed with
the raw wastewater from the Cranfield University sewage works after
settling in a primary settling tank. The AnMBR was configured as a cy-
lindrical upflow sludge blanket bioreactor (UASB-45 L) and a side
stream membrane tank (30 L), seeded with granular sludge obtained
from a system treating industrial wastewater from the paper industry
(Saica Paper, Manchester, UK). The sludge was acclimatised to the
settled wastewater for 21 days until performance stabilised before
focused trials started. The settled municipal wastewater was fed by a
peristaltic pump (Watson Marlow 620 s, UK). Internal recirculation
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Fig. 1. Process flow diagram for AnMBR and AeMBR
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between the membrane tank and the UASB reactor was maintained by a
peristaltic pump (Watson Marlow 520 s, UK). The AnMBR was operated
under ambient temperature with a 0.9 m/h upflow velocity, 8 h hy-
draulic retention time (HRT), and infinite sludge retention time (SRT).
The AeMBR was configured with a level control tank (10 L), aerobic tank
(40 L) and membrane tank (18 L), seeded with activated sludge obtained
from the Cotton Valley sewage treatment works (Anglian Water, Milton
Keynes, UK). The AeMBR was operated under ambient temperature with
12 h HRT and 7 days SRT. DO in the aerobic tank was controlled to
above 1 mg/L and the mixed liquor suspended solids in the membrane
tank was controlled between 8000 and 12,000 mg/L. Recirculation was
maintained by a peristaltic pump (Watson Marlow 520 s, UK) at the rate
of 200 %. For both systems, a PVDF hollow fibre ultra-filtration (UF)
membrane with 0.93 m? surface area and 0.04 um nominal pore size (GE
ZW-10, USA) was placed in the membrane tank and operating with a flux
of 10 LMH. Permeate was produced by suction through a timer
controlled peristaltic pump (Watson Marlow 520 s, UK) with 60 min
permeation and 30 min relaxation periods. For the AnMBR, nitrogen gas
was continuously sparging into the membrane module with a constant
specific gas demand of 0.25-1.0 m®m~2 h™!. For the AeMBR, com-
pressed air was continuously sparging into the aerobic tank and mem-
brane module through a fine air bubble diffusor at a rate of 0.93 m>h~!
and a course air diffusor for a specific aeration demand of 0.25-1.0
m>®m~2 h™!, respectively. Due to the conservative approach in the
operation of the membranes, during the 55 weeks of operation of the
two MBRs, no membrane cleaning was required.

2.2. Bench scale reverse osmosis membrane cell

A dead-end bench scale (300 mL) reverse osmosis (RO) membrane
cell system (Sterlitech HP4750, USA) was used for the filtration tests
with the effluents from both AnMBR and AeMBR. The pressure driven
filtration was achieved with a pre-cut 47 mm diameter polyamide-urea-
thin film composite hydrophilic flat sheet low fouling reverse osmosis
membrane (TriSep X201, USA), recommended for applications such as
water recycling, with an active membrane area of 14.6 cm?. For the
tests, a constant 10 Bar pressure was maintained by a regulator (BOC,
UK) with bottled oxygen free nitrogen gas (BOC 1066, UK). A constant
400 RPM stirring rate was maintained with a magnetic stirrer (Bench-
mark 3770, UK) to mix the MBR effluents and limit concentration
polarisation at the surface of the membrane. For each test, a 60 mL
sample of the AnMBR/AeMBR effluent was sealed into the membrane
cell and filtered with a new RO membrane coupon until a recovery of 75
% was achieved. After the filtration, the 45 mL RO permeate and 15 mL
RO concentrate samples were analysed. The new RO membrane coupon
was first soaked in deionised (DI) water (ELGA, UK) for 12 h prior to the
filtration test. Clean water flux tests were carried out with DI water
before and after each filtration test to determine the clean water
permeability with and without fouling and allow the calculation of the
resistance. For the clean water test, the filtration time for 5 mL of DI
water was recorded.

Membrane fouling resistance was calculated with the equation ac-
cording to Darcy's law:

P
Ry =R —Ry=——"—
peldi el

@

where, Ry (m™1) = resistance of fouling layer, R; (m™ 1) = total resistance
at time t, Ry (m™1) = clean membrane resistance, t (s) = filtration time,
Jo (m3~m*2-s*1) = clean membrane flux, J; (m3-m’2~s’1) = flux at time t,
p (Pa) = pressure, y (Pa-s’l) = DI water viscosity = 0.01.

Deposited foulants mass was calculated with the equation according
to mass balance law:

mgop = Co X 60 — Crop X 45 — Croc X 15 2

where, mpps (1g) = mass of the substance deposited on the RO
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membrane surface (ROS), Cp (ug/L) = substance concentration in the RO
feed, Crop (1g/L) = substance concentration in the RO permeate (ROP),
and Cgroc (pg/L) = substance concentration in the RO concentrate
(ROQ).

The foulant deposition rate was calculated with the equation adapted
from Tang et al. [34,35]:

Ry = ™ 100% 3)
my

where, Rp (%) = the foulant deposition percentage, and m (ug) = mass
of the substance in the RO feed.

2.3. Analytical measurements

Temperature, pH and total dissolved solids (TDS) were measured by
an online probe (Endress+Hauser, Switzerland). Total suspended solids
(TSS), 5 day biochemical oxygen demand (BODs), sludge volume index
(SVI) were measured based on the Standard Methods [36]. Chemical
oxygen demand (COD), ammonia nitrogen (NH3—N), nitrite (NO2-N),
nitrate (NO3-N), phosphate (PO4-P), and total phosphorus (TP) were
analysed with cell tests and a photo spectrometer (Merck Spectroquant,
Germany). Total coliform (TC), Faecal coliform (FC) and Escherichia
coliform (E. coli) were measured by Quanti-Tray (Coliler-18, USA)
analysis. Total organic carbon (TOC) and total nitrogen (TN) were
measured by a Shimadzu TOC analyser (Shimadzu 3201, Japan). Trace
level elements were analysed with an inductively coupled plasma mass
spectrometry (ICP-MS) (PerkinElmer NexION 350d, USA). Character-
ization of the MBRs influents were measured after filtering with 0.45 pm
syringe membrane disc filter (Merck Millipore, Germany). Organic
composition was evaluated by a fluorescence spectrometer (HORIBA
FLuoroMax+, Japan) with a 3D excitation-emission matrices. Scan
settings were 200-400 nm excitation and 280-500 nm emission wave-
length, 1 nm entrance slit and an integration time of 0.1 s. The 1st and
2nd Rayleigh scatter were masked with 5 nm slit width by FluorEssence
software (HORIBA, Japan). The fluorescence intensity maps were
masked together by light intensity order to increase the accuracy while
minimizing the signal noise and system error. Each map displayed a
colour metric bar to quantify the detected peak intensities, where the
intensity shifted from low to high within blue-green-yellow-red. Results
from Fluorescence spectrometer were plotted as a 2D intensity map and
the fluorescence regional integration (FRI) analysis was extracted with a
5 region DOM categories method (aromatic protein (AP): tyrosine-like
(APr) excitation/emission (Ex/E;) = (200-250) nm/(280-330) nm;
tryptophan-like (APy) Ey/Ep = (200-250) nm/(330-380) nm; fulvic
acid-like (FA) Ey/Ep, = (200-260) nm/(380-500) nm; soluble microbial
products (SMP) E,/E;;, = (250-280) nm/(310-380) nm; humic acid-like
(HA) Ex/En = (280-380) nm/(380-500) nm) [37,38] using an R scrip
modified from Lapworth and Kinniburgh [39]. The foulant layer accu-
mulated on the RO membrane coupons during the filtration process was
characterized by a scanning electron microscope with energy dispersive
spectroscopy (SEM-EDS) for imaging (Tescan S8000G, Czech Republic)
and EDS (Oxford Instruments Ultim Max detector, UK) analysis with
AZtec software (Oxford Instruments, UK). A virgin RO membrane and
fouled membranes obtained from each filtration batch (5 AnMBR-RO
and 5 AeMBR-RO) were dried under constant room temperature
before a 1 cm? piece was cut from the centre of the membrane. The cut
membrane was then adhered to a carbon tab and coated with 10 nm
gold, finally the coated membrane sample was transferred to the SEM-
EDS. SEM imaging was done in secondary electron mode for topog-
raphy, EDS analysis was done for 5 selected areas on each site in SEM
images with backscatter mode under low vacuum for atomic number
contrast. Raw numerical data was input to JMP 16 pro to obtain a
multivariate correlation analysis and statistical analysis.
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3. Results and discussion
3.1. MBRs influent and effluents quality

Typical municipal wastewater parameter values were measured for
the influent feeding the two MBRs, with a slightly lower strength (BODs/
COD = 0.38) compared to others reported in the literature on MBR
systems (B/C > 0.5) [40-42]. This can be explained by the fact that the
majority of the trials were conducted during the COVID pandemic and
that the population on the university campus was lower than usual
which would have affected some of the characteristics of the raw
sewage. There was no organic phosphate detected during the whole
period of the experiment and the concentration of total phosphorus (TP)
was equal to that for PO4-P (Table 1).

Similar pH values were measured for the AnMBR (7.6) and AeMBR
(7.5) effluents and the temperature was almost the same since both re-
actors were operated under ambient temperature. Under this pH,
ammonia was mostly in the form of ammonium (NHZ) under which
conditions a lower ammonium removal (97 %-99 %) may be expected
during RO filtration [23]. The AnMBR effluent had a slightly higher total
dissolved solids (TDS) concentration than for the AeMBR, indicating
there was more dissolved content to be sent on to the RO membrane. Due
to the UF membrane, total suspended solids (TSS) and coliforms (TC, FC
and E. coli) were not detected in both effluents. This is in agreement with
previous literature which has highlighted that there is no concern with
TSS and coliforms under undamaged membrane conditions [43], as well
as the evidence for satisfying the NEWater standard's threshold for mi-
crobial barrier even before the RO filtration. Additionally, this suggested
there should be no particulate fouling and limited biofouling formation
on the RO. In terms of organic removal performance, the AeMBR ach-
ieved a better removal of COD (95 %), BODs (97 %) and TOC (73 %)
compared to the AnMBR with 83 %, 89 % and 27 %, respectively. The
unremoved organics may cause organic fouling of the RO membrane and

Table 1
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decrease the filtration performance since the adsorption of organic
substances onto the membrane surface has been shown to form an
organic film contributing to fouling [44]. Phosphate levels of the two
effluents were very similar, although the AeMBR effluent had a slightly
higher concentration as a result of high SRT and MLSS. Literature has
suggested the presence of phosphate can cause inorganic scaling in
particular with calcium phosphate, and simultaneously absorbing silica
onto the surface hydroxyl functional groups, which also causes silica
deposition on the RO membrane surface since phosphate polymers are
structurally very similar to those of silica [45]. There was no nitrite
(NO2-N) detected in both effluents. However, other nitrogen species,
specifically ammonia nitrogen (NH3-N) and nitrate (NO3-N), were found
to constitute the largest difference between the AnMBR and AeMBR
effluents. There was no nitrate detected in the AnMBR effluent and
nearly no removal was found for ammonium. Oppositely, for the AeMBR
effluent, there was no ammonium and 17.6 + 4.4 mg/L of nitrate. This
can be explained as a function of the different biological processes
happening before the membrane modules. Anaerobic biomass converts
organics to methane-rich biogas and also reduces the nitrate and nitrite
to ammonia in the absence of oxygen while the aerobic process oxidises
the ammonia to nitrite then to nitrate with biological nitrification in the
presence of oxygen [12,46]. A minor difference in the TN removal was
found between the two MBR effluents, which may be explained by the
different organic nitrogen (Or-N) removal during the biological stage,
where the AeMBR removed more Or-N in the presence of oxygen
compared to the AnMBR. Interestingly, there is no literature on the
impact of ammonia and nitrate on RO fouling and this may be a critical
insight to understand the fundamental role for AnMBR combined with
RO as a post-treatment process for high grade water reuse applications.

Trace element analysis displayed similar results for the AnMBR and
AeMBR effluents. There was no meaningful removal of Fe or Cu whereas
the low levels of Cd and Pb in the influent streams were below the limit
of detection. Levels of B, Na, Mg, Si, K, Ca, Cu, Zn, Sr, and Ba in the

Water quality parameters and trace level elements analysis for the influent wastewater, AnMBR and AeMBR effluent during the 55 weeks of operation.

Unit Influent AnMBR effluent AeMBR effluent

mg/L Mean Std Mean Std Mean Std

pH 7.9 +0.5 7.6 +0.5 7.5 +0.4

°C 14.3 +5.3 13.3 +6.2 13.4 +6.2
TDS 410.4 +64.8 379.2 +72.6 304.5 +77.5
TSS 112.1 +31.1 ND* ND*

COD 218.9 +59.4 37.6 +15.5 10.1 +8.5
BODs 83.3 +39.7 9.3 +6.5 2.7 +1.7
TOC 24.6 +5.5 17.9 +5.8 6.7 +1.3
NH;3-N 23.7 +5.3 25.0 +7.0 ND*

NO3-N 0.9 +1.8 ND* 17.6 +4.4
NO2-N 0.4 +0.6 ND* ND*

Or-N 4.5 +1.6 2.3 +0.5 0.5 +0.2

TN 31.3 +4.5 28.8 +6.5 24.1 +3.5
PO4-P 3.9 +1.4 4.0 +1.2 4.3 +1.5
Or-p ND* ND* ND*

pg/L Mean Std Mean Std Mean Std

B 54.17 +20.64 73.00 +9.85 64.39 +11.06
Na 44,766.67 +9016.80 50,780.95 +11,015.06 50,647.62 +9502.61
Mg 5283.33 +383.54 5373.33 +329.14 5472.38 +485.74
Al ND* ND* ND*

Si 7473.33 +552.47 7028.57 +974.55 6840.00 +309.71
K 13,636.67 +1391.89 13,051.43 +2610.50 12,712.38 +1522.31
Ca 42,733.33 +5845.57 48,657.14 +8576.75 49,190.48 +9831.27
Mn 11.43 +6.26 2.08 +5.90 ND*

Fe 47.15 +20.91 41.65 +14.93 34.12 +17.34
Cu 62.17 +12.89 59.10 +11.41 61.80 +19.62
Zn 6.43 +13.03 11.45 +13.81 16.04 +11.36
Sr 171.57 +38.55 198.65 +44.63 200.12 +51.74
Ccd 0.67 +1.59 ND* ND*

Ba 45.83 +3.09 37.90 +2.58 36.26 +4.40
Pb 0.04 +0.10 ND* ND*

Note: ND*, Non detectable.
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effluents remained similar to the influent. However, trace levels of Mn
were found in the AnMBR effluent but not in the AeMBR effluent. This
was due to the different SRT applied to the two MBRs. The removal
mechanism for heavy metals is mainly by sludge sorption [19,47]. The
AnMBR in this study was operated with an infinite SRT but for the
AeMBR the sludge was discharged regularly each week, therefore the
AnMBR sludge had possibly reached the breakthrough point for its
sorption capacity. Among those elements detected in the MBR effluents,
Fe, Ca, Mn, Si and Mg are reported to be major inorganic elements of RO
Membrane surface deposits [34], causing inorganic scaling of the RO
membrane [35]. Additionally, the co-presence of silica and organic
matter can cause severe membrane fouling for RO filtering MBR
effluent, whereas silica alone did not cause severe fouling [30]. This
highlights the need to understand the interactions between silica and
specific organic matter such as proteins and soluble microbial products
(SMPs). Ultimately, the difference in organic matter and nitrogen spe-
cies may indicate that higher RO membrane fouling should be expected
when coupled with an AnMBR compared to an AeMBR.

3.2. RO performance with AnMBR and AeMBR effluents

3.2.1. Indirect Potable water reuse parameters and trace elements
Identical analytical measurement was conducted for the RO perme-
ates (ROP) obtained from the AnMBR and AeMBR effluents (Table 2).
The average pH of the RO permeate from the AnMBR (6.0) and AeMBR
(5.8) effluents were slightly lower than the Singapore's PUB NEWater
standard requirement (7.0-8.5) [48], which could be stabilised by
adding lime [6] or blending with another source of water [20,32]. Sig-
nificant removal of TDS, COD, NH3-N (AnMBR), NO3-N (AeMBR), Or-N,
TN, PO4-P, and TOC were found for both permeates and a complete non
detectable BODs was achieved, while the TDS for AnMBR and AeMBR

Table 2
RO performance on treating AnMBR and AeMBR effluent.
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permeates was respectively lower than the threshold in PUB NEWater
standard [48]. Indeed, only 88 % ammonia and 87 % nitrate removal
were achieved respectively in the AnMBR-ROP and AeMBR-ROP. The
incomplete removal of ammonia was reported by Qin et al. [49] as the
rejection efficiency of ammonia varies with pH and flux due to the
presence of deprotonated non-ionic ammonia. Residual ammonia may
pose a concern during chlorine based disinfection processes as the
formed chloramine can react with aromatic protein-like (AP) substances
which results in N-Nitrosodimethylamine (NDMA) formation [50-52].
The ammonia concentration in the AnMBR-ROP (4.0 £ 1.9) exceeded
the 1 mg/L limit specified in the NEWater standard [48]. This suggests
that the pre-removal of ammonia, or a post-polishing process is required
when combining RO with AnMBR for indirect potable reuse purposes.
Indeed, literature has widely reported that buffering the feed water to an
optimal pH range from 6 to 6.5 can significantly enhance the ammonia
rejection up to 99.8 % [23,53,54]. Moreover, the presence of ammonia
in the AnMBR effluent can be useful for chloramine production before
the RO membrane when a chlorine based fouling control regime is
applied [55] since also Huang et al. [56] suggested that chloramination
achieved with the sequence of adding ammonia then chlorine generates
less DBP than adding chlorine followed by ammonia. In contrast, nitrate
removal by RO under neutral pH may be reduced in the presence of
sodium and sulphates, which has been shown to reduce the removal
percentage down to 50 % [57]. However, the nitrate concentration in
the AeMBR-ROP met the 5 mg/L regulation limit [48] but Comerton
etal. [31,32] have suggested the residual nitrate may cause a concern in
the context of DBP formation.

Excellent removal was observed for Mg, Si, K, Ca, Mn, Fe, Cu, Zn, Sr,
and Ba in both permeates and the previously reported traces of Mn and
Fe in the AnMBR and AeMBR effluents were removed, while the con-
centrations of B, Na, Al, Si, Ca, Mn, Fe, Cu, Zn Sr, and Ba in AnMBR-ROP

Unit AnMBR-RO effluent AeMBR-RO effluent PUB NEWater standard
mg/L Mean Std Removal% Mean Std Removal% [48]

pH 6.0 +1.9 5.8 +1.8 7.0-8.5
°C 13.3 +6.2 13.4 +6.2

TDS 37.5 +11.7 93 % 33.3 +10.4 92 % <150
COD 1.9 +2.5 96 % 1.3 +2.1 90 %

BODs ND ND

TOC 1.8 +1.0 92 % 1.1 +0.4 88 %

NH3-N 4.0 +1.9 88 % ND <1
NO3-N ND 3.0 +1.4 87 % <5

Or-N ND ND

TN 5.3 +1.8 86 % 4.1 +1.2 87 %

PO4-P 0.3 +0.3 95 % 0.3 +0.3 95 %

pg/L Mean Std Removal% Mean Std Removal%

B 36.73 +11.28 62 % 45.04 +12.89 48 % <50

Na 5624.44 +1806.15 92 % 7248.89 +2002.88 89 % <20,000
Mg 222.98 +149.47 97 % 295.56 +149.96 96 %

Al ND ND <100

Si 475.33 +158.92 95 % 541.47 +283.47 94 % <3000
K 1566.89 +469.39 91 % 1814.67 +475.72 89 %

Ca 2024.00 +1226.37 97 % 2830.22 +2016.54 96 % <20,000
Mn ND ND <50

Fe 5.38 +1.25 90 % ND <40

Cu 4.65 +1.16 94 % 7.09 +62.38 91 % <50

Zn 1.27 +1.89 92 % 1.38 +1.37 94 % <100

Sr 5.90 +5.12 98 % 8.77 +5.25 97 % <100
Ccd ND ND

Ba 2.34 +1.27 95 % 3.16 +1.01 93 % <100
Pb ND ND

Note: ND*, Non detectable.
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and AeMBR-ROP satisfied the limit in the NEWater standard [48].
However, the rejection rate of Na was 92 % and 89 % for the AnMBR and
AeMBR effluent, respectively, which is lower than the manufacturer's
specification (98.5 %). This can be explained by the more complex feed
water matrix and operating conditions used during the study as
compared with the manufacturer's testing regime which uses ultrapure
water with dissolved high purity sodium chloride. Low Boron (B)
removal was found in both permeates with 62 % and 48 % removal for
the AnMBR-ROP and AeMBR-ROP, respectively. This finding agrees
with Tu et al. [58] that the Boron rejection rate increases with increasing
pH and operating pressure but decreases when temperature and fouling

EX Wavelength( nm )

400
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increase. In this study the less preferable feed water pH and operating
pressure led to the low boron removal.

Overall, the combination of RO and AeMBR is able to produce a
sufficiently high quality permeate for a potential indirect potable water
reuse, with inadequate ammonia removal being a notable weakness of
the AnMBR-RO combination. The RO step successfully act as the barrier
to offset the insufficient organic and phosphate removal in both MBR
effluents, as well as the potential heavy metal concern initially observed
in the AnMBR effluent.
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Fig. 2. DOM characterization of (a) influent wastewater, (b) AnMBR and (c) AeMBR effluent, (d) AnMBR-ROP and (e) AeMBR-ROP. Where Zone I: tyrosine-like
(APr); Zone II: tryptophan-like (APy); Zone III: fulvic acid-like (FA); Zone IV: soluble microbial products (SMP); Zone V: humic acid-like (HA). (In colour please).
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3.2.2. Impact of dissolved organic matter on RO treatment performance

With fluorescence spectroscopy, a wide intense peak present in Zone
V indicates the presence of a significant amount of humic acid (HA)
(Fig. 2.a), while the peaks in Zones III and IV confirmed the presence of
some fulvic acid-like substances (FA) and soluble microbial products
(SMP) respectively. The AnMBR (Fig. 2.b) and AeMBR (Fig. 2.c) efflu-
ents displayed a similar distribution as both intensity maps have a deep
red coloured peak shifted to light green in Zone V, indicating the major
substance present is HA. However, the middle left light blue peak in the
AnMBR effluent map suggests a higher content of SMP compared to the
AeMBR effluent. Both intensity maps of the RO permeates (Fig. 2.d and
2.e) exhibit a large area of blue with noticeable unmasked 2nd order
Rayleigh scatter and several light blue peaks in Zone V for HA. However,
there was very little indication of aromatic protein (AP) (Zones I and II)
present in the AeMBR-ROP effluent and none at all was found in the
AnMBR-ROP effluent. This suggests the better removal of DOM will lead
to a higher level of membrane fouling during the filtration of the AnMBR
effluent [59].

The similar peak distribution for the AnMBR and AeMBR effluent
indicates that a similar DOM fouling behaviour should be expected
during RO filtration. However, the intensity map only displayed the
relative concentration detected in each sample, offering no quantitative
comparison. A further Fluorescence Regional Integration analysis (FRI)
and mass balance was needed to quantify the concentration of each
species. The Ca concentration detected in both MBR effluents in this
study exceeded 1 mM, which is reported as the critical value of Ca®*
under a neutral pH to bind humic acid molecules together through the
bridging effect, and partially neutralize the negative charge on humic
acid thereby greatly enhancing the collision efficiency of approaching
humic material onto membrane surfaces [60,61]. This finding ulti-
mately highlighted the need for further analysis using SEM-EDS analysis
for membrane surface foulant characterization.

As shown in Fig. 3, the use of UF membranes within the MBRs ach-
ieved 50 % removal of SMP, the rest of the organic substances presented
alow removal particularly for HA as the main removal mechanism is size
exclusion. This finding agrees with Liu et al. [62] that although UF has a
certain retention for all categories of DOM, the removal efficiency is not
high. RO filtration achieved a low removal of AP substances due to the
low initial concentration. The RO step removed a further 50 % of SMP
and FA after the RO but a sharp reduction of HA was noted in both MBR
permeates. The difference in removal performance is due to the dis-
similar size and hydrophobicity of each type of DOM. AP is reported to
have a low molecular weight (MW) and hydrophobicity [63]; FA [64]
and SMP [65] a higher MW compared to AP and neutral hydrophobic
and hydrophilic moieties; and HA a high MW and hydrophilic moieties
[50]. Therefore, since a significant amount of HA was rejected by the RO
membrane and a very low level of SMP was observed in the permeate
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Fig. 3. Distribution of characterized DOM for influent wastewater, AnMBR and
AeMBR effluent, AnMBR-ROP and AeMBR-ROP (Better in colour).
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produced by both MBRs, this has arguably led to a reduction of primary
halogenated DBP precursors [66,67], which ultimately would lead to
low DBP formation during chlorine or chloramine disinfection for reused
water distribution. Since similar fluorescence intensity maps were
generated, the AnMBR and AeMBR effluent may have a similar fouling
behaviour in terms of DOM, while HA can be hypothesised to have an
insignificant role during the RO filtration.

3.3. Impact of organic carbon and nitrogen species on RO fouling

Different organics removal performance and different nitrogen spe-
cies present in the effluent were identified as a distinctive disparity
between the performance of the AnMBR and AeMBR. As shown in Fig. 4,
the wide distribution of AnMBR effluent TOC concentrations indicate a
relatively unstable performance of the biological stage in the AnMBR,
while the AeMBR achieved more effective and more robust organic
removal, as evidenced by a narrower distribution. Average membrane
resistance values of 12.35 x 10> m™! and 8.97 x 10'®* m™?! for the
AnMBR and AeMBR respectively were recorded, demonstrating a
greater fouling propensity of the AnMBR effluent. Noticeably, the
average TOC concentration of the AnMBR effluent was 2-3 times higher
but the recorded resistance was only about 1.5 time higher compared to
AeMBR effluent, suggesting the fouling may not proportionally increase
as a function of the TOC concentration. Furthermore, no strong corre-
lation was observed between the membrane resistance and the feed TOC
concentration for the AnMBR suggesting that the fouling observed is due
to more complex interaction of different compounds. However, the
distribution profile partially shows that a higher TOC concentration may
lead to higher membrane fouling but in a number instances low fouling
was observed for high TOC values suggesting that other factors are also
influencing the fouling behaviour. In contrast, there was no such cor-
relation observed for the AeMBR.

A slightly different relationship between the membrane resistance
and RO feed characteristics was observed for the AnMBR (Fig. 5.a) and
AeMBR (Fig. 5.b) effluents. For the AnMBR effluent, low membrane
resistance was observed at low ammonia concentration, and higher
resistance was observed with higher ammonia concentration. This could
be explained by the different surface charge of ammonia and nitrate in
the aquatic environment, where aquatic ammonium presents a single
positive charge while nitrate is negative. The membrane used in this
study had a negative surface charge, which resulted in electrostatic
repulsion of anions [68] and attraction of cations. Therefore ammonium
was attracted to maintain a charge balance [69] while simultaneously
depositing onto the membrane surface. Furthermore, as more permeate
was produced, the pH in the RO cell kept increasing, which led to a
constant increase in the ammonia fraction and lowering of the ammo-
nium fraction simultaneously [23]. This ultimately caused a decrease in

® AnMBR e AeMBR

35

30 o
=25 e
IE () L] ° [ ]
2 - . .
élS e S ®
Z 33° ede,0, °°

10 od® _ o ° ° °

39,
5 o 00°® °
0
0 5 10 15 20 25 30 35

RO feed TOC concentration (mg/L)

Fig. 4. RO membrane resistance against feed TOC concentration (In colour
please). (For interpretation of the references to color in this figure legend, the
reader is referred to the online version of this chapter.)
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Fig. 5. RO membrane resistance against feed nitrogen concentration (In colour please).

overall ammonia removal performance as uncharged ammonia was
more likely to go through the membrane which explains the poorer
removal performance. Contrastingly, low membrane resistance was
observed at high nitrate concentrations, which can be explained by the
nitrate being repulsed by a negative membrane surface charge. Since
aquatic nitrate is reported as unreactive [1], this suggested nitrate may
not have a significant impact on RO fouling.

Overall, a relatively higher membrane resistance was measured
during the filtration of the AnMBR effluent due to a higher total feed
organic content when compared to the AeMBR. The presence of
ammonium nitrogen in the AnMBR effluent may also contribute to the
RO fouling, while the nitrate present in the AeMBR effluent may
decrease the fouling. However, no strong correlation was found between
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3.4. RO foulant analysis

3.4.1. Foulant characterization with SEM-EDS

The back scatter electron EDS images for the virgin membrane dis-
played no bright scatter, which indicated, as expected, that there is no
foulant deposited on the membrane surface. After producing 45 mL
permeate, the tested membranes of the AnMBR-RO exhibited a large
quantity of accumulated bright scatter compared to the AeMBR-RO
membranes, indicating more foulant was deposited (Fig. S1 in Supple-
mentary material). Moreover, the random deposit spots observed on the
back scatter images for both effluents suggested there was no connection
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Fig. 6. SEM image and EDS analysis of (a & d) virgin and tested membranes with the (b & e) AnMBR and (¢ & f) AeMBR (In colour please).
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between foulant deposit and membrane surface morphology.

The secondary electron mode in the SEM images generates a gray
scale contrast which displays a transitional level of membrane surface
topography. A clear cloth type structure could be seen in the virgin
membrane image (Fig. 6.a). In contrast, Fig. 6.b and 6.c show compre-
hensive substance deposition on the used AnMBR-RO and AeMBR-RO
membrane surfaces, with the membrane irregularities filled with
colloidal material and covered by a multilayer poly-structure. This
confirmed the foulant types were organic fouling, inorganic scaling, and
colloidal fouling [70-73].

Both images display a colloidal like layer in between and on top of
the original membrane structures. The colloidal layer on the AnMBR-RO
membranes exhibited complete coverage over the membrane irregu-
larities, while the original membrane surface features were still visible
for AeMBR-RO membranes. The multilayer poly-structures observed on
the AnMBR-RO membranes had a thicker fouling layer compared to the
AeMBR-RO membranes, indicating again a significant level of inorganic
substances deposited onto the membrane surface which consequently
led to more inorganic fouling. This confirms that the AnMBR effluent
contributed to more RO fouling than the AeMBR effluent. This may
suggest the priority of foulant deposition during the filtration of MBR
effluent is organic and colloidal fouling followed by multilayer scaling of
inorganic substances, which confirmed inorganic fouling occurs when
the dissolved substances reach their solubility limit in more concen-
trated solution [70] at higher recovery rates. There was no organism
observed in all membrane samples for both MBR effluents, suggesting a
low potential of biofouling during the filtration period, which meets the
expectation from the results of the coliform tests.

EDS analysis of the virgin membrane (Fig. 6.d) agreed with the re-
ported component characterization of a polyamide-urea-thin film RO
membrane, where Carbon and Oxygen account for the most weight
percentage [74]. As expected, a variety of deposited substances were
detected on both tested membranes, leading to a slight decrease in
weight percentage for C, O, S, Na and Cl since more substances were
deposited on the membrane surface. However, the weight percentage of
N for each membrane increased, indicating deposition of ammonia and
nitrate from both the AnMBR and AeMBR effluents. Fe (5 %), N (4.3 %),
Si (2.4 %), Cu (0.7 %), Ca (0.5 %), P (0.4 %), Zn (0.3 %), K (0.1 %) and
Mg (0.1 %) were identified foulants in the AnMBR effluent. In contrast,
foulants deposited from the AeMBR effluent were N (4.2 %), Fe (3.2 %),
Si (2.4 %), Mg (1.4 %), P (0.4 %), Cu (0.4 %), Zn (0.3 %), K (0.2 %) and
Ca (0.2 %). This agreed with the weight percentage of the foulants on an
AeMBR-RO membrane deposit reported by [34,35], with Fe as the
highest deposit content by weight. The SEM-EDS analysis also confirms
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that the AnMBR and AeMBR effluents deposited similar foulants on the
RO membranes. However, for the nitrogen species, the small difference
observed between the virgin membrane and the fouled membranes
should be attributed to ammonia and nitrate for the AnMBR-RO and
AeMBR-RO membranes, respectively. However, the co-presence of
various foulants may have a further impact on RO fouling [70]. These
observations highlight the need to better understand the impact of
ammonia and nitrate on RO fouling mechanisms.

3.4.2. Foulant co-presence impact

A multivariate analysis was carried out with the EDS data (n = 25) to
understand the possible interactions between each deposited substance
(Table 3), which may cause more severe fouling compared to the pres-
ence of any one foulant on its own [30,45,73]. Although literature
sources have commonly reported Ca foulants as calcium sulphate, cal-
cium carbonate, and calcium phosphate [70,75], on the AnMBR-RO
membranes, no correlation between Ca and either phosphate or
sulphur was observed. Similarly, no association was found between the
presence of N and other compounds. However, Ca was found to pref-
erably deposit with N and P for the AeMBR-RO. This may suggest the
presence of ammonia and nitrate had a different impact on the scaling of
Ca. Likewise, Si has been reported to be deposited in association with
phosphate salts [45] which subsequently causes severe fouling with
organic matter [30]. Both MBR effluents in this study showed a negative
correlation between Si with P and C. However, Si was found to have a
significant correlation with O in both effluents, which may suggest sil-
icon dioxide (SiO,) was formed. Furthermore, Cu was found to not de-
posit with ammonia on the AnMBR-RO membranes but displayed a high
probability to deposit with nitrate on the AeMBR-RO membranes, while
phosphate was respectively incongruous to deposit with Fe, Cu and Zn
for AnMBR-RO but showed a strong co-deposition correlation on the
AeMBR-RO membranes. The positive co-deposition correlation between
Mg and O supports previous work which has suggested that the most
common Mg foulant is magnesium hydroxide [76]. This meets the
expectation that the different behaviour observed were a direct impli-
cation of the different effluent matrices from the two systems.

3.4.3. Mass balance of deposited foulants on RO membrane surface (ROS)

In Fig. 7, both columns display a similar structure for foulant mass
composition, with Ca as the dominant foulant followed by TOC, nitrogen
and phosphate. The rest of the elements only account for 4.56 % and
5.78 % for the AnMBR-ROS and AeMBR-ROS respectively. This agrees
with the element types characterized but differ from the mass percent-
ages obtained in the EDS analysis, suggesting the scanned areas may not

Table 3
R values of multivariate correlation matrix of identified foulants for AnMBR-RO (top) and AeMBR-RO (bottom).
AnMBR-RO
C 013 | <097 | -059 | -026 | -0.69 0.03 0.84 0.72 015 | -0.19 | -0.41 0.17 0.13
-0.32 N -0.05 0.03 <021 -0.11 0.48 022 | -044 | -0.10 0.00 -0.10 0.08 0.28
-0.93 0.03 [0] 0.56 0.32 0.73 -0.12 -0.87 -0.66 0.21 0.23 0.39 -0.34 -0.20
0.08 012 | -0.24 Na 0.1 0.77 0.16 | -044 | -039 | -0.14 | -0.11 019 | -0.12 | -0.11
<045 | -0.11 0.51 -0.02 Mg 0.19 0.10 | -034 | -0.25 0.67 0.50 0.01 -0.08 | -0.10
-0.56 -0.09 0.70 -0.10 0.47 Si -0.24 -0.60 -0.52 0.15 0.02 -0.19 -0.18 -0.15
-0.47 0.13 0.34 -0.07 | -0.11 -0.12 P 20.03 | -034 | -0.06 | -0.16 0.09 0.03 0.26
0.86 033 | 075 | -0.21 030 | -0.51 -0.36 S 0.67 039 | -024 | -032 0.49 0.15
0.10 -0.13 -0.26 1.00 -0.02 -0.11 -0.08 -0.18 Cl -0.16 -0.33 -0.01 0.05 0.09
-0.09 | -0.02 0.14 0.04 -0.04 0.12 0.13 | -0.18 0.02 K 0.39 -0.06 | -0.10 | -0.13
-0.02 0.46 -0.17 0.09 20.16 | -0.14 0.28 -0.14 0.10 -0.06 Ca 0.18 | -0.11 -0.03
-0.63 | -0.01 0.57 -0.09 0.03 -0.07 0.80 -0.44 | -0.11 -0.05 | -0.09 Fe -0.10 | -0.10
-0.39 0.50 0.17 2020 | -0.21 -0.22 0.72 2032 | -020 | -0.17 0.22 0.59 Cu 0.00
-0.46 0.24 0.30 -0.08 | -0.12 | -0.12 0.96 039 | -0.09 | -0.10 0.29 0.72 0.82 Zn
AeMBR-RO
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fully represent the distribution of foulants on the membrane surface.

Deposition on the RO membrane surface was higher for the AnMBR,
with a total mass of 33.895 pg compared with 24.010 pg for the AeMBR.
TOC (79.9 %) and Ca (16.5 %) were the major components responsible
for the difference with no significant difference found for PO4-P, Mg, Si,
Ca, Cu, Fe, and Sr. The difference for TOC can be explained by the initial
concentration load onto the RO. However, Ca, along with other sub-
stances, constituted a similar load from both MBR effluents, resulting in
a slightly higher mass deposited in the AnMBR-ROS compared to the
AeMBR-ROS. This may be explained by the fact that the AnMBR-RO had
more fouling and that the developed cake layer enhanced the rejection
and deposition of other substances [70].

A similar deposition rate excluding ammonia and nitrate was found
for both the AnMBR-RO and AeMBR-RO (Table 4). TOC exhibited the
highest rate of 67.4 % and 60.7 % for the AnMBR-RO and AeMBR-RO,
respectively. This highlights organic fouling is the major fouling
mechanism for RO when treating both MBR effluents, a premise sup-
ported by the low concentrations of COD and TOC in the RO permeate,
as well as a clean fluorescence intensity map. Furthermore, Ca is the
major compound for inorganic fouling, where a deposition rate of 30.8
% and 27.1 % was found for AnMBR-RO and AeMBR-RO, respectively.
Phosphate and Si respectively exhibited a 5 % deposition rate in both
MBR effluents, which are identified as the other major inorganic fou-
lants during the RO filtration. Ammonia exhibited a 13.8 % deposition
rate for the AnMBR-RO. This indicates that ammonia is another major
inorganic foulant within the AnMBR effluent but contributes less inor-
ganic fouling than Ca. In contrast, nitrate exhibited a much lower
deposition rate of 0.02 % for the AeMBR-RO, which confirmed that the
presence of nitrate in the AeMBR effluent has a negligible impact on RO
fouling. The rest of the foulants demonstrated a much lower deposit rate.
This suggested that pre-removal of Ca from the MBR effluents can be a
beneficial approach to mitigate RO fouling, since Ca anti-scalants are
reported as not effective against the formation and the deposition of
calcium based scaling such as calcium phosphate [77,78].

With regard to the circular economy concept, AnMBR-RO can offer a
high quality permeate while allowing a potential recovery as fertilizer
the rejected nutrients in the RO concentrate, as well as an energy re-
covery potential to reduce the operational cost [42,71,79-83]. Treating
municipal wastewater with a low nutrient concentration may be more
suitable for AnMBR-RO in terms of the insufficient ammonia removal in
the RO permeate as well as mitigating the RO fouling. Moreover,
enhancing the organic removal performance by operating the AnMBR
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under optimised conditions such as mesophilic temperature, with more
precise control, or possibly adding a pre-RO treatment to polish the
effluent by removing organics, ammonia and phosphorus could be
beneficial to mitigate the RO fouling. However, a more detailed inves-
tigation on the trade-offs between the cost of adding an extra barrier to
protect the RO or optimising the AnMBR operation and the reduction in
energy recovery from the AnMBR when implementing these steps is
needed. In contrast, AeMBR-RO has no noticeable limitation when
combined with the RO as to the final effluent quality but offers no energy
recovery potential. However, adding anaerobic and anoxic zones to the
AeMBR can remove the phosphorus and nitrogen while maintaining a
high organic removal, hence reducing the RO fouling which could
decrease the overall operational expenditure.

4. Conclusions

In this study, a direct performance comparison has been undertaken
between the combination of reverse osmosis membranes with AnMBR
and AeMBR processes for the treatment of real municipal wastewater for
reuse. The analysis focused on a number of previously poorly reported
aspects: water quality and trace elements analysis in the context of
potable water reuse; the fate of DBP precursors; and characterization of
RO membrane foulants - specifically the impact of ammonia and nitrate
on RO fouling mechanisms. Major conclusions made were:

1.1. The combination of RO and AeMBR was able to produce a high
quality permeate for indirect potable water reuse such as
groundwater or drinking water reservoir recharge, while the
presence of residual ammonia in the permeate is a current
weakness of the AnMBR-RO combination to satisfy the standard
threshold. The application of an RO step efficiently removed
primary halogenated DBP precursors, resulting in a low DBP
formation potential for reused water distribution.

1.2. The AnMBR-RO system experienced more membrane fouling
compared to the AeMBR-RO system as evidenced by higher
membrane resistance and more deposited substances observed in
SEM images. The ammonium nitrogen in the AnMBR effluent
may have played a role in RO fouling, while the nitrate in the
AeMBR effluent may decrease the fouling due to the effect of
surface charge.

1.3. The fouling sequence during the filtration of MBR effluent is
organic and colloidal fouling followed then by inorganic scaling.
TOC and Ca were identified by weight as the most deposited
major foulants in both effluents, and TOC provided a higher
deposition rate in both effluents compared to Ca. A higher
deposition rate of TOC and Ca was observed during the filtration
of the AnMBR effluent in comparison to the AeMBR.

1.4. Ca had a negative correlation with phosphate deposits and none
with ammonia where the AnMBR effluent was used but was more
likely to deposit with nitrate and phosphate where the AeMBR
effluent was used. Ammonia had a 13.8 % deposition ratio during
the filtration through the AnMBR-RO, significantly higher than
the value of 0.02 % for nitrate when treating the AeMBR effluent.

1.5. Selecting the combination of AnMBR-RO or AeMBR-RO should be
based on the influent water matrix as well as the benefit from the
recovered energy by AnMBR while also considering additional
expenditure for adding treatment steps to protect the RO and
control the RO permeate quality.

Table 4

Foulants deposition rate from the AnMBR and AeMBR effluents.
Rp (%) TOC Ca NH4-N NOs-N PO4-P Si Cu Sr Fe Mg
AnMBR-RO 67.4 30.8 13.8 5.1 5.1 0.08 0.03 0.03 0.02
AeMBR-RO 60.7 27.1 0.02 5.3 5.9 0.06 0.03 0.01 0.02
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It is worth mentioning here the relative effectiveness of pre-RO and
post-RO disinfection, particularly as pre-RO disinfection has been re-
ported to be an inefficient tool to mitigate RO biofouling [55,84].
Moreover, Al-Abri et al. [85] has reported that pre-RO chlorination may
lead to higher overall operational expenditure. The ineffective elimi-
nation of generated active chlorine species can cause damage to the
membrane polymer, which reduces the lifecycle of RO membranes.
However, by controlling the chlorine to ammonia weight dosing ratio
[86] during the pre-RO chlorination, the ammonia concentration in
AnMBR effluent can be accurately reduced, coupled with a weaker
reactivity chloramine being generated compared to chlorine [87] in
AeMBR effluent. This highlights a potential mitigation to the unsatis-
factory ammonia removal in AnMBR-RO system while producing less
DBPs [88] as well as keeping the risk of damage to the membrane surface
material to a minimum [89]. On the other hand, the ROP from both MBR
effluents in this study exhibited low levels of DBP precursors along with
unremoved nutrients and trace elements. Since incomplete removal of
trihalomethanes (THMs) and haloacetic acids (HAAs) but no THM or
HAA formation for pre-RO and post-RO disinfected MBR effluent has
been reported in various studies [31,33,90], this may highlight the need
to understand the impact of unremoved substances, specifically the
unremoved nitrogen species, on pre-RO or post-RO disinfection pro-
cesses such as NDMA formation when RO is combined with AnMBR or
AeMBR for potable water reuse applications. Moreover, the RO filtration
in this study was carried out with a dead-end filtration module with only
one type of flat sheet membrane. Future studies carried out with cross
flow filtration may provide further insights on fouling behaviour.
Furthermore, continuous efforts should be made to understand the
impact of foulants (specifically nitrogen species and trace elements) co-
presence on RO fouling.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jwpe.2022.103295.
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