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H I G H L I G H T S

• Bench- and engineering-scale systems were used to compare NF and RO membranes.
• High TOC rejection by NF90 and NF270, but lower rejection o inorganics with NF270
• Rejection o inorganics was similar between NF90 and RO except or monovalent ions.
• Rejection o TOrCs was similar between NF90 and RO membranes.
• NF9 maintained high contaminants rejection in long-term engineering-scale operations.
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A B S T R A C T

The increasing demand or drinking water has led to the adoption o unconventional water sources, such as water
reuse. Reverse osmosis (RO) and nanoltration (NF) membranes are eective barriers against trace organic
contaminants in potable water reuse applications. However, the use o RO is being challenged by NF, primarily
due to NF's potential to achieve similar contaminant removal as RO but with higher productivity and lower
energy requirements. This study compares NF and RO membranes in terms o contaminant removal and energy
consumption or potable water reuse applications. RO (BW30XFR) and dense and loose NF (NF90 and NF270)
membranes were tested in bench-scale systems, and RO (TW30) and NF (NF9) membrane elements were tested in
an engineering scale system utilizing UF-ltered reclaimed wastewater. The highest solute passage was observed
using NF270 membrane. There was no dierence between NF90 and BW30XFR in terms o divalent ion passage,
but NF90's total organic carbon and monovalent ion passages were higher. Both NF90 and BW30XFR highly
rejected negatively charged trace organic contaminants (TOrCs), though rejections were lower or neutral and
positively charged compounds. Furthermore, all compounds were highly rejected in the engineering-scale system
by NF9 and TW30. These results highlight the potential o dense NF membranes as an energy-ecient barrier or
contaminant removal.

1. Introduction

Freshwater scarcity has become a global concern due to the rapidly
growing population, which increasingly stresses the limited conven-
tional water resources [1]. Potable water reuse is considered an attrac-
tive alternative to overcome the continuous decline in available water
supplies [2]. The advanced purication o municipal wastewater or
potable water reuse provides a sae and reliable water supply wherever
wastewater is utilized [3]. Among dierent technologies, pressure-

driven membrane processes have proven their potential in advanced
water purication. Membrane processes, including low-pressure tech-
nologies such as microltration (MF) [4,5] and ultraltration (UF)
[6–8], as well as high-pressure processes such as nanoltration (NF)
[9,10] and reverse osmosis (RO) [11–13], are state-o-the-art or potable
water reuse applications as they produce high-quality water [14]. The
high rejection rates o membranes, specically NF and RO, make them
eective barriers to most contaminants in potable water reuse. While the
NFmembranes typically have pores in the range o 1 nm and amolecular
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weight cut-o between 200 Da (tight) and 500 Da (loose), RO mem-
branes are considered nonporous; nevertheless, both types o mem-
branes have emerged as standard processes in potable water reuse
applications [15,16].

In potable water reuse applications, there has been a growing
concern regarding the ubiquitous occurrence o trace organic contami-
nants (TOrCs), which are oten poorly eliminated during conventional
wastewater treatment [17–22]. The poor rejection o TOrCs can be
attributed to their complex and diverse physicochemical properties,
such as solubility, charge, hydrophobicity, polarity, and small molecular
size [23–27]. Specically, the molecular weight, partition coecient
(log Kow), and charge o these compounds govern their ate in the
aquatic environment. The rejection o TOrCs in potable water reuse
applications can be achieved using dierent processes, such as adsorp-
tion [28–30], oxidation [31–33], and membrane separation [34–37].
However, due to the diverse properties o TOrCs, no single treatment
process can assure the complete rejection o TOrCs, and a multiple
barrier approach must be implemented [15,23]. The rejection o TOrCs
is governed by several mechanisms, including size exclusion, oxidation,
adsorption, and electrostatic interaction [38]. The ull advanced treat-
ment (FAT) is a sequential treatment process that includes integrated
membrane systems and an advanced oxidation process (AOP). It has
been widely implemented and has become the primary treatment choice
or potable water reuse globally [15]. The FAT treatment approach
consists o MF or UF ollowed by RO and then AOP, commonly UV/
H2O2, to eliminate pathogens and remove persistent organic or inor-
ganic compounds, ensuring the production o high-quality water that
meets the required water quality standards.

In the FAT system, AOP eliminates neutrally charged and low mo-
lecular weight organics that might permeate through RO; nevertheless,
FAT's high-quality water production is largely attributed to the RO's
rejection o most solutes [14,15]. The specic energy consumption
(SEC) o the FAT (the sum o the SEC or each unit process) is typically
reported to be between 0.8 and 2.5 kWh/m3 (MF/UF 0.1–0.3 kWh/m3,
RO 0.6–1.5 kWh/m3, and UV/H2O2 0.07–1.0 kWh/m3) [39–41]. For
example, the Orange County Water District (OCWD) Groundwater
Replenishment System (GWRS) treatment scheme (MF-RO-UV/H2O2)
reported an SEC o 1.12 kWh/m3 [42]. Generally, the energy con-
sumption o the RO process accounts or >50 % o the whole potable
water reuse scheme [40]. NF could serve as an ecient alternative to
RO. In contrast to RO, NF membranes have a relatively loose structure,
allowing or more water permeation and producing low-saline concen-
trate, which results in lower energy consumption. In addition to the
lower energy requirement, NF is eective in removing inorganic ions,
such as divalent ions, as well as organics and viruses [43,44]. NF is
commonly described as a water sotening process due to its high rejec-
tion o divalent ions such as calcium andmagnesium. Although a slightly
higher permeate contaminant concentration could be observed when
using loose NF membranes, which might require higher AOP dosing and
thus increase energy consumption, it has been reported that the percent
change in SEC as a result o increasing AOP dose to attenuate contam-
inants is minimal [39,45–47]. The energy consumption o UV/AOP at
the OCWD GWRS was reported as 0.07 kWh/m3 [48]. Furthermore,
using UV/H2O2 specically, a minimum UV dose o 300 mJ/cm2 (typi-
cally 900 mJ/cm2) is required to meet the OCWD pathogen log reduc-
tion objective or direct potable water reuse (6-log reduction) [49].
Moreover, when UV/AOP was utilized or the treatment o MF ltrate
and RO permeate secondary efuent, the energy consumption was 0.93
and 0.62 kWh/m3 respectively [50]. Accordingly, AOP energy con-
sumption should be lower than MF and closer to RO when using NF
membranes.

Despite the lower energy requirement o NF compared to RO, NF is
rarely used in potable water reuse schemes. Most NF applications are
limited to treating surace water, groundwater, as well as in the textile
and ood industry [51–58]. Nonetheless, a considerable number o
works have reported the treatment o wastewater with NF membranes

[59–61]. Various studies have compared the rejection rates o RO and
NF membranes in dierent water matrices, with NF demonstrating >90
% rejection o divalent ions and bulk organic matter [62–66]. In terms o
TOrCs, studies ound rejection to be similar between NF and RO mem-
branes, while or some other compounds (especially neutral and low-
molecular weight), rejection varied between the two types o mem-
brane [67–71]. Although this suggests that RO may be a better option, it
is important to balance the trade-o between solute rejection and energy
consumption. Despite plenty o research comparing NF and RO mem-
branes, most previous studies have been conducted using synthetic
water spiked with targeted solute [67,72,73], which may not accurately
refect the conditions o natural water sources, as it does not account or
the impact o other compounds that are present in the water, such as
pathogens, salts, and organic matter. Additionally, while other works
have used real water matrices with laboratory-scale ltration systems
[66,68,69], a limited number o studies have addressed larger-scale
testing, primarily short-term pilot-scale tests, and only reported low
concentrations or non-detection o some TOrCs in the infuent, leading
to the presumption o complete rejection [62,63,74]. To comprehen-
sively assess a membrane's capability, it is important to use real-world
water conditions, such as municipal reclaimed water where substan-
tial levels o TOrCs are present. There is a lack o long-term studies in
continuously operated larger-scales, such as engineering-scale systems
utilizing reclaimed municipal wastewater, assessing rejection eciency,
and addressing the energy requirements.

In this work, ultra-ltered treated reclaimed wastewater was used to
study the transport o contaminants through NF and RO membranes or
potable water reuse applications with a ocus on assessing NF as a sus-
tainable alternative to RO. This study compares the permeate water
quality o NF and RO membranes to evaluate their water permeability
and solute passage in bench-scale systems. Additionally, this study
provides details on the organic compounds permeating through the
membranes in terms o molecular weight, hydrophobicity, and TOrCs
rejection. Subsequently, engineering-scale experiments employing NF
were used to evaluate the rejection rates o contaminants and estimate
the energy consumption.

2. Materials and methods

2.1. Membranes

Three dierent types o DuPont FILMTEC membranes (DuPont,
Wilmington, DE, USA) were used or the bench-scale experiments,
including two NF membranes (NF90 and NF270) and one ROmembrane
(BW30XFR). For the engineering-scale, RO membranes (DuPont FILM-
TEC TW30–4040) were operated or 48 months and then were replaced
with NF membranes (Applied Membranes NF9 M-N4040A9) and oper-
ated or 14 months. Both TW30 and NF9membranes are polyamide thin-
lm composite in spiral wound conguration with a 7.2 m2 active
membrane area.

2.2. Bench-scale permeation system

Illustrated in Fig. 1 is the bench-scale system, which consists o a eed
tank, two fat sheet membrane cells (SEPA CF, Sterlitech, Auburn, WA,
USA), electronic pressure controllers (Automation Direct, Cumming,
GA, USA), proportional valves (Hass Manuacturing, Averill Park, NY,
USA), pumps (Hydra-Cell, Wanner Engineering, Minneapolis, MN,
USA), and scales or water fux data acquisition. The bench-scale ex-
periments utilized the ultraltered efuent rom the UF-RO engineering-
scale system, which was delivered continuously to the bench-scale sys-
tem eed tank. Permeation experiments were perormed using two
crossfowmembrane cells (crossfow velocity o 0.11m/s) with an active
area o 0.014 m2 at three permeate water fuxes o 35, 25, and 15 LMH
without concentrate fow recirculation. For each water fux, once the
desired water fux was acquired and maintained, the experiment was
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perormed or a duration o one hour. During the experiment, 50 mL
samples were collected rom both the eed and permeate water every 20
min or solute analysis. Prior to the experiments, all membranes were
stored in deionized (DI) water and were compacted with DI water or 16
h using a water fux o 35 LMH.

2.3. Engineering-scale system

The engineering-scale system is a UF-RO train (Applied Membranes,
Inc., Vista, CA, USA) that has been operating continuously, treating up
to 75 m3/d o reclaimed wastewater with an infuent fow rate o 3 m3/h
(13 gpm) at a 62 % recovery rate, without recirculation, at the Water &
Energy Sustainable Technology (WEST) Center, University o Arizona in
Tucson, Arizona (USA). It comprises one UF membrane (DuPont Inte-
graFlux UXA-2680XP) and a two-stage RO skid. The rst RO stage has
our 4040 membrane elements housed in two stainless-steel pressure
vessels in parallel, and the second stage has eight membrane elements
housed in our stainless-steel pressure vessels in series. Details o the
engineering-scale UF-RO schematic and regular cleaning have been
published previously [13]. The engineering-scale system is ully auto-
mated and monitored; samples were collected and analyzed regularly.

2.4. Reclaimed wastewater

Tertiary treated wastewater efuent was pumped directly to the UF
system rom Pima County's Agua NuevaWater Reclamation Facility, and
then the UF ltrate is passed to the RO/NF skid. The eed water quality is
shown in Table 1.

2.5. Apparent permeability coefcients and solute passage

The apparent water permeability coecient (A) was calculated using
the solution-diusion model equation [75]:

A = JW
(ΔP Δπ) (1)

where Jw is the permeate water fux, ΔP and Δπ are the hydraulic and
osmotic pressure dierences across the membrane. The osmotic pressure
was calculated using OLI Studio (OLI Systems Inc., Parsippany, NJ) with
the composition o ultraltered water or bench-scale and considering
the averaged ultraltered water or engineering-scale. The apparent
solute permeability coecient (B) was calculated rom Fick's law:

B = JsC  Cp
 (2)

where Js is the solute fux, C and Cp are the solute concentrations in the
eed and permeate water, respectively. It is worth noting that the term
“apparent” is utilized or the water and solute permeability coecients
as they were calculated utilizing bulk eed concentrations instead o the
rigorous interace concentrations that can be estimated considering
concentration polarization.

The solute fux was calculated as:

Js =
Qp*Cp
Am

(3)

where Qp is the permeate water fow rate and Am is the membrane active
area. The solute passage (SP) and rejection (R) were calculated as ol-
lows:

SP = 100*
(Cp
C

)
(4)

R = 100 SP (5)

2.6. Analytical methods

2.6.1. Inorganic analysis
An ion chromatography mass spectrometry system with a Dionex

ICS-5000 Ion Pac, using 22 mM potassium hydroxide as the eluent, was
used to measure anions concentrations (sulate, chloride, and nitrate).
An inductively coupled plasma mass spectrometry (ICP-MS) instrument
(Agilent 7800× Series; Agilent, Santa Clara, CA) was used to measure
cations concentrations (potassium, magnesium, calcium, and sodium).
All samples were ltered using 0.45 μm glass ber syringe lters (Tisch
scientic, North Bend, OH). ICP-MS samples were acidied with 2 % (v/
v) nitric acid (67–70 % HNO3, Fisher scientic, Fair Lawn, NJ).

2.6.2. Organic analysis
A Total Organic Carbon (TOC) analyzer (TOC-L CSH, Shimadzu,

Japan) was used to measure the TOC concentration. Samples were

Fig. 1. Schematic o the experimental setup. The eed water rom the engineering-scale RO system was collected in a bench-scale eed tank and then pumped through
two bench-scale membrane cells, each containing dierent types o membranes that operated simultaneously.

Table 1
Feed water quality.
Water quality parameter Feed water

Turbidity (NTU) 0.1–0.2
pH 7.0–7.2
Conductivity (μS/cm) 1,100–1,300
TDS (mg/L) 700–850
TOC (mg/L) 5–7
Potassium (mg/L) 17–20
Magnesium (mg/L) 20–24
Calcium (mg/L) 90–100
Sodium (mg/L) 135–145
Sulate (mg/L) 180–190
Chloride (mg/L) 140–150
Nitrate (mg/L) 5–10
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acidied to pH 3 or lower by adding 0.1 mL o hydrochloric acid
(24.5–26 % HCl, Sigma Aldrich, Burlington, MA).

Total fuorescence (TF) spectra were calculated rom excitation-
emission matrix (EEM) fuorescence data using a Duetta spectrofuo-
rometer (Horiba Scientic, Japan). EEM fuorescence was scanned with
excitation wavelengths rom 250 to 450 nm, and emission wavelengths
rom 250 to 550 nm. EEM data were processed using MATLAB R2019b
(MathWorks). Further details on the analytical methods can be ound in
a previous publication [13].

Apparent molecular weight was measured using size-exclusion
chromatography (Agilent 1260 Innity II high-perormance liquid
chromatography (HPLC), Santa Clara, CA) coupled with an organic
carbon detector (OCD; Sievers M9 Portable TOC Analyzer, Suez Water
Technologies and Solutions, Trevose, PA), equipped with a costum-
made column (250 × 20 mm) and Toyopearl HW-50S packing mate-
rial (Tosoh Bioscience, Tokyo, Japan). Polyethylene oxide with molec-
ular weights ranging rom 194 to 100 k Da was used as molecular weight
standards (Polymer Standards Service, Mainz, Germany).

A reverse-phase chromatographymethod using Agilent 1260 II HPLC
with an in-line diode array detector (Agilent 1260 DAD) equipped with
an Agilent Poroshell 120 EC-C18 column was used or organic hydro-
phobicity assessment. Peaks corresponding to a retention time ranging
rom 0 to 5 min were considered hydrophilic, and rom 5 to 35 min were
considered hydrophobic. Details o the analytical method have been
previously published [76].

An ultra-HPLC (Agilent 1260) coupled with tandem mass spec-
trometer (MS/MS) (Agilent 6490) (Agilent Technologies, Palo Alto, CA)
was used to quantiy ten trace organic contaminants (TOrCs). An Agilent
ZORBAX Eclipse Plus reverse-phase C-18 RRHD column (2.1 × 50 mm,
1.8 μm particles) was used to separate analytes. The detailed procedure
and inormation o the analytical method can be ound in previous work
[77,78]. A list o trace organics that were quantied with their physi-
cochemical properties is presented in Table 2.

2.7. Specifc energy consumption

The electricity usage (kWh) o the engineering-scale system was
obtained rom daily recorded data by a power meter. The actual specic
energy consumption (SECa) was calculated in kWh/m3 as:

SECa =
Energy used

Qp
(6)

where Qp is the permeate water fow rate. Additionally, the theoretical
specic energy consumption (SECth) was calculated as:

SECth =
∑Q*System pressure∑Qp

 (7)

where Q is the eed fow rate and system pressure is the inlet pressure o
the eed stream.

3. Results and discussion

3.1. Bench-scale experiments

3.1.1. Apparent water permeability coefcient
Prior to engineering-scale testing, membranes were tested on bench-

scale systems to evaluate their water permeability (Fig. 2a) and
permeate conductivity (Fig. 2b), as conductivity is a direct and practical
indicator o solute rejection by the membrane. As expected, using a
membrane with a looser structure (NF270) resulted in higher apparent
water permeability coecient and permeate conductivity (~ 18 LMH/
bar and ~ 750 μS/cm, respectively). In comparison, the dense NF
(NF90) apparent water permeability coecient and permeate conduc-
tivity were observed to be substantially lower (~ 10 LMH/bar and ~ 60
μS/cm, respectively), while the BW30XFR membrane results showed the
lowest apparent water permeability coecient and permeate conduc-
tivity (~ 6 LMH/bar and 40 μS/cm, respectively). The dierences in
conductivity observed between the NF270 and NF90 membranes could
be attributed to dierences in membrane structure, such as molecular
weight cut-o (MWCO), surace roughness, and pore size. Interestingly,
although the apparent water permeability coecient o NF90 was
higher than BW30XFR, similar permeate conductivity was observed or
both membranes.

3.1.2. Solute passage
Given the dierences in permeate conductivity observed between

NF90 and NF270 membranes, analyses were conducted to quantiy the
solute concentrations in the permeate water, including cations, anions,
TOC, and total fuorescence, along with their corresponding passage
rates (Fig. 3). Higher concentrations o contaminants were observed in
the permeate using NF270 membrane compared to the NF90 membrane,
as shown in Fig. 3a. While the passage o organics was similar between
the two NF membranes, a substantial dierence was observed in the
passage o inorganic ions. For NF270, a low passage rate (<10 %) was
observed or sulate, whereas higher passage rates (~30 %) were
observed or other divalent ions such as calcium and magnesium, with
monovalent ions passing through more easily (Fig. 3b). Sulate is
negatively charged and has the highest molecular weight compared with

Table 2
Analyzed trace organic contaminants.
Compound MW (g/mol) a LogKowa Chargeb Average eed water concentration (ng/L) Limit o detection (ng/L)

Gembrozil 250.34 4.77  600 5
Ibuproen 206.29 3.97  1,000 2
Sulamethoxazole 253.28 0.89  3,000 5
Atenolol 266.34 0.43 + 220 2
Diltiazem 414.52 2.73 + 300 2
Diphenhydramine 255.36 3.65 + 40 1
Fluoxetine 309.33 3.82 + 850 1
Propranolol 259.35 2.58 + 30 2
Trimethoprim 290.32 1.28 + 90 1
Benzotriazole 119.13 1.3 o 12,000 5
Caeine 194.19 0.07 o 100 2
Carbamazepine 236.27 2.45 o 90 1
Hydrochlorothiazide 297.73 0.58 o 8,000 5
Norgestrel 312.45 4.25 o 25 5
Sucralose 397.63 0.47 o 35,000 1
Tris(chloropropyl) phosphate (TCPP) 327.56 3.36 o 700 20

+, positive; , negative; and o, neutral.
a Data rom [79].
b Data rom [80].
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the other ions, while magnesium was rejected more than calcium due to
the lowered smaller ionic radius [81]. The observed higher passage o
monovalent ions is likely due to lower ionic radius compared with

divalent ions. In contrast, the NF90 membrane had a passage rate below
5 % or divalent ions and a slightly higher passage rate or monovalent
ions. The higher solute passage observed in the NF270 membrane was
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attributed to its more porous structure compared to the NF90 membrane
[14]. For organics, the NF270 membrane removed a large portion o
TOC with a passage rate o approximately 10 %, yet the resulting
permeate TOC concentration o 0.6 mg/L exceeded stringent regulatory
limits, such as those set by the Caliornia Department o Public Health
(CDPH) at 0.5 mg/L [82].

In comparing NF90 and BW30XFR, the concentrations o each solute
in the permeate water, their corresponding passage rates, and apparent
solute permeability coecient are illustrated in Fig. 4. Interestingly,
solute concentrations in the permeate water rom NF90 and BW30XFR
membranes were similar or most contaminants (Fig. 4a). For solute
passage, divalent ions passage rates were similar between both mem-
branes, while higher passage rates were observed or TOC and mono-
valent ions in NF90 membrane compared to BW30XFR (Fig. 4b).
Divalent ions are more eectively rejected than monovalent ions in
NF90 due to the membrane's selectivity and the physical characteristics
o ions (ionic charge, density, ionic radius, and hydrated radius) [83].
Additionally, the solute apparent permeability coecient was similar
between the two membranes (Fig. 4c). Comparable divalent ion per-
meabilities were observed between NF90 and BW30XFR (approximately
0.2, 0.3, and 0.6 LMH or sulate, magnesium, and calcium, respec-
tively). In contrast, permeabilities or monovalent ions and organic
solutes were considerably higher or NF90 compared to BW30XFR, with
nitrate having the highest ion permeability coecient. Nitrate's low
ionic charge density and hydration energy acilitate aster transport and,
consequently,lower charge repulsion interactions, resulting in higher
passage [84].

3.1.3. Organic characterization assessment
To characterize the hydrophobicity o organic compounds, HPLC

chromatograms o eed and permeate water rom NF90 and BW30XFR
membranes are presented in Fig. 5a. All detected peaks were observed at
low retention times (below 5min), which corresponds to the hydrophilic
materials [76]. Most organic compounds detected in the eed water were
relatively hydrophilic. Both NF90 and BW30XFR membranes eectively
rejected the majority o hydrophilic compounds. Additionally, size-
exclusion chromatography ngerprints indicated a similar apparent
molecular weight (AMW) o organics detected in NF and RO permeate
(Fig. 5b). Organics with apparent molecular weights below 50 kDa were
detected in the eed water, with predominant apparent molecular

weights ranging between 10 and 1 kDa (Fig. 5b inset plot). In NF90 and
BW30XFR permeate, the apparent molecular weight o organics was
smaller than 1.7 kDa, with a higher response area or NF90, as shown in
Fig. 5b. These ndings highlight size exclusion as a primary mechanism
or rejecting organic compounds in both NF90 and BW30XFR
membranes.

3.1.4. Trace organic contaminants analysis
For the evaluation o NF90 and BW30XFR membranes in terms o
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trace organic compounds, Fig. 6 presents the rejection percentages o
each compound by both membranes. Although concentration limits or
TOrCs in the aquatic environment have not been established, permeate
concentrations varied rom a ew nanograms per liter to several micro-
grams per liter. Overall, the rejection o negatively charged compounds
such as ibuproen, sulamethoxazole, and gembrozil was higher than
that o neutral and positively charged TOrCs. Although these negatively
charged compounds have smaller molecular weights, and despite their
hydrophilicity/hydrophobicity properties, the observed rejection was
high (>96 %) by both membranes, which suggests that the primary
rejection mechanism or negatively charged compounds is electrostatic
exclusion. This phenomenon can be attributed to the repulsive orces
between negatively charged solutes and the membrane surace, which
hinder the solutes rom engaging in hydrophobic interactions [85]. On
the other hand, the rejection o positively charged compounds,
including propranolol, fuoxetine, diphenhydramine, trimethoprim, and
atenolol, varied rom 10 % to 90 %. Rejection o propranolol, fuoxetine,
and diphenhydramine, with logKow o 2.58, 3.82, and 3.65, respectively,
were higher than trimethoprim and atenolol, with respective logKow o
1.25 and 0.43. Generally, more hydrophobic compounds tend to be
better rejected than hydrophilic compounds. Moreover, negatively
charged membranes can promote charge attraction with positively
charged compounds, which could result in lower rejection rates or
positively charged compounds. Electrostatic interactions between the
negatively charged membrane and positively charged compounds might
reduce their rejection eciency due to limited electrostatic repulsion
[86]. Furthermore, moderate rejection was observed or neutral com-
pounds (below 65 %), such as hydrochlorothiazide and carbamazepine.
However, the high rejection o sucralose, which has the highest molec-
ular weight among the studied TOrCs, was high (>95 %) despite its
neutral and highly hydrophilic nature. In contrast, poor rejection was
observed or caeine and benzotriazole, which could be attributed to
their lower molecular weights. Overall, variations in rejection among
these compounds refect a combination o polarity, charge, and size
characteristics.

To examine the infuence o polarity in rejection o TOrCs, Fig. 7
illustrates the linear correlation between compound rejection and

logKow value, with the exception o sulamethoxazole, sucralose, and
hydrochlorothiazide, where the high rejection is likely due to charge and
size exclusion. It is noteworthy that other compounds, including TCPP,
diltiazem, and norgestrel were only detected in the eed water and not in
the permeate, inducating rejection rates o 97 %, 99 %, and 80 %
respectively (based on detection limits o the analytical instrument).
These compounds are hydrophobic with relatively high molecular
weights, contributing to their non-detection in the permeate. Overall,
the results demonstrate that NF90 membranes can provide high re-
jections o TOrCs.

3.2. Engineering-scale experiments

3.2.1. Apparent water permeability coefcient
Following bench-scale tests on organic and inorganic passage, RO

(TW30) membranes were replaced with NF9 membranes in the
engineering-scale system, which operated continuously or over a year.
Fig. 8 illustrates the apparent water permeability coecient (Fig. 8a)
and apparent solute permeability coecient based on conductivity
(Fig. 8b) during operation. The apparent water permeability coecient
greatly decreased over time primarily due to membrane compaction
(membrane stabilization) and irreversible ouling, leading to denser
structure that hindered water fow. Additionally, the presence o organic
and inorganic compounds led to their attachment to the membrane
surace, urther reducing its permeability. Highly selective NF mem-
branes like NF90, characterized by rough suraces, high rejection rates,
and high apparent water permeability coecients, typically has a severe
initial reductions in apparent water permeability coecient [64].
Despite the lower apparent water permeability coecient, the mem-
brane maintained its selectivity, as evidenced by the relatively low
apparent solute (conductivity) permeability coecient, similar to
TW30. Furthermore, the apparent water permeability coecient
observed during engineering-scale experiments was roughly hal owhat
was observed in bench-scale experiments. This discrepancy suggests that
actors such as membrane compaction, concentration polarization, or
dierences in operating conditions could have infuenced membrane
water permeability.

3.2.2. Solute passage
The average solute concentration in permeate water and the passage
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rates o each solute during engineering-scale testing are shown in Fig. 9.
The solute concentrations in the permeate water were lower or similar to
those observed in bench-scale tests (Fig. 9a). Moreover, a slightly lower
solute passage rates were observed in the engineering-scale experiments
(Fig. 9b). Divalent ions were eectively rejected with passage rates
below 2 % and maintained low passage levels throughout the opera-
tional period, while monovalent ion passage rates exceeded 5 %.
Throughout long-term testing, all analyzed permeate samples main-
tained relatively constant TOC concentrations below 0.4 mg/L.

3.2.3. Trace organic contaminants analysis
The observed rejection o TOrCs during engineering-scale testing was

relatively higher compared to bench-scale experiments (Fig. 10). This
dierence can be attributed to actors such as membrane compaction,
membrane ouling , and operation conditions, all contributing to
improved rejection eciency o TOrCs. Moreover, membrane ouling
and long-term operation may alter membrane surace properties,
including hydrophobicity and charge, potentially aecting contaminant
rejection compared to unouled membranes. Various studies have sug-
gested that membrane ouling and the coexistence o contaminants can
enhance the rejection o TOrCs [67,87]. However, it is important to note
that adsorption may not be a sustainable long-term rejection mecha-
nism, as membranes can become saturated, limiting their capacity or
urther adsorption [69]. Moreover, deposition o divalent cations (cal-
cium and magnesium) on the membrane surace can neutralize mem-
brane charge, weakening electrostatic attraction and repulsion orces
between ionic TOrCs and the negatively charged membrane [88]. These
results demonstrate the potential o NF9 membrane as a viable alter-
native to RO membranes or potable water reuse applications with
stringent TOC requirements.

3.2.4. Specifc energy consumption
Fig. 11 illustrates the actual (SECa) and theoretical (SECth) specic

energy consumption o NF9 and TW30 membranes as a unction o
operating time. The energy consumption increased over time primarily
due to membrane ouling. Initially, within the rst 150 days, the actual
SEC or NF9 (~0.7 kWh/m3) was approximately hal that o the TW30
membranes (~1.6 kWh/m3). However, NF9's SECa started to increase
thereater, eventually reaching similar energy consumption levels to
TW30 membranes. Additionally, the theoretical SEC or NF9 was
slightly lower than that o RO during the initial operation (rst ty
days). However, as operation progressed, the SECth o NF9 gradually
increased, ultimately exceeding TW30 energy consumption. These
ndings suggest that the NF9 membrane had severe ouling, leading to a
progressive decrease in water permeability and an increase in energy

consumption. It is noteworthy that the regular cleaning procedures
remained consistent or both NF9 and TW30 membranes. Accordingly,
these results suggest the possibility o adapting cleaning protocols
tailored to NF membranes to improve the eciency o NF operations,
mitigating challenges o rapid ouling while maintaining higher
permeability. Bellona and coworkers [74] reported that NF90 had a
large water fux decline during pilot testing due to ouling, resulting in
minimal energy dierences compared to TW30 membranes. These
ndings highlight the trade-os in managing ouling, optimizing energy
eciency, and achieving eective contaminant rejection in NF mem-
brane applications.
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4. Conclusion

While RO membranes are widely used and remain essential or water
treatment, especially or highly saline waters, potable water reuse ap-
plications oten involve treating reclaimed water with relatively low
TDS. In these cases, there is an opportunity or NF to be employed. The
higher operational costs associated with RO, due to its high-pressure
operation, may not be justied by the additional treatment benets it
provides compared to NF. Nevertheless, despite the similar contaminant
passage rates between dense NF and RO membranes, high water
permeability decline and minimal energy savings due to high ouling
propensity could limit the use o NF membranes as a substitute or RO.
Eective ouling management will be essential or advancing the prac-
tical implementation and sustainability o NF in potable water reuse
applications. Although NF could be a easible alternative to RO in water
reuse applications, it is important to consider the characteristics o the
treated wastewater, such as high salinity, which could pose challenges
or NF membranes. The membrane selection would be dependent on the
specic application requirements. In this study, bench-scale experiments
revealed high TOC passage rates or both NF90 and NF270 membranes;
additionally, NF270 rejected divalent and monovalent ions poorly. The
same passage rates were observed between the NF90 and BW30XFR or
divalent ions, and slightly higher passage rates or monovalent ions. For
organics, TOC passage results were slightly higher or NF90 compared to
BW30XFR; however, both membranes had similar apparent molecular
weight distributions o organics in the permeate. Moreover, no large
dierences were observed in the rejection o the studied TOrCs between
NF90 and BW30XFR membranes. Furthermore, when the NF9 mem-
brane was tested in the engineering-scale system, it consistently ach-
ieved lower passage rates or all organic and inorganic compounds and
maintained low contaminant passage rates during long-term operation.
Additionally, NF9 specic energy consumption was lower during the
initial stages o operation, and it progressively increased with continued
operation, eventually reaching similar energy consumption levels as
TW30 membranes. While challenges such as high ouling rates and
limited energy savings need to be addressed, the increasing demand or
sustainable and economically ecient processes, along with precise
separation, highlights the potential o NF technology in advancing sus-
tainable water practices.

CRediT authorship contribution statement

Mohammed A. Alhussaini: Writing – original drat, Visualization,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Bianca M. Souza-Chaves: Writing – review & editing,
Methodology, Investigation, Conceptualization. Varinia Felix: Writing
– review & editing, Methodology, Investigation, Formal analysis, Data
curation. Andrea Achilli: Writing – review & editing, Supervision, Re-
sources, Project administration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing nancial
interests or personal relationships that could have appeared to infuence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

Funding or this research was provided under Cooperative Agree-
ment Number W9132T-23-2-0001 with the U.S. Army Corps o Engi-
neers, Engineer Research and Development Center, Construction
Engineering Research Laboratory (USACE ERDC-CERL). Support or M.
A. was provided by King Abdulaziz City or Science and Technology
(KACST).

References

[1] N.R. Council, Water Reuse: Potential or Expanding the nation’s Water Supply
Through Reuse o Municipal Wastewater, National Academies Press, 2012.

[2] C. Crosson, A. Achilli, A.A. Zuniga-Teran, E.A. Mack, T. Albrecht, P. Shrestha, D.
L. Boccelli, T.Y. Cath, G.T. Daigger, J. Duan, K.E. Lansey, T. Meixner, S. Pincetl, C.
A. Scott, Net zero urban water rom concept to applications: integrating natural,
built, and social systems or responsive and adaptive solutions, ACS ES&T, Water 1
(3) (2021) 518–529, https://doi.org/10.1021/acsestwater.0c00180.

[3] C.Y. Tang, Z. Yang, H. Guo, J.J. Wen, L.D. Nghiem, E. Cornelissen, Potable water
reuse through advanced membrane technology, Environ. Sci. Technol. 52 (18)
(2018) 10215–10223, https://doi.org/10.1021/acs.est.8b00562.

[4] F.L. Hua, Y.F. Tsang, Y.J. Wang, S.Y. Chan, H. Chua, S.N. Sin, Perormance study o
ceramic microltration membrane or oily wastewater treatment, Chem. Eng. J.
128 (2) (2007) 169–175, https://doi.org/10.1016/j.cej.2006.10.017.

[5] K. Parameshwaran, A.G. Fane, B.D. Cho, K.J. Kim, Analysis o microltration
perormance with constant fux processing o secondary efuent, Water Res. 35
(18) (2001) 4349–4358, https://doi.org/10.1016/S0043-1354(01)00182-8.

[6] S. Al Aani, T.N. Mustaa, N. Hilal, Ultraltration membranes or wastewater and
water process engineering: a comprehensive statistical review over the past decade,
Journal o Water, Process Engineering 35 (2020) 101241, https://doi.org/
10.1016/j.jwpe.2020.101241.

[7] J. Yang, M. Monnot, T. Eljaddi, L. Ercolei, L. Simonian, P. Moulin, Ultraltration as
tertiary treatment or municipal wastewater reuse, Sep. Puri. Technol. 272 (2021)
118921, https://doi.org/10.1016/j.seppur.2021.118921.

[8] M.A. Alhussaini, Z.M. Binger, B.M. Souza-Chaves, O.O. Amusat, J. Park, T.
V. Bartholomew, D. Gunter, A. Achilli, Analysis o backwash settings to maximize
net water production in an engineering-scale ultraltration system or water reuse,
Journal oWater Process Engineering 53 (2023) 103761, https://doi.org/10.1016/
j.jwpe.2023.103761.

[9] A.W. Mohammad, Y.H. Teow, W.L. Ang, Y.T. Chung, D.L. Oatley-Radclie,
N. Hilal, Nanoltration membranes review: recent advances and uture prospects,
Desalination 356 (2015) 226–254, https://doi.org/10.1016/j.desal.2014.10.043.

[10] D.L. Oatley-Radclie, M. Walters, T.J. Ainscough, P.M. Williams, A.
W. Mohammad, N. Hilal, Nanoltration membranes and processes: a review o
research trends over the past decade, Journal o Water, Process. Eng. 19 (2017)
164–171, https://doi.org/10.1016/j.jwpe.2017.07.026.

[11] M. Wil, S. Alt, Application o low ouling RO membrane elements or reclamation
o municipal wastewater, Desalination 132 (1) (2000) 11–19, https://doi.org/
10.1016/S0011-9164(00)00130-2.

[12] L. Malaeb, G.M. Ayoub, Reverse osmosis technology or water treatment: state o
the art review, Desalination 267 (1) (2011) 1–8, https://doi.org/10.1016/j.
desal.2010.09.001.

[13] B.M. Souza-Chaves, M.A. Alhussaini, V. Felix, L.K. Presson, W.Q. Betancourt, K.
L. Hickenbottom, A. Achilli, Extending the lie o water reuse reverse osmosis
membranes using chlorination, J. Membr. Sci. 642 (2022) 119897, https://doi.
org/10.1016/j.memsci.2021.119897.

0 50 100 150 200 250 300 350 400
0.00

0.25

0.50

0.75

1.00
0

1

2

3

4

5

6

CES
th

m/h
Wk(

3 )

Operating Time (days)

CES
a

m/h
Wk(

3 )

Fig. 11. Actual (SECa) and theoretical (SECth) specic energy consumption o
NF9 ( ) and TW30 ( ) membranes in the engineering-scale system during
continuous operation. The observed trend demonstrates an increase over time,
despite disparities between actual and theoretical SEC values.

M.A. Alhussaini et al.



Desalination 586 (2024) 117822

10

[14] D.M. Warsinger, S. Chakraborty, E.W. Tow, M.H. Plumlee, C. Bellona,
S. Loutatidou, L. Karimi, A.M. Mikelonis, A. Achilli, A. Ghassemi, L.P. Padhye, S.
A. Snyder, S. Curcio, C.D. Vecitis, H.A. Araat, J.H. Lienhard, A review o polymeric
membranes and processes or potable water reuse, Prog. Polym. Sci. 81 (2018)
209–237, https://doi.org/10.1016/j.progpolymsci.2018.01.004.

[15] D. Gerrity, B. Pecson, R.S. Trussell, R.R. Trussell, Potable reuse treatment trains
throughout the world, J. Water Supply Res. Technol. AQUA 62 (6) (2013)
321–338, https://doi.org/10.2166/aqua.2013.041.

[16] Z. Maletskyi, Advances in Membrane Materials and Processes or Water and
Wastewater Treatment, Multidisciplinary Advances in Ecient Separation
Processes, American Chemical Society2020, pp. 3–35. doi:https://doi.org/10.1021
/bk-2020-1348.ch001.

[17] R.P. Schwarzenbach, B.I. Escher, K. Fenner, T.B. Hostetter, C.A. Johnson, U. von
Gunten, B. Wehrli, The challenge o micropollutants in aquatic systems, Science
313 (5790) (2006) 1072–1077, https://doi.org/10.1126/science.1127291.

[18] S.K. Khetan, T.J. Collins, Human pharmaceuticals in the aquatic environment: a
challenge to green chemistry, Chem. Rev. 107 (6) (2007) 2319–2364, https://doi.
org/10.1021/cr020441w.

[19] T. Deblonde, C. Cossu-Leguille, P. Hartemann, Emerging pollutants in wastewater:
a review o the literature, Int. J. Hyg. Environ. Health 214 (6) (2011) 442–448,
https://doi.org/10.1016/j.ijheh.2011.08.002.

[20] D.J. Lapworth, N. Baran, M.E. Stuart, R.S. Ward, Emerging organic contaminants in
groundwater: a review o sources, ate and occurrence, Environ. Pollut. 163 (2012)
287–303, https://doi.org/10.1016/j.envpol.2011.12.034.
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