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ABSTRACT: Source-separated gray water reclamation using momomon Organic Microorganisms | o
nanofiltration as an advanced post-treatment option has received |3 |3 |3 |2 Matter
substantial interest in meeting the growing water demand. During
reclamation, membrane integrity is crucial to ensure the water’s
safety. This study evaluated several chemical and novel microbial
indicators as indirect membrane integrity-monitoring methods for ool
hollow fiber nanofiltration membranes in reclamation schemes. oW
Under normal conditions, high retention of divalent ions and M OEE
organic matter and near-complete removal of Escherichia coli (E. o E  — | I
coli) were observed. Limited removal of the antibiotic gene (ARG) |\ || [}| [ i
tetO was observed due to low feed concentrations and a higher 3| [ [ |} ’
detection limit (LOD). While 16S rRNA and ARG sull were not .
limited by their LODs, lower removals were observed, most likely

due to free-floating DNA passing through the membranes. A broken fiber in a pilot-scale module reduced organic matter and
microorganism removal substantially, while flux and ion rejection remained similar. Predictions made using the observed results and
a previously proposed model allowed for the evaluation of the selected methods in upscaled reclamation systems. Based on these
results, it was concluded that microorganisms could be employed as indicators in indirect membrane integrity-monitoring methods
in large-scale reclamation schemes, while UV, absorbance (used in organic matter determination) could be a viable solution in
pilot-scale systems.
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1. INTRODUCTION of 0.5—-1 nm is much smaller than the size of microbial
contaminants, providing a suitable barrier.">"*

Membrane integrity is of the utmost importance when
implementing membrane processes for wastewater reclama-
tion. While membranes are effective barriers to potentially
remove hazardous contaminants, a breakthrough can occur
when the membrane system is damaged. These damages can
occur due to several process factors. First, improper installation
and maintenance can lead to damage to the modules.””'>'®
Second, aging by mechanical strain and chemical wear during
normal operation could lead to losses in separation efficiency.
Lastly, abrasion by particulates and sharp objects in the feed

A viable strategy to meet the increasing domestic water
demand is the reclamation of wastewater."”” When considering
wastewater reclamation, source separation of domestically
produced gray water could be of great interest since it omits
toilet discharges. After biological treatment, gray water has
previously been considered viable for nonpotable reuse
applications.”™> However, while most of the organic and
nutrient loads are adequately removed during these processes,
contaminants such as microorganisms, viruses, and micro-
pollutants are not effectively treated and remain in the
effluent.”™ To address these contaminants before reuse,
advanced post-treatment technologies are required.

Pressure-driven membrane filtration processes, such as Received:  June 9, 2023
nanofiltration (NF), have increasingly been considered a Revised:  October 19, 2023
post-treatment option in wastewater reclamation.””~"* Studies Accepted:  October 19, 2023

have shown the applicability of these membranes by reporting Published: November 2, 2023

near-complete removal of microorganisms and viruses under
normal conditions as the apparent pore size of NF membranes
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solution that are not removed in pretreatment could cause
tears in the membrane surface, leading to direct contamination
of the permeate by the feed solution. When these factors lead
to excessive strain on a hollow fiber membrane, failure can
occur, which mainly leads to flattening or cracking of a fiber in
the module.'® Therefore, effective monitoring methods need to
be implemented to reduce the potential of membrane failure
that can affect the final produced water.

To ensure membrane integrity, regulations have been
established with requirements to monitor membrane system
integrity.'’ These regulations stipulate criteria for all
membrane filtration processes, which must be met to receive
removal credits and ensure system safety. Removal credits are
generally provided on a log scale (log removal values, ie.,
LRVs) as these give a more pronounced difference at high
removal rates. Furthermore, both continuous monitoring using
indirect methods and verification using direct tests are set as
minimum criteria to receive log removal credits.

During direct monitoring, the membrane surface and
module casing are evaluated offline using methods that directly
correlate with the integrity.'”” These methods commonly
consist of pressure-based tests such as pressure or vacuum
decay tests, following standard practices such as the ASTM
D3923-23 & D6908-06, where a direct correlation exists
between observed trends in pressure decay and module
integrity.'*~*° Direct monitoring methods are highly sensitive
to pinhole size breaches and glue defects but require significant
downtimes and are labor-intensive. Therefore, these techni-
ques are mostly considered economically unfavorable after the
installation stage.””' Indirect membrane monitoring evaluates
the removal of a specific contaminant to evaluate the
membrane integrity. When significant changes in the removal
of such contaminants are observed, integrity losses are
assumed. Since no considerable downtimes are required during
indirect membrane integrity monitoring, a slight preference for
these methods exists. However, the efficiency of the technique
highly depends on the surrogate’s concentration, baseline
rejection, and analytical sensitivity.'®

Several indirect monitoring methods have been proposed by
previous research.””'®*'~** Among physicochemical surrogate
indicators, turbidity measurements and particle counting are
regularly applied for indirect monitoring.”’ While these
methods are quick and relatively inexpensive, limited sensitivity
due to low concentrations leaves them less applicable in high-
pressure membrane processes.””>’ Conductivity and ion
retention were also implemented to monitor membrane
integrity. While able to be monitored online with LRVs up
to log 3, sufficiently hi§h concentrations are required to
observe integrity losses.' Organic matter monitoring using
total organic carbon (TOC) analysis or UV, g4, spectroscopy
has seen some implementation in online membrane integrity
monitoring. Both TOC and UV,s, absorbance have been
shown to be sensitive enough to determine small leaks in
nanofiltration membranes that treat brown lake water.”* Log
removal values of ~5.5 for both UV, and TOC under
normal operational conditions reduced to ~log 2 due to
leakage in both cases. Based on their observations, it was
concluded that UV, . was most effective in monitoring NF
membrane integrity for brown lake water treatment.”*

In addition to chemical parameters, microbial contaminants
have been used to monitor the membrane integrity. Plate
counting of bacteria, such as Escherichia coli (E. coli), is
considered the conventional approach®*® While being an
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effective indicator, the application of plate counting is limited
by the significant time delay between sampling and the result.””
Next to plate counting, flow cytometry (FCM) has been
considered an alternative for water quality monitoring.”*
Previous studies demonstrated the efficacy of FCM as a
monitoring method and reported log removal values ranging
between 2 and 4.5.>7%*

More recently, quantification of microbial constituents
indigenous to freshwater using quantitative polymerase chain
reaction (qPCR) to monitor reverse osmosis membrane
integrity has effectively been developed by Hornstra et al
(2019). Log removal values up to ~8.5 were reported for intact
modules, while log removal values dropped to ~3.5 when a 1
mm hole was present in the membrane surface."> Based on
their results, it was concluded that the determination of
indigenous microbial contaminants using gPCR could be of
interest to evaluate log removal in water treatment systems.

The present study evaluated the applicability of multiple
indirect membrane integrity monitoring methods in gray water
reclamation systems. The suitability of indigenous integrity
indicators, including novel antibiotic-resistant genes (ARGs)
and previously proposed microbial and chemical substances,
was investigated to determine their viability in gray water
reclamation schemes. Both lab- and pilot-scale systems were
used to assess the importance of equipment scale while
developing and validating indirect monitoring methods.
Additionally, the applicability of a model for integrity breached
in hollow fiber membranes, proposed by Lidén et al. (2016),
which uses hydraulic data to predict the contribution of a
severed fiber to the permeate quality, was evaluated using
acquired data. Lastly, the acquired results and the model were
used to assess the potential effectiveness of the investigated
indirect monitoring methods in up-scaled gray water
reclamation systems.

2. MATERIALS AND METHODS

2.1. Chemicals and Membranes. Before each experi-
ment, biologically treated gray water effluent was collected
from a source-separated treatment plant located in Sneek, The
Netherlands. During the lab experiments, approximately 10 L
of eftluent was collected on the day of use to limit potential
changes to the effluent during storage, while ~180 L of
biologically treated effluent was collected in a 200 L buffer tank
to perform all pilot scale experiments. The average ionic
composition and organic content, given as total organic
carbon, of the effluent used throughout the current study is
provided in Table 1.

All experiments were performed at least three times. The
lab-scale experiments were executed to determine the baseline

Table 1. Ion Composition of the Biologically Treated Gray
Water Effluent Located in Noorderhoek, Sneek

component concentration mg‘L_1
pH 7.6

Ca*** S0+3

Mg** 14+ 1

Na* 149 + 8

ClI™ 93 £ 11
SO42_ 52 +8

PO, 14 £ 14

TOC (As C) 77 £ 43

https://doi.org/10.1021/acsestwater.3c00307
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Figure 1. Retention of (A)
membranes.

ions and (B) organic matter from biologically treated gray water effluent by both lab-scale and pilot-scale dNF40

retention of the selected indicator contaminants and to verify
the model proposed by Lidén et al. (2016).”* Experiments
were performed by using a Mexplorer bench-scale unit
acquired from NXFiltration (Enschede, The Netherlands),
which was connected to a heat exchanger. An in-depth
description of the setup is provided in our previous study.”” A
lab-scale dNF40 module, kindly provided by NXFiltration, was
used for all experiments. This membrane consists of a module
with an approximate length of 30 cm. Each module contains
~120 fibers (inner diameter = 0.7 mm), which are coated with
a proprietary polyelectrolyte multilayer (PEM), leading to a
membrane surface area of 0.065 m” and a molecular weight
cutoff (MWCO) of 400 Da. Before the experiments, the lab-
scale module was flushed with ~100 L of demi water at a cross-
flow velocity (CFV) of ~1.0 m s™' to remove residual
preservatives. The membrane was similarly cleaned between
each experiment to remove any potential foulants from the
module.

Pilot-scale experiments were performed to assess the
effectiveness of the indicator contaminants in larger-scale
systems. The experiments were performed using a Mexper-
ience pilot system (NXFiltration) located at the source-
separated wastewater treatment plant in Sneek, The Nether-
lands. A WMC110 dNF40 module with a membrane surface
area of 14.5 m?, distributed over ~4400, 150 cm long PEM-
coated fibers was used during all experiments. Before the
experiments, the pilot system was taken out of continuous
operation and connected to a 200 L buffer tank to allow for
complete recirculation of the concentrate and permeate. A
schematic representation of the experimental setup is provided
in the Supporting Information (S1). During the experiments,
the biologically treated effluent was spiked with E. coli as a
model organism. E. coli (6897 strain) was acquired from
DSMZ GmbH (Braunschweig, Germany) and grown 1 day
before each experiment to guarantee sufficient concentrations.

2.2, Experimental Protocols. 2.2.1. Lab-Scale Protocol.
Before each experiment, E. coli was spiked to a final
concentration of ~10’ colony-forming units per milliliter
(cfu mL™"). Following the addition of E. coli, samples were
collected at 2, 4, and 6 bar transmembrane pressure (TMP),
while the CFV was kept constant (0.4 m s™"). The membrane
was broken by inserting a needle through one fiber on the inlet
side. The break was confirmed by determining the flux at
increasing TMPs and validating the results using the model
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described by Lidén et al. (2016).”* This model determines the
contribution of a severed fiber to the permeate flow by using
known operational settings such as the transmembrane
pressure and hydraulic principles. A detailed description of
the hydraulic model is provided in the Supporting Information
(S2). Using the predicted flow through a breached membrane
and the known feed and permeate concentration and flow
through the membrane under normal conditions, the permeate
concentration under breached conditions can be determined
using eq 1.

QG+ QG =(Q +Q,)C, (1)
where Q represents the water flow through the broken fiber,
Cy is the feed concentration, Q, and C, are the permeate flow
and concentration, respectively, and C,; is the mixed
concentration of the permeate when a fiber is broken.

2.2.2. Pilot Protocol. Prior to the experiment, a 200 L buffer
tank was filled with ~180 L of biologically treated gray water.
Subsequently, the gray water was spiked with E. coli. to a
concentration of ~10" cfu mL™". To limit any potential
concentration gradients, all experiments were performed in full
recirculation (i.e., both the concentrate and permeate were
returned to the buffer tank). Samples were collected at 2, 3,
and 4 bar TMP, at a constant CFV of ~0.4 m s~ .. The full-
scale module was breached by breaking one fiber with tweezers
via the permeate port. Throughout the experiments, the flux
was continuously monitored using Mexperience software and
recorded during sampling.

2.3. Analytical Methods. Samples were analyzed for ions,
organic matter, E. coli, and ARGs. Ion concentrations were
determined using ion chromatography. The feed and permeate
cationic and anionic composition were analyzed using a
Metrohm Compact IC Flex 930 and Metrohm Compact IC
761 Ion chromatograph (Schiedam, The Netherlands). Ion
concentrations were determined using a built-in conductivity
probe. If required, samples were diluted to fit within the
detection range provided in Supporting Information S3.

Organics were determined by using UV, .. absorbance and
total organic carbon (TOC) analysis. UV,g4,,, absorbance was
determined by a Shimadzu UV-1800 (Shimadzu Benelux, ’s-
Hertogenbosch, The Netherlands) using a quartz glass cuvette
with a path length of 50 mm. Demineralized water was used as
a blank, and sufficient time was provided to ensure steady
absorbance. Samples were diluted when absorbance units

https://doi.org/10.1021/acsestwater.3c00307
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exceeded ~3. TOC concentrations were calculated by the
difference between total carbon (TC) and inorganic carbon
(IC), which was determined using a Shimadzu TOC-L Total
Organic Carbon Analyzer (Shimadzu Benelux, ’s-Hertogen-
bosch, The Netherlands). Samples were diluted when the TC
exceeded the detection range (>100 mg-L™").

E. coli concentrations were determined using plate counting
and qPCR. For plate counting, serially diluted samples were
filtered with 0.45 ym filters (Merck, Darmstadt, Germany) and
enumerated on Tryptone Bile X-glucuronide agar (TBX)
according to the method of Blaak et al. (2021).” For qPCR,
samples were filtered using 0.22 um PVDF Filters (Merck
Millipore, Burlington, MA, USA). Sample volumes for DNA
extraction varied between feed (20 to S0 mL) and permeate
samples (20 to S00 mL) to adjust for the suspected E. coli
concentration. DNA extraction was performed from filters by
using a DNeasy PowerWater Kit (QIAGEN, Germany). The
DNA extracts were analyzed for ybbW (E. coli), 16S rRNA,
sull, and tetO. Analysis was performed according to Pallares-
Vega et al. (2021) using the primers and slight modifications
provided in Supporting Information $4.%

3. RESULTS AND DISCUSSION

3.1. Performance of Hollow Fiber NF under Normal
Process Conditions. Overall, a limited influence of trans-
membrane pressure on the retention of most contaminants was
observed (Supporting Information SS). Therefore, the average
retention of all studied solutes, irrespective of pressure, was
determined (Figure 1).

The retention of most solutes was substantially lower at the
pilot scale than the observed retention during the lab-scale
experiments (Figure 1). This decrease in retention most likely
occurred due to the increased length of the module and the
operational settings during both experiments.’’ The pilot-scale
module was approximately five times longer than the lab-scale
module. Due to this difference in dimensions, a disparity in the
concentration gradients along the membrane surfaces could
occur regardless of similar operational conditions. Even though
the applied cross-flow velocity limits concentration polarization
in the lab-scale modules, an increased concentration gradient
along the membrane surface in the pilot module most likely
occurred due to the increased length of the membrane fibers.”’
Additionally, as higher water recoveries occurred at the pilot
scale (~50%) compared to the lab scale (~3%), enhanced
concentration build-up along the pilot module’s membrane
surface was presumed to have occurred.’’ This increased
concentration at the feed side would lead to an increased
concentration gradient across the membrane phase, enhancing
solute transport and reducing the observed lower retentions.

In line with the expectations, a higher retention of divalent
ions compared to monovalent ions was observed (Figure 1A).
Due to the inherent negative charge of the INF40 membranes,
divalent anion retention, i.e., sulfate (Lab: 98 + 1%; Pilot: 87
+ 1%) and phosphate (Lab: 91 + 1%; Pilot: 67 + 4%),
exceeded divalent cation rejection (Lab: ~ 60%; Pilot: ~ 42%
for both magnesium and calcium), while monovalent ion
retention fluctuated between ~0 and ~30% regardless of scale.
Based on these observations, it was presumed that divalent
anions, more specifically sulfate, are most appropriate for
further integrity monitoring tests due to their high retention
and limited deviation.

While no substantial difference in organic matter retention
between the lab-scale and pilot-scale experiments occurred,
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differences in organic matter retention based on the analytical
method were observed (Figure 1B). Retention determined
using UV,g4,, (Lab: 982 + 0.4%; Pilot: 97.5 + 0.1%)
substantially exceeded retention based on TOC analysis (Lab:
88.7 + 7%; Pilot: 89.2 + 0.7%). These differences in observed
organic matter retention based on TOC and UV, ., are most
likely due to the more efficient removal of aromatic groups,
which contribute more to absorbance at 254 nm.**
Considering that UV, absorbance is a less laborious and
expensive analytical technique and showed higher retentions
than that of TOC analysis, it was expected that UV,g,
absorbance would be more appropriate as an indirect indicator
method.

Based on plate counting, near complete removal of E. coli
was achieved since no colonies were detected in most of the
undiluted permeate samples (Figure 2). Out of the nine

B3 Lab-scale [ Pilot-scale
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Figure 2. Log removal of E. coli, 16S rRNA, and ARGs (sull and tetO)
from spiked biologically treated gray water effluent. E. coli PC:
removal was determined using plate counting. Striped bars represent a
minimum log removal—actual log removal could not be determined as
concentrations in the permeate were below the limit of detection
(LOD).

permeate samples collected on the lab scale, only one sample
provided a positive result with a log concentration of 0.18,
which corresponded to a LRV of 6.88. On the pilot scale, all
nine permeate samples did not contain any indication of E. coli.
Due to this near complete absence of E. coli in the permeate
samples, log removal values corresponded to the initial feed
concentrations, as shown in Supporting Information S6. Near
complete removal of E. coli was in line with the expectations as
previous research reported removal of E. coli below detection
limits using both ultrafiltration and nanofiltration.””*?>
Krahnstover et al. (2019) reported LRVs exceeding S for
ultrafiltration membranes in wastewater reclamation schemes.”
Since nanofiltration membranes have a lower MWCO and
pore size than ultrafiltration membranes, it is expected that
well-operating high-pressure systems, such as nanofiltration
systems, will result in similar or improved removal.?
Average log removals determined using qPCR were
substantially lower than those determined using plate counting
(Figure 2). For E. coli gPCR, most permeate samples targeting
the ybbW gene were below the limit of detection (Supporting
Information S6). While this was in line with the expectation
based on plate counting, the relatively high limit of detection

https://doi.org/10.1021/acsestwater.3c00307
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Figure 4. Retention of (A) ions and (B) organic matter by a 4 in. pilot-scale dNF40 membrane under normal and breached operation. Gray circles

represent the change in retention predicted by the hydraulic model.

(LOD) of log 2.26 led to a limited determined log removal
value of ~4.4 on both lab and pilot scale modules. Since 16S
rRNA is a nonspecific target for qPCR, higher concentrations
in biological effluent were presumed to be present. While a
higher initial 16S rRNA concentration was observed
throughout most experiments, a substantial concentration of
16S rRNA, ranging from ~3.2 on the lab scale and ~2.8 on the
pilot scale, was still present in the permeate. Previous work has
shown the presence of significant portions of extracellular
DNA which contributed to 16S rRNA qPCR results in
wastewater effluent.’”* 16S rRNA concentrations up to log 5
gene copies mL™' from free-floating DNA were observed in
conventional wastewater treatment effluents. While it is
presumed that near complete retention of viable micro-
organisms can be achieved, passage of much smaller, elongated
free-floating DNA could occur, leading to the observed lower
log removals. Overall, an average 16S rRNA log removal of 3.9
+ 0.9 on the lab scale and 5.0 + 0.3 on the pilot scale was
achieved under normal operation.

In line with the expectation, both ARGs (i.e., sull and tetO)
were less prevalent in the effluent than both 16S rRNA and
ybbW. Similar to previous observations, biologically treated
gray water effluent contained higher concentrations of sull
(~log 5.5 gene copies mL™") than tetO (~log 4 gene copies

3888

mL™") (Supporting Information $6).>> While the dNF40
membrane effectively removed both ARGs, limited log removal
values could be determined due to the relatively low feed
concentration of each gene. Under normal operational
conditions, most permeate samples contained low concen-
trations of sull (Supporting Information S6), which led to
observed removals of ~4.4 on the lab scale and ~5 on the pilot
scale. TetO was removed below detection limits (log 0.84) in
the permeate by the dNF40 membranes (Supporting
Information S6), leading to LRVs of at least ~ log 2 and ~
log 3.4 on the lab and pilot scales, respectively. While these
observations show the potential for gene-specific monitoring
for membrane integrity, targeting more abundant genes needs
to be considered and tested to determine its applicability.
Considering the current results, it was expected that plate
counting and E. coli-specific qPCR using the ybbW gene would
be most effective for monitoring membrane integrity in larger-
scale systems due to their higher measurable log removal
values.

3.2. Performance of Indicator Contaminants in
Breached NF Applications for Gray Water Reclamation.
3.2.1. Applicability of the Hydraulic Model for Integrity
Breaches in Gray Water Reclamation Systems. To assess the
validity of the model proposed by Lidén et al. (2016), the
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change in flux due to a single breach in a lab-scale and pilot-
scale module was determined and compared to the predicted
increase in flux. Since a lab-scale module contains substantially
fewer fibers than a pilot module (~120 compared to ~4400),
breaks on the lab-scale are expected to lead to a more
significant increase in permeate flow and subsequently lead to
the near-complete passage of all targeted integrity monitoring
substances. This substantial increase in permeate flow and
near-complete passage of all contaminants was clearly observed
and relatively well predicted (Supporting Information 7). Since
the predictive model functioned relatively well at the lab scale,
the model was further applied to the pilot module (Figures 3
and 4).

Since the pilot scale module contained ~4400 fibers, one
breach’s effect on both the flux and retention of the indicator
contaminants was expected to be much less pronounced. While
only a minor increase in the flux due to a breach was observed,
a clear decrease in the filtration resistance was observed
(Figure 3). Lidén et al. (2016) reported a higher sensitivity of
filtration resistance toward integrity losses when compared to
the water flux.”* The changes in flux and filtration resistance
were relatively well predicted using the proposed model by
Lidén et al. (2016), indicating its potential suitability to assess
bigger systems using the acquired pilot results.

3.2.2. Removal of Indicator Contaminants by a
Compromised Pilot-Scale Module. No clear trend in the
retention change for most chemical contaminants due to a
single fiber breach was observed during the experiments
(Figure 4). Insignificant changes in ion retention were
observed during the pilot-scale experiments (Figure 4A).
Most reductions remained within the standard deviation
observed at normal conditions, limiting the use of ions as a
membrane integrity indicator to set-ups smaller than the now
applied pilot scale. The model mostly overpredicted the
expected loss in retention, which was likely due to the
variability observed during the normal conditions. While the
loss in sulfate retention was relatively well predicted, its
relatively large standard deviation under normal conditions
limited the usability of the ion as an indicator contaminant. It
must be noted that phosphate retention increased from 68 =+
4% during normal operation to 75 + 2% when the membrane
was breached. This increase in observed retention most likely
occurred due to an increased analytical accuracy as feed
concentrations of phosphate increased 10-fold between the
experiments under normal conditions and breached con-
ditions. Since the permeate concentrations under normal
conditions were close to the detection limits of 0.1 mg-L_l, the
observed retentions were limited by this LOD. Due to the 10-
fold increase in feed phosphate concentrations during the
experiments with the breached module, a subsequent increase
in permeate concentrations was observed, regardless of the
breach. This increase in permeate concentration eliminated the
potentially limited observed retention due to the LOD, and it
is presumed to have led to the observed increase in PO,
retention (Figure 3A).

In terms of organic matter removal, a clear decrease in
UV,54m absorbance, from 97.5 + 0.1% to 92.2 + 0.5%, was
observed (Figure 4B). While there was a relatively small
decrease of ~5%, high stability in the observed absorption
change led to limited deviation in the results. Furthermore, the
predicted retention (92.1%) agreed well with the observed loss
in retention, indicating its potential use in bigger-scale systems.
Due to a relatively large deviation in organic matter retention
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determined using TOC analysis, no significant change in
retention could be observed. These results were consistent
with the observations of Lidén et al. (2016), where a higher
sensitivity of UV,s,,,, absorbance for membrane integrity
monitoring compared to TOC-analysis was observed.”* Based
on the observations for all studied chemical contaminants, it
was concluded that UV, absorbance would be a more
viable membrane integrity monitoring method in gray water
reclamation schemes due to its lower variance, potential direct
measurement, ease of implementation, and scalability.

A single breach in the pilot-scale module clearly led to
significant losses in log removal values observed for all
microbial indicators (Figure S). Using plate counting, a
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Figure 5. LRVs of microbial indicators by a 4” pilot scale dNF40
membrane under normal and breached conditions. The striped bar
graphs represent the log removal values based on the LOD, while the
gray circles represent the predicted loss in log removal values.

reduction in log removal values from ~7.6 to 1.7 + 0.1 was
observed, clearly displaying the viability of plate counting as an
integrity monitoring method in large-scale set-ups. The
modeled result slightly overpredicted the contribution of one
single fiber breach toward the loss in LRVs by ~log 0.5. The
loss in log removal values of all targeted genes using qPCR
exceeded both the observed loss for plate counting and the
predicted value. The LRV of the E. coli-specific gene, ybbW
reduced from ~log 4.4 to log 0.4 & 0.4 due to a singular fiber
breach, while 16S rRNA reduced from ~5 to log 0.16 + 0.35.
The removal of the novel ARGs showed a similar trend, where
sull removal reduced from ~5 to log 0.20 + 0.35 and tetO
removal reduced from ~3.4 to 0.35 + 0.48 (Figure S). The loss
in LRV for all microbial indicators targeted by qPCR was
underpredicted by ~log 0.85 (ybbW) to log 1.75 (tetO). This
underprediction could be caused by several effects, such as
matrix effects caused by sample composition, artifacts in the
qPCR method, or misalignment of the model parameters.
Based on the current results, no conclusive reason for the
misalignment of the model for the microbial indicators could
be provided, and future studies to enhance the quality of the
predictions are recommended. Considering the observed
changes in LRV due to a single fiber failure for all targeted
microbial indicators, it was presumed that plate counting (LRV
change log ~5.9), qQPCR targeting 16S rRNA (LRV change log
~4.8), and sull (LRV change log ~4.8) would currently be the
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Figure 6. Log removal of organic matter determined by UV, absorbance and the microbial indicators (E. coli by plate counting and qPCR, 16S
rRNA, sull, and tetO) by an intact and a breached (single fiber) 4” dNF40 module. The markers represent the predicted log removal values based
on the number of extra 4” inch modules using the hydraulic model and mass balance. The secondary y-axis presents retention values, which align

with the log removal values.

most appropriate as indicators in pilot-scale gray water
treatment systems.

3.2.3. Implications for Integrity Monitoring in Multi-
module Installations. Since log removal values, in essence,
represent the retention of constituents on a log scale, it was
decided to express all indicators of interest (UV,g4nm
absorbance and all microbial indicators) in log removal values
(Figure 6). Furthermore, even though the model under-
estimated the loss in log removal values, it was still attempted
to assess the change in LRVs in multimodule systems. To
evaluate the model results for the better-predicted indicators
(i.e, UV,g4nm absorbance and E. coli plate counting), in a
conservative approach, a minimum required change of 0.1
LRVs, including standard deviation, was chosen as the limit to
observe and determine a breach.

As previously shown in Figure 4, a single breach was only
clearly observed using UV,s,.. absorbance as a physical-
chemical indicator. Therefore, UV absorbance was the only
chemical indicator considered during the theoretical assess-
ment of multimodule systems. Using the observed log removal
of UV and the predicted change in log removal in multimodule
systems, the range of applicability of UV absorbance as an
indirect membrane integrity monitoring method was estimated
(Figure 6). Based on the predictions, UV, absorbance
could still be a viable membrane integrity monitoring method
up to a maximum of five 4-in. modules (A, = ~72.5 m?).
This would allow the application of UV absorbance in pilot-
scale and small-scale industrial setups that do not exceed five
modules. However, large-scale gray water reclamation
installations will most likely consist of systems with more
than five modules, limiting the applicability of UV absorbance
as an integrity monitoring solution. Furthermore, since online
UV absorbance sensors are relatively expensive, the method’s
viability from an economic point of view is rather quickly lost.
For E. coli determined by plate counting, the model predicted
the observed log removals sufficiently. It was, therefore,
presumed that predictions of multimodule systems could
provide some insight. Based on the modeled changes in log

3890

removal values in multiscale systems, a single broken fiber in
40 dNF40 modules (~580 m”) would most likely still be
detectable using plate counting (Figure 6).

Considering the experimental observations, plate counting
and qPCR are viable methods to assess the membrane integrity
indirectly. While the reduction in log removal by plate
counting could be predicted reasonably well with the model,
substantial deviations in the modeled results and the observed
reduction in log removal by qPCR were observed. Therefore,
the modeled results could only be considered qualitatively for
gPCR when assessing multimodule systems. Based on the
qualitatively modeled results, higher observed LODs, and the
limited presence of some of the targeted genes (ie., tetO) in
biologically treated effluent, qPCR is expected to be more
limited than plate counting currently. Since permeate
contamination caused by a broken fiber will decrease with an
increasing number of modules, LOD will become a limiting
factor at a certain point. Since plate counting has the most
extensive range between initial concentration and LOD
(Supporting Information S8), it should currently still be
preferred when assessing membrane integrity.

While plate counting is currently the most reliable solution
to determine a loss in membrane integrity due to its lower
LOD, the time required to obtain the result substantially
lowers its overall practicality. Therefore, further improvements
of gPCR, such as a reduction in the detection limits and the
development of inline measurement equipment, could enhance
the applicability as a membrane integrity monitoring solution
in future gray water reclamation systems.

4. CONCLUSIONS

Membrane integrity is of utmost importance when it is applied
in wastewater reclamation schemes. In the current study,
monitoring of potential fiber breaches in hollow fiber
nanofiltration membranes was investigated in gray water
reclamation schemes using a multitude of indicator contam-
inants.
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Under normal operating conditions, effective retention of
divalent ions and organic matter was observed, while near
complete removal of E. coli was achieved by both lab-scale and
pilot-scale dNF40 membranes. 16S rRNA and sull were
observed in the permeate, possibly due to free-floating DNA
passing through the membrane.

A break in a single fiber highlighted the importance of the
equipment scale when developing and validating indirect
membrane integrity monitoring methods. All targeted
contaminants fully passed through the lab-scale module,
while no discernible differences in the retention of ions and
organic matter (by TOC analysis) at the pilot scale were
observed.

A single broken fiber in a pilot module was effectively
detected by UV,s,,., spectroscopy, plate counting, and qPCR,
highlighting their potential viability as supplementary indirect
membrane integrity monitoring methods alongside conven-
tional pressure-based decay tests.

The modeled results suggest that UV, absorbance could
be an effective membrane integrity monitoring solution for
pilot to small-scale industrial applications that do not exceed
membrane surface areas over ~72 m”. Microbial indicators are
most likely able to assess substantially larger gray water
reclamation systems with membrane installations that exceed
membrane surface areas of 500 m® While qPCR, using
indigenous microbial indicators such as ARGs, is a promising
technology that could eventually replace conventional micro-
bial-based membrane integrity monitoring solutions (i.e., plate
counting), limitations, such as relatively high detection limits,
lead to plate counting presently being more successful in
detecting fiber failures in large-scale reclamation schemes.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsestwater.3c00307.

Schematic overview of the pilot-scale setup, description
of the predictive model, details of the chemical and
microbial analyses, additional results including pressure-
dependent retention, concentration range using plate
counting and gPCR, flux and retention changes for the
lab-scale membranes under breached conditions,
changes in permeate concentrations based on the
model, and equations to determine retention, log
removal values, and water recovery (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Samuel Benjamin Rutten — Wetsus, European Centre of
Excellence for Sustainable Water Technology, 8911 MA
Leeuwarden, The Netherlands; Membrane Science and
Technology, University of Twente, 7522 NB Enschede, The
Netherlands; © orcid.org/0000-0003-0946-8788;
Email: s.b.rutten@utwente.nl

Lucia Hernindez Leal — Wetsus, European Centre of
Excellence for Sustainable Water Technology, 8911 MA
Leeuwarden, The Netherlands; Email: lucia.hernandez@
wetsus.nl

Authors
Bukola Lois Ojobe — Wetsus, European Centre of Excellence
for Sustainable Water Technology, 8911 MA Leeuwarden,

3891

The Netherlands; Department of Water Technology and
Environmental Engineering, University of Chemistry and
Technology Prague, 166 28 Prague, Czech Republic

Joris de Grooth — Membrane Science and Technology,
University of Twente, 7522 NB Enschede, The Netherlands;
NXFiltration, 7545 PN Enschede, The Netherlands

Hendrik D. W. Roesink — Membrane Science and Technology,
University of Twente, 7522 NB Enschede, The Netherlands;
NXFiltration, 7545 PN Enschede, The Netherlands

Jan Bartacek — Department of Water Technology and
Environmental Engineering, University of Chemistry and
Technology Prague, 166 28 Prague, Czech Republic

Heike Schmitt — Wetsus, European Centre of Excellence for
Sustainable Water Technology, 8911 MA Leeuwarden, The
Netherlands; National Institute for Public Health and the
Environment, 3721 MA Bilthoven, The Netherlands;
Department of Biotechnology, Delft University of Technology,
2629 HZ Delft, The Netherlands; Institute for Risk
Assessment Sciences, Faculty of Veterinary Medicine, Utrecht
University, 3584 CS Utrecht, The Netherlands

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsestwater.3c00307

Author Contributions

CRediT: Samuel Benjamin Rutten conceptualization, data
curation, formal analysis, investigation, methodology, project
administration, visualization, writing-original draft; Bukola
Lois Ojobe data curation, formal analysis, investigation,
methodology, writing-original draft; Lucia Hernandez Leal
conceptualization, supervision, writing-review & editing; Joris
de Grooth conceptualization, supervision, writing-review &
editing; Hendrik D. W. Roesink funding acquisition; Jan
Bartacek writing-review & editing; Heike Schmitt supervision,
validation, writing-review & editing.

Notes

The authors declare the following competing financial
interest(s): Prof. Dr. H.D.W Roesink and Dr. J de Grooth
currently hold positions at NX Filtration B.V., a membrane
manufacturer. The other authors declare that they have no
known competing financial interests or personal relationships
that could have appeared to influence the work reported in this

paper.
B ACKNOWLEDGMENTS

This work was performed in the cooperation framework of
Wetsus, European Centre of Excellence for Sustainable Water
Technology (https://www.wetsus.nl). Wetsus is cofunded by
the Dutch Ministry of Economic Affairs and Ministry of
Infrastructure and Environment, the European Union Regional
Development Fund, the Province of Fryslan, and the Northern
Netherlands Provinces. The authors thank the participants of
the research theme “Advanced Water Treatment” for fruitful
discussions and financial support. Furthermore, the work was
supported by the European Union’s Horizon 2020 research
and innovation program—Research Platform on Antibiotic
Resistance Spread Through Wastewater Treatment Plants—
REPARES. Lastly, the authors would like to thank Katerina
Hanusova for the support during gene quantification.

B REFERENCES

(1) Cisneros, B. J. Water Recycling and Reuse: An Overview. Water
reclamation and Sustainability Chapter 18 2014, 431—454.

https://doi.org/10.1021/acsestwater.3c00307
ACS EST Water 2023, 3, 3884—-3892


https://pubs.acs.org/doi/10.1021/acsestwater.3c00307?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.3c00307/suppl_file/ew3c00307_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+Benjamin+Rutten"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0946-8788
mailto:s.b.rutten@utwente.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lucia+Herna%CC%81ndez+Leal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:lucia.hernandez@wetsus.nl
mailto:lucia.hernandez@wetsus.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bukola+Lois+Ojobe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joris+de+Grooth"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hendrik+D.+W.+Roesink"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jan+Bartacek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heike+Schmitt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.3c00307?ref=pdf
https://www.wetsus.nl
https://doi.org/10.1016/B978-0-12-411645-0.00018-3
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS ES&T Water

pubs.acs.org/estwater

(2) Krahnstéver, T.; Hochstrat, R.; Wintgens, T. Comparison of
Methods to Assess the Integrity and Separation Efficiency of
Ultrafiltration Membranes in Wastewater Reclamation Processes. J.
Water Process. Eng. 2019, 30, 100646.

(3) Li, F.; Wichmann, K; Otterpohl, R. Review of the Technological
Approaches for Gray Water Treatment and Reuses. Sci. Total Environ.
2009, 407 (11), 3439—3449.

(4) Vuppaladadiyam, A. K;; Merayo, N.; Prinsen, P.; Luque, R.;
Blanco, A.; Zhao, M. A Review on Graywater Reuse: Quality, Risks,
Barriers and Global Scenarios. Rev. Environ. Sci. Biotechnol. 2019, 18
(1), 77-99.

(5) Eriksson, E.; Auffarth, K.; Henze, M.; Ledin, A. Characteristics of
Gray Wastewater. Urban Water 2002, 4 (1), 85—104.

(6) Butkovskyi, A.; Rijnaarts, H. H. M.; Zeeman, G.; Hernandez
Leal, L. Fate of Personal Care and Household Products in Source
Separated Sanitation. J. Hazard. Mater. 2016, 320, 427—434.

(7) Shi, K. W.; Wang, C. W,; Jiang, S. C. Quantitative Microbial Risk
Assessment of Graywater On-Site Reuse. Sci. Total Environ. 2018,
635, 1507—1519.

(8) Eriksson, E.; Auffarth, K.; Eilersen, A. M.; Henze, M.; Ledin, A.
Household Chemicals and Personal Care Products as Sources for
Xenobiotic Organic Compounds in Gray Wastewater. Water Sanit.
2003, 29 (2), 135—146.

9) Huang, X,; Min, J. H; Lu, W,; Jaktar, K; Yu, C; Jiang, S. C.
Evaluation of Methods for Reverse Osmosis Membrane Integrity
Monitoring for Wastewater Reuse. J. Water Process. Eng. 2015, 7,
161—-168.

(10) Abtahi, S. M; Ilyas, S.; Joannis Cassan, C.; Albasi, C.; de Vos,
W. M. Micropollutants Removal from Secondary-Treated Municipal
Wastewater Using Weak Polyelectrolyte Multilayer Based Nano-
filtration Membranes. J. Membr. Sci. 2018, 548 (June2017), 654—666.

(11) Taheran, M.; Brar, S. K;; Verma, M.; Surampalli, R. Y.; Zhang,
T. C,; Valero, J. R. Membrane Processes for Removal of Pharmaceuti-
cally Active Compounds (PhACs) from Water and Wastewaters. Sci.
Total Environ. 2016, 547, 60—77.

(12) Wang, Y.; Zucker, I; Boo, C.; Elimelech, M. Removal of
Emerging Wastewater Organic Contaminants by Polyelectrolyte
Multilayer Nanofiltration Membranes with Tailored Selectivity. ACS
ES&T Engg 2021, 1 (3), 404—414.

(13) Hornstra, L. M,; Rodrigues Da Silva, T.; Blankert, B.; Heijnen,
L.; Beerendonk, E.; Cornelissen, E. R.; Medema, G. Monitoring the
Integrity of Reverse Osmosis Membranes Using Novel Indigenous
Freshwater Viruses and Bacteriophages. Environ. Sci. 2019, 5 (9),
1535—1544.

(14) Junker, M. A; de Vos, W. M.; de Grooth, J.; Lammertink, R. G.
H. Relating Uncharged Solute Retention of Polyelectrolyte Multilayer
Nanofiltration Membranes to Effective Structural Properties. J.
Membr. Sci. 2023, 668, 121164.

(15) Xin, C; Wang, J; Jia, H; Wen, H; Li, J. Hollow Fiber
Membrane Integrity Warning Device Based on Laser Extinction
Particles Detection Technology. Sep. Purif. Technol. 2019, 224 (April),
295-303.

(16) Gijsbertsen-Abrahamse, A. J.; Cornelissen, E. R.;; Hofman, J. A.
M. H. Fiber Failure Frequency and Causes of Hollow Fiber Integrity
Loss. Desalination 2006, 194 (1—3), 251—258.

(17) USEPA. Membrane Filtration Guidance Manual EPA 815-R-06—
009: Washington DC, 2005;.

(18) Ostarcevic, E. R;; Jacangelo, J.; Gray, S. R.; Cran, M. J. Current
and Emerging Techniques for High-Pressure Membrane Integrity
Testing. Membranes 2018, 8 (3), 60.

(19) ASTM. ASTM D6908—06 Standard Practice for Integrity Testing
of Water Filtration Membrane Systems, 2017;.

(20) ASTM. ASTM D3923—23 Standard Practices for Detecting Leaks
in Reverse Osmosis and Nanofiltration Devices, 2023;.

(21) Lousada-Ferreira, M.; Van Lier, J. B.; Van Der Graaf, J. H.J. M.
Particle Counting as Surrogate Measurement of Membrane Integrity
Loss and Assessment Tool for Particle Growth and Regrowth in the
Permeate of Membrane Bioreactors. Sep. Purif. Technol. 2016, 161,
16—24.

3892

(22) Antony, A.; Blackbeard, J.; Leslie, G. Removal Efficiency and
Integrity Monitoring Techniques for Virus Removal by Membrane
Processes. Crit. Rev. Environ. Sci. Technol. 2012, 42 (9), 891—933.

(23) Gitis, V.; Rothenberg, G. Membrane Integrity Monitoring. In
Encyclopedia of Membrane Science and Technology; Wiley, 2013; pp 1—
19..

(24) Lidén, A.; Lavonen, E.; Persson, K. M.; Larson, M. Integrity
Breaches in a Hollow Fiber Nanofilter - Effects on Natural Organic
Matter and Virus-like Particle Removal. Water Res. 2016, 105, 231—
240.

(25) van Nevel, S.; Koetzsch, S.; Proctor, C. R.; Besmer, M. D.;
Prest, E. I; Vrouwenvelder, J. S.; Knezev, A.; Boon, N.; Hammes, F.
Flow Cytometric Bacterial Cell Counts Challenge Conventional
Heterotrophic Plate Counts for Routine Microbiological Drinking
Water Monitoring. Water Res. 2017, 113, 191-206.

(26) Buysschaert, B.; Vermijs, L.; Naka, A,; Boon, N.; de Gusseme,
B. Online Flow Cytometric Monitoring of Microbial Water Quality in
a Full-Scale Water Treatment Plant. npj Clean Water 2018, 1 (1), 16.

(27) Cheswick, R; Cartmell, E.; Lee, S.; Upton, A.; Weir, P.; Moore,
G.; Nocker, A,; Jefferson, B.; Jarvis, P. Comparing Flow Cytometry
with Culture-Based Methods for Microbial Monitoring and as a
Diagnostic Tool for Assessing Drinking Water Treatment Processes.
Environ. Int. 2019, 130, 104893.

(28) Rautten, S. B; Levering, V. L.; Hernandez Leal, L.; de Grooth, J.;
Roesink, H. D. W. Retention of Micropollutants by Polyelectrolyte
Multilayer Based Hollow Fiber Nanofiltration Membranes under
Fouled Conditions. J. Water Process. Eng. 2023, 53, 103760.

(29) Blaak, H.; Kemper, M. A,; de Man, H.; van Leuken, J. P. G.;
Schijven, J. F.; van Passel, M. W. J.; Schmitt, H.; de Roda Husman, A.
M. Nationwide Surveillance Reveals Frequent Detection of
Carbapenemase-Producing Enterobacterales in Dutch Municipal
Wastewater. Sci. Total Environ. 2021, 776, 145925S.

(30) Pallares-Vega, R.; Hernandez Leal, L.; Fletcher, B. N.; Vias-
Torres, E.; van Loosdrecht, M. C. M.; Weissbrodt, D. G.; Schmitt, H.
Annual Dynamics of Antimicrobials and Resistance Determinants in
Flocculent and Aerobic Granular Sludge Treatment Systems. Water
Res. 2021, 190, 116752.

(31) Junker, M. A,; de Vos, W. M.; Lammertink, R. G. H. H.; de
Grooth, J. Bridging the Gap between Lab-Scale and Commercial
Dimensions of Hollow Fiber Nanofiltration Membranes. J. Membr.
Sci. 2021, 624 (January), 119100.

(32) Iannelli, R; Ripari, S.; Casini, B.; Buzzigoli, A.; Privitera, G;
Verani, M.; Carducci, A. Feasibility Assessment of Surface Water
Disinfection by Ultrafiltration. Water Sci. Technol.: Water Supply 2014,
14 (4), 522—531.

(33) Egea-Corbacho, A.; Gutiérrez Ruiz, S.; Quiroga Alonso, J. M.
Removal of Emerging Contaminants from Wastewater Using
Nanofiltration for Its Subsequent Reuse: Full-Scale Pilot Plant. J.
Cleaner Prod. 2019, 214, 514—523.

(34) Calderén-Franco, D.; van Loosdrecht, M. C. M.; Abeel, T.;
Weissbrodt, D. G. Free-Floating Extracellular DNA: Systematic
Profiling of Mobile Genetic Elements and Antibiotic Resistance
from Wastewater. Water Res. 2021, 189, 116592.

(35) Zare, S.; Derakhshandeh, A.; Mohammadi, A.; Noshadi, M.
Abundance of Antibiotic Resistance Genes in Bacteria and
Bacteriophages Isolated from Wastewater in Shiraz. Mol Biol. Res.
Commun. 2021, 10 (2), 73—83.

https://doi.org/10.1021/acsestwater.3c00307
ACS EST Water 2023, 3, 3884—-3892


https://doi.org/10.1016/j.jwpe.2018.06.008
https://doi.org/10.1016/j.jwpe.2018.06.008
https://doi.org/10.1016/j.jwpe.2018.06.008
https://doi.org/10.1016/j.scitotenv.2009.02.004
https://doi.org/10.1016/j.scitotenv.2009.02.004
https://doi.org/10.1007/s11157-018-9487-9
https://doi.org/10.1007/s11157-018-9487-9
https://doi.org/10.1016/S1462-0758(01)00064-4
https://doi.org/10.1016/S1462-0758(01)00064-4
https://doi.org/10.1016/j.jhazmat.2016.08.059
https://doi.org/10.1016/j.jhazmat.2016.08.059
https://doi.org/10.1016/j.scitotenv.2018.04.197
https://doi.org/10.1016/j.scitotenv.2018.04.197
https://doi.org/10.4314/wsa.v29i2.4848
https://doi.org/10.4314/wsa.v29i2.4848
https://doi.org/10.1016/j.jwpe.2015.05.001
https://doi.org/10.1016/j.jwpe.2015.05.001
https://doi.org/10.1016/j.memsci.2017.10.045
https://doi.org/10.1016/j.memsci.2017.10.045
https://doi.org/10.1016/j.memsci.2017.10.045
https://doi.org/10.1016/j.scitotenv.2015.12.139
https://doi.org/10.1016/j.scitotenv.2015.12.139
https://doi.org/10.1021/acsestengg.0c00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestengg.0c00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsestengg.0c00160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9EW00318E
https://doi.org/10.1039/C9EW00318E
https://doi.org/10.1039/C9EW00318E
https://doi.org/10.1016/j.memsci.2022.121164
https://doi.org/10.1016/j.memsci.2022.121164
https://doi.org/10.1016/j.seppur.2019.05.045
https://doi.org/10.1016/j.seppur.2019.05.045
https://doi.org/10.1016/j.seppur.2019.05.045
https://doi.org/10.1016/j.desal.2005.11.010
https://doi.org/10.1016/j.desal.2005.11.010
https://doi.org/10.3390/membranes8030060
https://doi.org/10.3390/membranes8030060
https://doi.org/10.3390/membranes8030060
https://doi.org/10.1016/j.seppur.2016.01.033
https://doi.org/10.1016/j.seppur.2016.01.033
https://doi.org/10.1016/j.seppur.2016.01.033
https://doi.org/10.1080/10643389.2011.556539
https://doi.org/10.1080/10643389.2011.556539
https://doi.org/10.1080/10643389.2011.556539
https://doi.org/10.1002/9781118522318.emst067
https://doi.org/10.1016/j.watres.2016.08.056
https://doi.org/10.1016/j.watres.2016.08.056
https://doi.org/10.1016/j.watres.2016.08.056
https://doi.org/10.1016/j.watres.2017.01.065
https://doi.org/10.1016/j.watres.2017.01.065
https://doi.org/10.1016/j.watres.2017.01.065
https://doi.org/10.1038/s41545-018-0017-7
https://doi.org/10.1038/s41545-018-0017-7
https://doi.org/10.1016/j.envint.2019.06.003
https://doi.org/10.1016/j.envint.2019.06.003
https://doi.org/10.1016/j.envint.2019.06.003
https://doi.org/10.1016/j.jwpe.2023.103760
https://doi.org/10.1016/j.jwpe.2023.103760
https://doi.org/10.1016/j.jwpe.2023.103760
https://doi.org/10.1016/j.scitotenv.2021.145925
https://doi.org/10.1016/j.scitotenv.2021.145925
https://doi.org/10.1016/j.scitotenv.2021.145925
https://doi.org/10.1016/j.watres.2020.116752
https://doi.org/10.1016/j.watres.2020.116752
https://doi.org/10.1016/j.memsci.2021.119100
https://doi.org/10.1016/j.memsci.2021.119100
https://doi.org/10.2166/ws.2014.003
https://doi.org/10.2166/ws.2014.003
https://doi.org/10.1016/j.jclepro.2018.12.297
https://doi.org/10.1016/j.jclepro.2018.12.297
https://doi.org/10.1016/j.watres.2020.116592
https://doi.org/10.1016/j.watres.2020.116592
https://doi.org/10.1016/j.watres.2020.116592
https://doi.org/10.22099/mbrc.2021.39468.1584
https://doi.org/10.22099/mbrc.2021.39468.1584
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.3c00307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

