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ARTICLE INFO ABSTRACT
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This review summarizes comprehensive recent studies on the removal of contaminants of emerging concern
(CECs) by forward osmosis (FO), reverse osmosis (RO), nanofiltration (NF), and ultrafiltration (UF) membrane
treatments, and describes important information on the applications of FO, RO, NF, and UF membranes in water
and wastewater (WW) treatment. The main objective of this review was to synthesize findings on membrane
treatments of CECs in water and WW, and to highlight upcoming research areas based on knowledge gaps. In
particular, this review aimed to address several key parameters, including the physicochemical properties of
CECs (solute molecular weight/size/geometry, charge, and hydrophobicity), water quality conditions (pH, so-
lute concentration, temperature, background inorganics, and natural organic matter), and membrane properties
and operating conditions (membrane fouling, membrane pore size, porosity, charge, and pressure) that influence
the removal of CECs during membrane filtration. Future research directions regarding membrane treatment for
the removal of CECs from water and WW are also discussed.

1. Introduction

To meet the increasing demand for water due to climate change,
population growth, and over-consumption, water authorities are con-
sidering and implementing water recycling schemes. The fate of con-
taminants of emerging concern (CECs), such as endocrine-disrupting
compounds (EDCs) and pharmaceuticals (PhACs)/personal care pro-
ducts (PPCPs), in water resources is a matter of significant concern
according to increases in the consumption of CECs and the intensity of
water recycling [1]. Stumm-Zollinger and Fair (1965) and Tabak and
Bunch (1970) were the first to address concerns regarding the possible
adverse effects of PhACs in municipal wastewater (WW), demonstrating

that several steroids are unlikely to be removed by conventional WW
treatment processes [2,3]. The United States Environmental Protection
Agency (USEPA) established the Endocrine Disruptor Screening Pro-
gram for EDCs in 1998, which advised that both human and wildlife
influences be evaluated, and estrogen, androgen, and thyroid endpoints
be examined [4]. There is no current federal regulation for PhACs in
drinking or natural water, while assessment of PhACs associated with
ecological testing is required by the United States Food and Drug Ad-
ministration if the environmental concentration in water is anticipated
to exceed 1ugL~"! [5]. Only a few EDCs and PPCPs, including ery-
thromycin (ETM), estrone (E1), 17b-estradiol (E2), 17a-ethinyl estra-
diol (EE2), and estriol (E3), are currently listed in the USEPA’s Drinking

Abbreviations: 4CP, 4-Chlorophenol; AC, Activated carbon; ATZ, Atrazine; CBM, Carbamazepine; CECs, Contaminants of emerging concern; CFV, Cross-flow velocity; CMC,
Carboxymethyl cellulose; CRW, Colorado River water; CTA, Cellulose triacetate; DCF, Diclofenac; DI, Deionized; DOC, Dissolved organic carbon; DS, Draw solution; E1, Estrone; E2, 17b-
Estradiol; E3, Estriol; EDCs, Endocrine-disrupting compounds; EE2, 17a-Ethinyl estradiol; ETM, Erythromycin; FO, Forward osmosis; FRT, Fluoranthene; HA, Humic acid; IBP, Ibuprofen;
MBR, Membrane bioreactor; MTP, Metoprolol; MW, Molecular weight; MWCOs, Molecular weight cut-off; NPX, Naproxen; NF, Nanofiltration; NOM, Natural organic matter; ORW, Ohio
River water; PCBA, Parachlorobenzoic acid; PhACs, Pharmaceuticals; PHN, Phenol; PPCPs, Pharmaceuticals/personal-care products; PVW, Passaic Valley water; RO, Reverse osmosis;
SRW, Suwanee River RO isolate NOM water; SMX, Sulfamethoxazole; SUVA, Specific UV absorbance; TFC, Thin-film composite; TCS, Triclosan; UF, Ultrafiltration; USEPA, The United
States Environmental Protection Agency; UV, Ultraviolet; WTPs, Water treatment plants; WW, Wastewater; WWTPs, WW treatment plants
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Fig. 1. Possible fate and transport of CECs in typical drinking water treatment and WW treatment processes modified from [8].

Water Contaminant Candidate List 4 [6]. The State of California has
evaluated the potential influence of EDCs and PPCPs on indirect potable
reuse of municipal WW effluent [7].

The potential fate and transport of CECs in typical drinking water
treatment and WW treatment processes are described in Fig. 1 [8]. Both
environmental scientists and engineers need to understand the removal
mechanisms of CECs to assess potential human exposure to CECs, and to
design more effective and specific water and WW treatment processes.
Numerous studies have revealed that conventional water treatment
plants (WTPs) [9-13] and WW treatment plants (WWTPs) [14-17] in-
completely remove many CECs, while advanced technologies involving
activated carbon (AC), ozonation, ultraviolet (UV) irradiation, sono-
degradation, and membrane filtration enhance the removal of CECs
[10,11,18-20]. Table 1 summarizes the estimated performances of
different technologies used in both WTPs and WWTPs, based on lit-
erature reports of specific classes of compounds or similarities to other

Table 1
Unit processes and operations used for CEC removal.

CECs that have been examined in detail. In WWTPs, it is fairly com-
plicated to assess the various different removal mechanisms due to the
physicochemical properties of CECs (e.g., hydrophobicity, pKa, size,
shape, and charge) and factors associated with the WW treatment
technology used (e.g., aerobic/anaerobic/anoxic biodegradation, sludge
adsorption, and oxidation by Os/chlorine) [21]. Table 2 summarizes
the removal efficiencies for target CECs in the treatment concept, a
representative sample of the existing literature concerning biodegrad-
ability, and trends regarding adsorption to sludge and oxidation by
chlorination [21].

Membrane processes, including forward osmosis (FO), reverse os-
mosis (RO), nanofiltration (NF), and ultrafiltration (UF), have been
widely used in water and WW treatment processes [22-25]. The main
advantages of FO are the production of high-quality permeate due to a
high removal of various CECs and the ability to operate under an os-
motic driving force without requiring a hydraulic pressure difference

Group Classification AC BAC 0O3/AOPs uv Cl,/ClO, Coagulation/flocculation FO RO NF UF Degradation
{B/P/AS}

EDCs Pesticides E E L-E E P-E P F-E E G P-F E {P}
Industrial chemicals E E F-G E P P-L F-E E E P-F G-E {B}
Steroids E E E E E P F-E E G P-F L-E {B}
Metals G G P P P F-G F-E E G P-F P {B}, E {AS}
Inorganics P-L F P P P P F-E E G P-F P-L

PhACs Antibiotics F-G E L-E F-G P-G P-L F-E E E P-F E {B} G-E {P}
Antidepressants G-E G-E L-E F-G P-F P-L F-E E G-E P-F G-E
Anti-inflammatories E G-E E E P-F P F-E E G-E P-F E {B}
Lipid regulators E E E F-G P-F P F-E E G-E P-F P {B}
X-Ray contrast media G-E G-E L-E F-G P-F P-L F-E E G-E P-F E {B and P}
Psychiatric control G-E G-E L-E F-G P-F P-L F-E E G-E P-F G-E

PCPs Synthetic scents G-E G-E L-E E P-F P-L F-E E G-E P-F E {B}
Sunscreens G-E G-E L-E F-G P-F P-L F-E E G-E P-F G-E
Antimicrobials G-E G-E L-E F-G P-F P-L F-E E G-E P-F F {P}
Surfactants/detergents E E F-G F-G P P-L F-E E E P-F L-E {B}

Source: Modified from [7].
BAC = biological activated carbon; AOPs = advanced oxidation processes.

* B = biodegradation, P = photodegradation, AS = activated sludge; (solar); E = excellent (> 90%), G = good (70-90%), F = fair (40-70%), L = low (20-40%), P = poor (< 20%).
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[26]. The permeation of CECs through RO membranes involves ad-
sorption of the CECs onto the membrane surfaces, dissolution of the
CECs into the membrane, and subsequent diffusive transport of dis-
solved CEC molecules through the membrane matrix [27]. While
complete or near-complete removal of a wide range of CECs can also be
predicted by NF membranes, the retention of CECs by NF membranes
greatly depends on the physicochemical properties of CECs, which can
be affected by solution chemistry (i.e., mainly by the solution pH) [28].
UF membrane processes, used in WW reclamation and drinking water
to remove CECs, were investigated via existing separation mechanisms
(e.g., size/steric exclusion, hydrophobic adsorption, and electrostatic
repulsion) [11,29]. While the majority of CECs are organic compounds,
several studies have examined the transport mechanisms of toxic ions of
inorganic CECs (e.g., chromate, arsenate, and perchlorate) through
membranes [30,31]. Unlike organic CECs, the degree of removal of
inorganic CECs is mainly governed by both size exclusion and electro-
static exclusion, while adsorption plays a minimal role in their removal.

While numerous studies have reported the removal of both in-
organic and organic CECs by membrane treatments, a systematic un-
derstanding of the removal mechanisms and effects of operating con-
ditions on the transport of CECs through FO, RO, NF, and UF
membranes is lacking. Therefore, a broad review of CEC removal by
membrane treatment is important, since the transport of both inorganic
and organic CECs by membranes is significantly affected by the unique
properties of CECs, as well as water quality conditions and membrane
type. The main objective of this review was to combine present findings
on membrane treatments of CECs in water and WW and to highlight
upcoming research areas according to knowledge gap. Particularly, this
review aimed to address several key parameters, including the physi-
cochemical properties of CECs (e.g., solute molecular weight (MW)/
size/geometry, charge, and hydrophobicity), water quality conditions
(e.g., pH, solute concentration, temperature, background inorganics,
and natural organic matter (NOM)), and membrane properties and
operating conditions (e.g., membrane fouling, membrane pore size,
porosity, charge, and pressure) that influence the removal of CECs
during membrane filtration.

2. Membrane treatment of various CECs
2.1. Removal by FO membranes

2.1.1. Effect of the physicochemical properties of CECs

The FO process uses an osmotic pressure difference caused by the
concentrated draw solution (DS) to permeate water from the feed so-
lution to the DS across the membrane, whereas RO, NF, and UF pro-
cesses use a hydraulic pressure difference as the driving force to
transport water through a semipermeable membrane [26]. Thus, the
transport of water through the membrane in FO is coupled with the
transport of the draw solute in the opposite direction [32]. The trans-
port of 20 PhACs assessed in closed-loop FO systems weakly correlated
with retention and size/MW, suggesting that, aside from steric hin-
drance, solute-membrane interactions also affect retention [33]. While
CEC transport and retention in FO likely share many characteristics
(e.g., membrane material and pore size) with the RO and NF processes,
the reverse permeation of the draw solute and high salinity of the DS
may affect the retention of diverse solutes and transport mechanisms
[32].

The bench-scale FO retention of 23 nonionic and ionic EDCs and
PPCPs was 40-98%, which depended primarily on size and charge
(80-98% for positively and negatively charged compounds and 40-90%
for nonionic compounds) [34], and gave rise to the following general
observations: (i) relatively small compounds are able to partition into
the relatively hydrophilic FO membrane and diffuse through the
membrane active layer; (ii) a membrane surface fouling layer separates
and hinders the interaction between hydrophobic compounds, which
consequently increases retention [35]; and (iii) the retention of charged
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compounds is usually high due to electrostatic interactions (i.e., re-
pulsion) arising from the negative surface charge of the FO membrane
[36]. While the mechanism underlying the retention of positively
charged compounds is somewhat unclear, a high retention of > 90% is
promising [28]. The retention of four PhACs (carbamazepine (CBM),
diclofenac (DCF), ibuprofen (IBP), and naproxen (NPX)) by FO mem-
branes increased with increasing hydrophobicity [37], indicating that
hydrophobic interactions between selected PhACs and cellulose tri-
acetate (CTA) membranes may represent the dominant short-term re-
moval mechanism [38]. Therefore, the relatively poor retention of NPX
by FO membranes may be due to its lower affinity (lower log D value at
pH 6 = 1.37) to the membrane polymer. However, the retention of
CBM (MW = 236gm01_1) is significantly greater than that of IBP
(MW = 206 gmol ') due to its relatively larger MW, while they share
similar hydrophobicity (logD at pH 6 = 2.45 for CBM and 2.43 for IBP);
this suggests that size exclusion also contributes to the retention of
PhACs and that the MW of IBP may be close to the MW cut-off (MWCO)
of CTA-based FO membranes.

For selected organic compounds, the average retention by FO
membranes  followed the order: sulfamethoxazole (SMX,
67-90%) = CBM, 68-83%) > atrazine (ATZ, 34-49%) > 4-chlor-
aphenol (4CP, 28-39%) > phenol (PHN, 21-22%) [39]. The retention
of relatively large MW and negatively charged dominant compounds
(CBM = 236.3gmol ™!, neutral; SMX = 253.3gmol ', negative at
pH = 7.0) was approximately 70%, while that of the relatively small
MW and nonionic compounds (PHN =94.1gmol™! and
4CP = 128.6 gmol ') was inconsistent, ranging from ~ 20 to 35%.
This is presumably due to the combined effects of the relatively small
MW and low hydrophobicity of PHN and 4CP, which allow them to
readily diffuse through the active layer in osmotically driven processes.
In addition, the small retention of ATZ by FO membranes (vs. CBM and
SMX) could be attributed to its lower affinity for the membrane
polymer and size exclusion contributions, because the MW of ATZ
(215.7 gmol ™) is relatively less than that of CBM, while they are
comparably hydrophobic [39].

Retention of > 99% was achieved for various heavy metal ions (e.g.,
As, Cd, Cr, Cu, Hg, and Pb) under FO processes [40]. The very high
retention of heavy metal ions under FO could be attributed to several
factors: (i) the key mechanism for heavy metal transport across the FO
membrane is solution-diffusion, since the influence of convective flow
is minor for heavy metal transport in the FO process; therefore, heavy
metal ions with larger hydration radii are removed readily because
diffusivity decreases with increasing hydrated radius and (ii) the
Donnan equilibrium effect could hinder the degree of ionic permeation
of the feed ions due to the presence of highly concentrated bulk DSs
across the active layer [41].

2.1.2. Effect of water quality conditions

The retention of tract PhACs (metoprolol (MTP), SMX, and triclosan
(TCS)) is pH-independent of the modified FO membrane by integrating
nano-TiO, [42], as follows: (i) the degree of retention of MTP (posi-
tively charged) is lower than that of TCS (neutral) and SMX (negatively
charged), mainly due to electrostatic interactions between the com-
pounds and the negatively charged membrane; (ii) the retention of SMX
increased with increasing pH, since the speciation of SMX from a
neutral species at pKal < pH < pKa2 to a negatively charged entity
at pH > pKa2 results in pH-dependent behavior; and (iii) upon com-
paring the performance of pristine and modified membranes at an
average retention value, the performance of the modified membrane
was better than that of the pristine membrane. The negatively charged/
relatively hydrophilic FO CTA membrane enhanced the retention of E1
and E2 (i.e., undissociated/uncharged hormones at the feed solution pH
6.5) in the presence of an anionic surfactant (sodium cocoyl N-methyl
taurate) [26]. Given these conditions and properties, it is hypothesized
that hydrophobic attractions occur between the surfactant tail and the
membrane surface, resulting in adsorption of individual surfactant
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Fig. 2. Average retention of EDCs and PPCPs by virgin and fouled FO CTA membranes tested at the bench scale .

adopted from [47]

molecules to the membrane [43]. Two mechanisms may enhance hor-
mone transport by the FO membrane in the presence of anionic sur-
factants: (i) a small amount of hormones are available for adsorption
onto the membrane because they are adsorbed onto the hydrocarbon
chains of the micelles in the bulk feed solution, and (ii) the anionic
surfactant adsorbs to the membrane surface due to hydrophobic inter-
actions and enhances resistance to hormone transport by hindering
hormone adsorption to the membrane [26].

The effects of organic fouling on CEC retention depend on the
foulants. When the FO membrane was fouled by alginate, the retention
of some PhACs (e.g., SMX and NPX) was significantly lower, whereas
the change in retention was negligible for the majority of the 20 tested
PhACs [33]. This result is presumably due to alginate forming a cake
that is somewhat porous in comparison with the FO membrane,
therefore only slightly contributing to PhAC retention. Hindered PhAC
diffusion back to the bulk feed solution within the foulant layer results
in cake-enhanced concentration polarization, which causes low ap-
parent retention [44]. Therefore, decreases in the retention of CECs by
fouled FO membranes could exert a substantial influence in closed-loop
FO applications. In a separate study, the presence of humic acid (HA)
increased the retention of SMX for pristine and modified FO-TiO,
membranes [42], by shielding the membrane surface charge [45].
However, no substantial effect on the retention of TCS was observed for
neutral TCS, since the degree of permeation of TCS was considered in
the absence of electrostatic interactions. The presence of HA resulted in
a decrease in the retention of MTP for both pristine and modified FO
membranes [42], since positively charged MTP at pH 7 was enriched on
the HA layer and readily diffused through the membrane barrier to the
permeate side [46]. In a separate study on 32 EDCs and PPCPs, the
retention of negatively charged EDCs and PPCPs positively correlated
with increasing MW and retention, as shown in Fig. 2 [47]. Negatively
charged compounds were also more easily retained by the FO mem-
brane due to electrostatic repulsion by the negatively charged mem-
brane surface. The retention of nonionic compounds decreased in all
but two cases, as proposed by Linares et al. [48], while the retention of

900

hydrophobic nonionic compounds varied significantly.

A lab-scale FO system was employed to evaluate the performances
of thin-film inorganic FO membranes for the retention of several heavy
metals (Cd, Cu, Pb, and Zn) at a range of DS concentrations
(0.5-2.0mol L.” ! NaCl) and initial FS concentrations
(50-1,000 mg LY of heavy metal ions [49]. The thin-film inorganic
membrane was proficient at removing heavy metal ions, with an
average retention efficiency of approximately 95%. The retention of
heavy metals was less dependent on the DS concentration applied. The
retention efficiency decreased from 95% to less than 85% with an in-
crease in the initial concentration of the heavy metal
(50-1,000 mg L.~ 1), which was likely because the increasing FS con-
centration enhanced the diffusion of heavy metal ions across the
membrane [49].

2.1.3. Effect of membrane properties and operating conditions

In addition to the physicochemical characteristics of CECs and water
chemistry conditions, CEC retention is also influenced by membrane
properties (e.g., charge, hydrophobicity, structure, and pore size) and
operating conditions (e.g., pressure, dead-end/cross-flow, and bench-/
pilot scale). For all selected PhACs, the thin-film composite (TFC)
polyamide membranes showed greater retention than the CTA mem-
branes [37], whereas for CBM and DCF, the effects of membrane
properties on their removal performance were somewhat insignificant.
For NPX and IBP, the degree of retention was clearly higher with TFC
polyamide membranes than with CTA-based FO membranes con-
sidering the water flux effect. The greater retention by TFC polyamide
membranes is presumably due to: (i) the higher size exclusion effect
indicated by the higher degree of glucose retention of TFC membranes
and (ii) the electrostatic interactions (i.e., repulsion) between the de-
protonated (negatively charged) NPX/IBP and the negatively charged
surface of the TFC polyamide membranes at pH 6 [37]. Bench-and pilot-
scale FO experiments revealed the different retention trends of 23 EDCs
and PPCPs; the retention of EDCs and PPCPs during pilot-scale ex-
periments (80- > 99%) was significantly higher than those for bench-
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scale experiments (40-98%) under all conditions tested [34]. Although
the reason for this difference is somewhat unclear, it is presumably due
to the formation of a fouling layer, membrane compaction, and the
enhanced hydrodynamic conditions used in the pilot-scale system.

Active layer structures of the CTA and TFC FO membranes differed
considerably, which could play a significant role in the retention of
PPCPs [50]. The TFC membrane exhibits greater hindrance to PPCP
diffusion compared to the CTA membrane [41]. The TFC membrane
showed a greater PPCP retention than the CTA membrane due to its
relatively high membrane surface charge, in association with the pore
hydration that is manifested by a layer of water molecules permanently
attached to the negatively charged membrane surface via hydrogen
bonds [51]. The CTA membrane possessed relatively less surface charge
since its pore hydration was significantly inhibited due to the higher
ionic strength in the membrane pore [52], whereas TFC membrane
pores remained hydrated in FO mode, resulting in greater PPCP re-
tention compared to the CTA membrane. Therefore, the retention per-
formance of FO membranes could be enhanced significantly by mod-
ifying the surface charge associated with the active layer structure [50].

Since the membranes were rapidly saturated and adsorption de-
creased over long-term operation, the initial membrane adsorption of
CECs may be insignificant. Nevertheless, it is important to evaluate the
impact of initial adsorption and predict the CEC retention accurately to
determine the correlations between membrane and CEC properties
[53]. The compounds showed the following adsorption trend at equi-
librium with a contact time of 96h: EE2 (91.7%)> 4CP
(39.4%) > CBM (31.2%) > SMX (27.7%) > ATZ (22.8%)> PHN
(6.9%) [39]. The relatively hydrophilic CECs (SMX, CBM, and ATZ)
showed lower adsorption affinities on the FO membrane than EE2,
while SMX, CBM, and ATZ showed no correlation based on the log Kow
values. Phenolic compounds such as PHN and 4CP (i.e., relatively low
MWs compared with the other compounds used) showed different ad-
sorption trends (6.9% for PHN and 39.4% for 4CP) due to variation in
their physicochemical properties (i.e., PHN is highly soluble in water vs.
4CP). The adsorption of 4CP (logKow = 2.39) was greater than that of
PHN (logKow = 1.67), as anticipated based on the hydrophobicities of
these two compounds [39]. The electrostatic repulsion caused by de-
protonation, which occurred because the solution pH was higher than
the compound dissociation constant (pKa), did not significantly influ-
ence the adsorption process in either membrane compared with
logKow- In a separate study, the retention of E1 and E2 was > 99%
until 20% recovery was reached for FO experiments involving simu-
lated WW feed solutions [26]. From 20 to 45% recovery, the retention
decreased slowly to 95-96%, while from 45% recovery to the end of the
experiments (70% recovery), the retention increased slowly to 96-97%.

Cross-flow velocities (CFVs) are one of the key membrane operating
conditions that significantly affect the transport of CECs during FO
membrane filtration. A previous study showed that SMX retention was
higher with a CFV of 58.8 cms ™! than 9.8 cms ™!, since SMX transport
associated with diffusion was influenced more by higher water flux
states (i.e., a CFV of 58.8cms™ 1) when the FO membrane was nega-
tively charged [39]. In addition, these findings agreed well with pre-
vious studies [34,42], indicating that the increase in concurrent CFVs
has a significant effect on diffusive movement (hindered diffusion of
compounds) and increases solute retention in the FO process by de-
creasing concentration polarization effects. Solute retention is com-
paratively constant regardless of CFV in the solute retention perfor-
mance of the membrane, while water flux depends on the osmotic
driving force, which also contributes to the increased compound re-
tention under high CFV operating conditions. In addition, it has been
reported that reverse salt flux influences the increase in organic com-
pound retention in osmotically driven processes, because the retarded
forward diffusion phenomenon from reverse salt flux hinders the dif-
fusive transport of organic compounds [32].
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2.2. Removal by RO membranes

2.2.1. Effect of the physicochemical properties of CECs

While high pressure-driven separation of RO membranes is being
increasingly used in water and WW treatments and reclamation, so-
lute-membrane interactions, such as steric exclusion (sieving effect),
electrostatic interactions (charge effect), and hydrophobic/adsorptive
interactions, should be evaluated for CECs varying in size, charge, and
hydrophobicity [54]. In the RO membrane (BW30; Dow FilmTech), the
average retention followed the order: ATZ (93.7%) > CBM
(84.3%) > SMX (75.2%) > 4CP (60.9%) > PHN (47.3%) [39]. In
that study, in general, the RO membrane had a greater retention effi-
ciency than the FO membrane (CTA; Hydration Technologies). The
higher retention efficiency of the RO membrane could be attributed to
the positively coupled effects arising from size exclusion, electrostatic
repulsion (Donnan exclusion), and hydrophobic/supramolecular inter-
actions (i.e., hydrogen bonding and m-it stacking) of the RO membrane
polymer, which mainly consists of an aromatic polyamide, whereas the
relatively small water flux in the RO membrane negatively affects target
compound retention [39]. The retention of the relatively large MW
compounds (CBM, SMX, and ATZ) was > 75%, while the retention of
the nonionic and small MW compounds (PHN and 4CP) ranged from 45
to 60%. Among similarly sized compounds, the lower log Kow of SMX
showed a weak influence on its lower retention; an increase in retention
with increasing logKow was observed in the cases of CBM and ATZ.
This phenomenon is in agreement with a previous study [55], which
reported that the retention of most hydrophobic molecules by an aro-
matic polyamide membrane material was enhanced with increasing
affinity of the solute for the membrane.

El and E2 are currently listed in the USEPA Drinking Water
Contaminant Candidate List 4. While there are fairly insignificant dif-
ferences between E1 and E2 retention (> 85%) by RO membranes, the
variance shows a small experimental error (~3%) [56]. Although E1
and E2 contain a 17-keto group and a 17-hydroxyl group, respectively,
they share similar molecular structures. These results suggest that the 3-
oxygen atoms of the first ring of E1 and E2 may participate in hydrogen
bonding with the membrane polymer. This is somewhat consistent with
the findings of Le Questel et al. [57] in their study of the hydrogen bond
formation between progesterone and its human receptor. The findings
in that study suggested that the 3-oxygen atom of progesterone was the
key hydrogen bonding acceptor. In a separate study, an examination of
PhAC (SMX, sulfamethazine, trimethoprim, clarithromycin, and roxi-
thromycin) retention rates by RO revealed that this filtration technique
removes antibiotics at a very high rate, because the results from all of
the applied fluxes were below the limits of quantification [58]. Re-
gardless of their high degree of retention, however, antibiotic con-
centrations exceed the limits of detection in most cases. These findings
indicate that several molecules of antibiotics penetrate the RO mem-
brane, and thus it can be concluded that RO cannot serve as an absolute
barrier to antibiotics.

The RO process combined with a membrane bioreactor (MBR) has
been effectively applied for the treatment of raw sewage and secondary
effluent [59,60]. An RO-MBR system showed that the overall retention
rates of 20 PhACs studied in the influent were > 99% [61], while RO
alone showed a very effective degree of retention of numerous micro-
pollutants (e.g., atenolol, clarithromycin, ETM, and MTP) to below the
detection limit (=10 ng LY [62]: CBM (> 99%) [63], SMX, MTP, and
sotalol (> 98%) [64], and antibiotics, psychiatric control, and anti-in-
flammatories (> 90%) [7]. The retention of CECs by RO is determined
by somewhat complex interactions of electrostatic and other physical
forces between the target solute, the solution and the membrane itself.
In particular, key retention mechanisms in RO membranes include
steric hindrance, electrostatic interactions (repulsion), and hydrophobic
interactions (adsorption) between the CECs and the membrane [54].
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The retention of relatively hydrophilic PhACs (logKow < 3) is also
very high (> 99%), whereas hydrophilic compounds do not adsorb to
the membrane polymeric matrix [65]. Since the MWCO of the RO
membrane (TR70-4021-HF) is approximately 100 Da, one of the po-
tential removal mechanisms involved is steric hindrance (size exclu-
sion). In addition, electrostatic interactions (attraction or repulsion)
may affect the retention of some PhACs in an RO membrane due to their
charge (e.g., positive charge of macrolide antibiotics and negative
charge of SMX) [61].

2.2.2. Effects of water quality conditions

The presence of NOM and colloidal particles could significantly
affect membrane performance. The E1-binding ability of hydrophobic
HA is the key contributor to its significant enhancement of E1 retention
by RO membranes (DL and CK, Osmonics) [66]. It is widely known that
divalent cations (e.g., Ca®*) affect the binding of trace CECs by humic
substances [67]. Therefore, the Ca®™* concentration in a feed solution is
believed to affect the E1 retention in HA-containing solutions. Although
the presence of HA could enhance the retention of E1, a higher Ca®*
concentration tends to reverse this effect [66]. Particularly, the addition
of 0.3mM Ca®" in feed solution enhanced the effect of HA on E1 re-
tention by the membrane, decreasing to 180% compared to an en-
hancement of 30% in the absence of Ca?*. When the Ca®* con-
centration was increased to 0.6mM, HA showed no noticeable
improvement in E1 retention. In another study, the pH dependence of
E1 speciation closely mirrored the pH dependence of E1 retention, with
the retention decreasing noticeably at high pH for the RO membrane
[68]. This decrease was not the result of changes in membrane char-
acteristics due to high pH, because the flux was largely constant over
the entire pH range examined. This finding corroborates the earlier
suggestion that adsorptive effects (presumably mediated by hydrogen
bonds between the hydroxyl and/or carbonyl groups of E1 and the
membrane) are major contributors to the retention of E1 on these
membranes; it is to be expected that adsorption would be highest under
conditions where charge repulsion is lowest. At high pH, adsorption
would decrease and, depending on the pore size, retention would de-
crease as charge repulsion increases [68]. In the absence of colloidal
silica particles, the decrease in E2 retention appeared to be linear,
whereas for the case with colloidal fouling, the retention decreased
severely initially, followed by a moderate linear decline [44]. However,
unlike E2, progesterone retention decreased severely initially but gra-
dually slowed down until the end of the experiment. These findings
suggest that the formation of a colloidal cake layer on the membrane
surface restricts back diffusion of the compounds, causing a significant
reduction in their retention.

The concentrations of CECs found in sewage are in the order of
ngL~?! to ug L™, Therefore, the effect of initial CEC concentration on
removal reflects the behaviors of the CECs.

The effect of initial concentration (ranging from 1 to 1000ng L~ ")
on the retention of E1 by several RO membranes is insignificant, which
is presumably due to the constant partition coefficient for E1 at high
concentrations between the membrane and bulk solution [68], in-
dicating that the membrane surface sites may not become saturated. A
similar finding, in which the retention of several pesticides was some-
what independent of the initial feed concentration, was also reported
[69].

The pH of the feed water influences the membrane surface charge,
the characteristics of the solutes in the feed water, and the membrane
separation performance for solutes [70]. Variations in Ni2* retention
during RO filtration at varying pH conditions are somewhat insignif-
icant. While the Ni** concentrations in the influent varied between
8.22 and 10.29 mg L™, its concentrations in the pretreatment effluent
decreased to between 4.07 and 6.56 mgL~'. However, the Ni** con-
centrations in pretreatment + RO were below the detection limit. While
the feed exhibited high Ni** concentrations at pH 5.5-7, Ni** showed
much larger decreases under other pH conditions in the permeate from
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pretreatment. For Zn?", the same effects were also observed at pH = 6.
Zn?" concentrations in the feed ranged between 10.7 and 13.7 mgL ™%,
and its concentrations in permeate pretreatment decreased to between
7.14 and 9.56mgL~'. Zn®>* concentrations in the permeate did not
change much with pH (mostly less than 0.88 mg LY [70].

2.2.3. Effects of membrane properties and operating conditions

For RO membranes, the retention governed by the adsorption affi-
nity of compounds correlates with their hydrophobicity, except for
phenolic compounds, which have different characteristics (the adsorp-
tion affinity of 4CP to the RO membrane was remarkably higher, and
4CP reached a pseudo-equilibrium state faster than the other com-
pounds examined) [39]. The compound adsorption affinities on the RO
membrane showed the following order (% removal): 4CP
(93.8%) > EE2 (89.9%)>PHN (69.8%) > ATZ (55.2%) > CBM
(31.8%) > SMX (6.2%). For phenolic compounds, the greater retention
by the polyamide RO membrane was caused by the following aspects
[71-74]: (i) the retention is depending on physicochemical properties,
including the functional groups (—OH and — Cl), solubility, and hy-
drophobicity, which impart high affinity for polyamide materials; (ii)
the chlorine functional group of 4CP is an electron-withdrawing group;
therefore, the reaction affinity with the membrane polymer may dom-
inate; (iii) water solubility generally correlates with log Kow, indicating
that the adsorption capacity of 4CP to the RO membrane increased with
lower solubility; and (iv) many studies of membrane adsorption have
reported that organic compound adsorption onto membranes is influ-
enced by the membrane surface, as well as by the support layer and
membrane pores. In addition, Yoon et al. [75] reported that adsorption
was related to the membrane pore radius, consequently allowing rela-
tively low MW organic compounds (e.g., PHN and 4CP) to access and
diffuse into the membrane’s internal adsorption sites. Therefore, from
these results, we conclude that a weak correlation exists between all
CECs. Moreover, regarding phenolic compounds and other CECs, a
strong correlation between hydrophobicity and adsorption capacity was
observed.

Understanding the influence of operating variables on the retention
of CECs is very significant from a design, as well as an operational,
perspective. In general, retention by the RO membrane increases with
increasing CFV, since an increase in CFV decreases the concentration
polarization at the membrane-bulk solution interface. However, no
CFV effects on El1 retention were observed [56] since the E1 con-
centration within the membrane could be higher than that of the po-
larization layer due to E1 adsorption onto the membrane surface.
Therefore, the concentration polarization effect appears to be minimal
in this case. Generally, solute retention increases with pressure up to an
asymptotic value. However, E1 retention decreases by 15% with in-
creasing pressure (10-25bar) [56], which is presumably due to the
strong interaction with membrane polymers for organic compounds
[76,77]. Solute-membrane interactions can be supported by friction
associated with hydrodynamic conditions and diffusion associated with
a chemical concentration gradient. Because the RO membrane has an
average pore radius of 0.7 nm [77], those interactions are critical since
it is in the same order of magnitude as the molecular size of E1. The
drag force within the membrane pores increases, since an increase in
pressure causes an increase in permeate flux. Therefore, the desorption
of E1 improves, or the time for adsorption decreases due to the lower
residence time in the membrane, which may contribute to the reduction
in retention [56]. A low-pressure RO membrane is a pressure-driven
membrane dominated by an increase in permeate flux against in-
creasing transmembrane pressure. The retention of several heavy me-
tals increased with an increase in transmembrane pressure [78], which
may be due to a decrease in the average pore size on the membrane
surface and an increase in the favored sorption of pure water at a higher
pressure (e.g., solvent permeability increases compared with solute at a
high pressure, causing increased retention) [79]. Retention is also de-
pendent on the valency of the metal ion. Cr(IV) was removed (99.9%)
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more than Ni?* and Cu®* (both > 99.5%) at 500 kPa pressure [78].
2.3. Removal by NF membranes

2.3.1. Effect of the physicochemical properties of CECs

Similar to FO and RO membranes, the influence of the physico-
chemical properties of CECs on retention by NF membranes is also
significant. The retention of BPA by an NF membrane (NE4040-70;
Saehan, MWCO = approximately 200 Da) was much lower (74.1%)
than that of IBP or salicylic acid (98.1 and 97.0%, respectively), quickly
decreasing with operation time and reaching an asymptote [80]. BPA
(pKa = 9.6-10.2) remains as an uncharged species at the tested pH 7,
while IBP (pKa = 4.9) and salicylic acid (pKa = 2.9) should be mostly
deprotonated, resulting in a negative charge. Therefore, the sieving
effect (size exclusion) is the dominant mechanism of BPA retention,
while the low BPA retention could be attributed to the absence of
electrostatic interactions (repulsion) between the membrane surface
and BPA. However, while IBP (MW = 206 g mole ) and salicylic acid
(MW = 138¢g mole™ 1) have smaller MWs than BPA
(MW = 228 gmole™ 1), IBP and salicylic acid exhibited much greater
retention than BPA due to both size exclusion and electrostatic repul-
sion. In addition, the fast decrease in BPA retention with operation time
is presumably because hydrophobic and uncharged BPA readily adsorbs
to the hydrophobic membrane surface until saturation. However, IBP
and salicylic acid exhibited minor decreases in retention with operation
time, although these compounds have higher logK,,, values than BPA,
presumably due to electrical repulsion between the compounds and the
membrane [80].

In addition to the chemical speciation of CECs governed by solution
pH and pKa, the physicochemical activities of CECs for their retention
are significantly influenced by their functional groups [54]. The degree
of retention of three PhACs (CBM, SMX, IBP) by two NF membranes
(NF-90 and NF-270; FilmTech) varied significantly due to their different
physicochemical properties [28]. The retention of neutrally charged
CBM (pKa = 2.3) by both the NF-90 and NF-270 membranes was re-
latively constant, since retention is exclusively governed by steric (size)
exclusion in the absence of charged functional groups. In the absence of
electrostatic interactions (repulsion), the compound physicochemical
properties can influence retention performance. SMX, which contains
two functional moieties at both sides of the sulfonamide linkage, shows
two dissociation constants: one involving the protonation of the pri-
mary aromatic amine —NH, and the other corresponding to the de-
protonation of the sulfonamide —NH. The retention of the neutral SMX
by the loose NF-270 membrane was significantly lower than that of
CBM, despite the higher MW of SMX compared to CBM, since SMX has a
higher polarity (dipole moment) than CBM. Organic molecules with
high dipole moments (above 3 D) can show lower retention than mo-
lecules with a similar MW but with a lower dipole moment [81]. This
finding suggests that the compound dipole moment plays a significant
role in the retention by NF membranes, via affecting molecule or-
ientation as it approaches the membrane pores.

2.3.2. Effects of water quality conditions

The effects of seasonal changes, ionic strength, and spiked con-
centration on the retention of CBZ by an NF membrane (NF270) were
examined with MBR effluents [63]. The removal of CBZ from the ef-
fluents was seasonally dependent despite a spiked concentration (3600,
and 1000 ugL~"), with a higher retention in the summer (approxi-
mately 85-90%) compared to the winter (approximately 50-55%).
Variations in the effluent organic matter seasonally produced during
the biological stage could describe this phenomenon. In addition, me-
tabolic rate changes due to low temperature were reported to influence
organic matter degradation, particularly hydrolysis yields [82]. In an-
other study, it was reported that solute-solute interactions in tertiary
effluent significantly improved the retention of PhACs for the NF
membrane (NF-270) due to the association between PhACs and organic
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macromolecules in the effluents [83]. Therefore, bound PhACs are re-
jected by NF membranes more readily by size exclusion and/or elec-
trostatic interactions (repulsion) occurring between the complexes and
the membrane surface, as previously reported for various contaminants
[84]. The association between organic PhACs and organic macro-
molecules is believed to be a result of hydrogen bonding and hydro-
phobic interactions [85]. It was also observed that PhAC binding by
effluent organic matter was favored in WW effluent, presumably due to
higher biopolymers (soluble microbial polymers) [86].

The presence of calcium in the feed water reduces the removal of
organic EDCs and PhACs in NF membranes [87], whereas the removal
of PhACs with NF membranes was noticeably increased in the presence
of a high calcium concentration [83]. Comerton et al. observed that the
retention of hydrophilic PhACs (logKow < 4) by NF in MBR effluent
decreased significantly when cations were doubled [88]. Increases in
ionic strength and divalent cation concentrations result in changes in
effluent organic matter conformation, which may alter the presentation
of sites for compound association, leading to a decrease in organic
matter-compound complexation [87]. This phenomenon could be ex-
plained by the fact that NOM has a stretched and linear configuration in
low ionic strength solutions and in the absence of divalent cations,
while NOM has a more inflexible, compact and coiled configuration in
high ionic strength solutions and in the presence of divalent cations
[89]. The presence of NaCl in the deionized (DI) water matrix had a
minimal effect on the overall retention of CBZ by NF270
(MWCO = 155 Da), while the fluctuations in CBZ retention can be at-
tributed to the dehydration of CBZ in the presence of 5gL~" NaCl,
which produces a smaller molecule that can more easily leak through
the membrane pores [63]. Schiéfer et al. also observed only a negligible
effect for NaCl (0-100 mM) and CaCl, (0-5 mM) on the retention of E1
by the TFC-SR2 (Koch) membrane from DI water [68]. It was hy-
pothesized that ionic strength affects solute retention by two integrated
and comparable effects: (i) the presence of salt could screen the charge
associated with the polar functional groups of PhACs and decrease the
apparent size of the molecule, and (ii) it can shield the electrostatic
potential of the membrane surface and reduce electrostatic interactions
(repulsion). The reduction of IBP by an NF membrane
(MWCO = 150-300Da) was reported with increasing ionic strength
with MBR effluents [90], while divalent salt (CaCl, and CaSO,4) had an
insignificant effect on pesticide retention by an NF-Desal DK membrane
(Osmonics, MWCO = 150-300 Da), which was presumably due to
blockage of membrane pores as a result of divalent ion retention [91].

A fouled NF membrane (UTC-60; Toray) was used to evaluate the
degree of retention of several PhACs in WW effluent and DI water [86].
In that study, the effect of the association between the PhACs and or-
ganic macromolecules in WW effluents was likely significant in the case
of MBR effluent, particularly for primidone and CBM. Organic macro-
molecules in MBR effluent appeared to increase the removal of PhACs
by the NF membrane due to their association. After silica fouling, the
retention of PPCPs was increased by the tight NFO0 membrane
(MWCO = 200 Da), but decreased by the loose NF270 membrane
(MWCO = 270 Da) [92]. With or without silica fouling, the solution pH
negligibly influenced the retention of both relatively hydrophilic and
hydrophobic compounds by NF90, but significantly influenced the re-
tention of those compounds by NF270. PPCP retention was enhanced
after silica fouling due to the additional steric hindrance effect provided
by the fouling layer, thus decreasing the permeation of PPCPs across the
membrane surface. For NF90, both steric exclusion and electrostatic
interactions (repulsion) occurred synergistically to enhance the reten-
tion of PPCPs after fouling and with an increase in pH. However, for
NF270, electrostatic repulsion was the mechanism governing the
transport of PPCPs as the pH increased, with or without silica fouling.
Although a fouling layer may provide additional steric hindrance for
loose NF270, its influence was overwhelmed by the accompanied cake-
enhanced concentration polarization phenomenon. The cake-enhanced
concentration polarization phenomenon hindered the back-diffusion of



S. Kim et al.

PPCPs into the feed solution, and trapped and accumulated PPCPs on
the membrane surface to enhance their diffusion across the membrane
[93].

2.3.3. Effects of membrane properties and operating conditions

As described earlier, CEC adsorption onto the membrane is the main
removal mechanism at the initial stage of filtration while, at the later
stage, the retention of CECs is less than expected based only on a steric/
size exclusion mechanism. While size exclusion is the main retention
mechanism at the later stages of membrane filtration, it was proposed
that partitioning and subsequent diffusion through the membrane
polymer matrix causes a fairly lower rate of retention [77]. In that
study, a clear deviation of retention based on size exclusion was ob-
served, while the diffusive transport of hormones (E1, E2, progesterone,
and testosterone) was slow through the polyamide skin layer
(15-40 nm) of the NF-270 membrane. In addition, although the “tight”
NF-90 and “loose” NF-270 membranes have different membrane pore
sizes based on their MWCOs, the similar retention rates of natural
hormones by those membranes may be explained by their comparable
active layer thicknesses that influence the diffusion behaviors of hor-
mones [94], as follows: (i) although the contribution of convective flow
to the transport of hormones across the membrane is somewhat small,
the presence of water plays a significant role in allowing the diffusion
process [95] and (ii) hormone diffusion in the dense polymeric phase
occurs, which can be caused by switching between two bonding sites, or
from a hydrophobic bond to a substrate and a hydrogen bond to water
[96].

A chemically modified NF via graft polymerization significantly
improved BPA retention (74.1% (raw membrane) to 96.9% for the
polymerized membrane) [80]. Since BPA is an uncharged species at the
tested pH 7.2, the enhanced retention was attributed to the steric hin-
drance associated with the polymer chains. Greater steric hindrance
was achieved for the membrane polymerized for 60 min compared to
that polymerized for 15min, since the longer polymerization time
produced longer polymer chains. In addition, BPA retention by the
polymerized NF membrane decreased more slowly versus that by the
raw membrane, which was presumably due to the increased adsorption
of BPA associated with the relatively hydrophilic polymerized mem-
brane. The retention of IBP and salicylic acid (negatively charged so-
lutes) by the polymerized NF membrane improved from 98.1% to
99.7% and from 97.0% to 99.1%, respectively, indicating that the in-
creased negative surface charge and increased steric hindrance of the
polymerized NF membranes were directly responsible for the enhanced
retention [80].

2.4. Removal by UF membranes

2.4.1. Effect of the physicochemical properties of CECs

The retention of seven different PhACs by a UF membrane (pore
size = 0.1 ym) was investigated using the pilot-scale municipal WW
reclamation system [97]. In that study, MW, log D, and charge at a
neutral pH of the PhACs were considered major parameters affecting
their retention by the UF membrane. Most of the target PhACs were not
effectively removed using the UF membrane (< 35%), with the ex-
ception of DCF and SMX. However, there was no significant relation-
ship between the retention of target PhACs by the UF membrane and
their MW, log D, or charge at neutral pH. In a separate study, incon-
sistent degrees of retention for 16 PhACs by a UF membrane
(MWCO = 100kDa) were obtained with municipal WW, while a
somewhat small overall retention (< 29%) was achieved [98]. In par-
ticular, acetaminophen, caffeine, IBP, and NPX remained unchanged at
the membrane permeate since the UF membrane has a much larger pore
size than the target PhACs (< 400gm01e’1). In addition to size ex-
clusion, membrane surface adsorption associated with compound hy-
drophobicity (logKow) is another key mechanism by which UF removes
PhAGs. It is believed that PhACs are unlikely to be adsorbed on the

904

Chemical Engineering Journal 335 (2018) 896-914

membrane surface when PhACs have high hydrophilicity
(logKow = < 2.6), while the opposite effect of PhACs adsorbed onto
membrane surfaces is obtained for highly hydrophobic PhACs
(logKow = < 4.5) [99], consistent with the finding that the high re-
tention of TCS was due to its very high log Kow value (4.76, the highest
among all target PhACs) [98]. Although DCF, IBP, and NPX have re-
latively high logK,,, values (4.4, 3.97, and 3.3, respectively), both the
retention and adsorption caused by the membrane were almost negli-
gible, presumably due to the reduced hydrophobicity of these PhACs
once they are deprotonated [12].

For dead-end stirred-cell experiments, the sulfonated poly-
ethersulfone UF membrane (nominal MWCO = 8kDa) showed a
fluoranthene (FRT) retention of > 95% in the absence of NOM, pre-
sumably due to hydrophobic adsorption [75]. FRT adsorption (15-25%
for the UF membrane) was lost in the presence of NOM, presumably due
to competition for adsorption sites and pore blockage by NOM. In that
study, E2 retention by the UF membrane was reduced from 60
to > 95% in the absence of NOM, and to 10-20% in the presence of
NOM due to competition for adsorption sites. A model species (para-
chlorobenzoic acid, PCBA) was employed to verify that hydrophobic
interactions (attraction) occurred between a hydrophobic compound
and the hydrophobic membrane. A PCBA retention of approximately
30% in the presence of NOM, and 50% in the absence of NOM, was
obtained by the UF membrane, while PCBA is less hydrophobic. These
findings indicate that an electrostatic exclusion mechanism could be
more dominant than hydrophobic adsorption for PCBA retention [75].
In a separate study, the concentrations of 52 CECs and conventional
contaminants were lower in the permeate than those in initial feed
samples. The feed concentrations of the compounds ranged from 16 to
234ngL™! [11]. Numerous permeate concentrations of both CECs and
conventional contaminants were below the limit of detection, in-
dicating a high degree of retention by the UF membrane
(MWCO = 8kDa), except for a few compounds (e.g., a-and -BHC, FRT,
hydrocodone, metolachlor, and musk ketone) that were poorly re-
moved. In most cases, the concentrations of EDC/PPCPs followed the
order: initial feed > retentate > permeate, except for a few com-
pounds (e.g., DCF, ETM, E3, gemfibrozil, IBP a-chlordane, and diel-
drin). Because the retentate concentration was lower than the initial
concentration, these findings indicate that significant amounts of
compounds in the retentate were adsorbed in the test. Assuming neg-
ligible loss due to degradation and/or adsorption onto the glassware,
this could be due to adsorption to the membrane surface and into
membrane pores. Previous studies have shown that the retention of
relatively hydrophobic compounds and hormones/steroids (e.g,
logKow > 3.0) by RO, NF, and UF membranes is governed sig-
nificantly by adsorption [56,77,100,101]. In these studies, some polar
and less hydrophobic compounds were also adsorbed onto the mem-
brane surface, which was dependent on the membrane material and
feed solution pH.

A polymer (carboxymethyl cellulose, CMC)-enhanced UF (poly-
ethersulfone, MWCO = 10kDa) process was used to evaluate the re-
moval of toxic heavy metals, such as Cu(Il), Ni(II), and Cr(III), from
synthetic WW solutions [102]. Comparable retention effects were ob-
tained for both Cu(II) and Cr(III) ions from a mixed solution versus the
single solutions. Upon increasing the metal ion concentration from 10
to 100 mg L~ ?, the metal retention rates varied from 98 to 98.5% and
from 99 to 97.1% for Cu(Il) and Cr(III), respectively. However, a higher
separation effect was observed for Ni(Il) ions from the mixed solution
versus the single solution. Increasing the initial Ni(II) ion concentration
from 10 to 100 mg L~ ! caused the metal retention rates to vary from 99
to 76.4% in the mixed solution, and from 99.1 to 57% in the single
solution. The higher retention efficiency of Ni(Il) ions in the simulta-
neous solution could be attributed to the association of the Ni-CMC
complex with the other two complexes of Cu(Il) and Cr(III) with CMC
[102].
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2.4.2. Effects of water quality conditions

Similar to FO, RO, and NF membranes, CEC retention by UF mem-
branes can also vary depending on feed water chemistry, as previously
shown [56,103]. Because four feed waters having diverse water
chemistry conditions were employed to evaluate the retention of 52
CECs and conventional contaminants with UF membranes, it is some-
what difficult to compare the retention trends for each compound [11].
Therefore, in that study, compound retention was compared to several
major parameters, including dissolved organic carbon (DOC), specific
UV absorbance (SUVA), conductivity, and pH. For more polar and hy-
drophilic compounds, the retention for the UF membrane followed this
order (MWCO = 8kDa): Passaic Valley water (PVW, relatively low pH
and high conductivity) > Ohio River water (ORW, relatively low
SUVA and low conductivity) = Colorado River water (CRW, relatively
low SUVA and high conductivity) > Suwanee River RO isolate NOM
water (SRW, relatively high DOC and high SUVA). However, for less
polar and highly hydrophobic compounds, the UF membrane retained
these compounds somewhat more from ORW and CRW than from SRW
and PVW, which could be due to more competition between the NOM in
SRW and PVW and compounds for the membrane adsorption sites than
ORW and CRW. The SRW contained the most DOC with the highest
SUVA, usually indicating more hydrophobic and larger-MW NOM than
the other waters with lower SUVA values. In addition, SRW contained
the lowest total CEC spiked concentration (1789 ngL~") compared to
ORW (6586ngL~"), CRW (5670ngL~'), and PVW (5849ngL™1).
Therefore, SRW had the lowest competition among those compounds
for membrane adsorption sites [11].

The retention (5-34%) of five EDCs (E1, E2, E3, EE2, and BPA) by a
fouled UF membrane was higher than those (10-76%) of a clean
membrane (MWCO = 100 kDa), indicating that membrane fouling may
influence EDC removal [104]. For the fouled membrane, BPA had the
highest removal degree (64-76%), followed by EE2 (42-53%), E1
(28-46%), E2 (24-63%), and E3 (10-17%). Fouling reduced membrane
pore size [105], which enhanced the retention of EDCs due to size ex-
clusion. In addition, EDCs-HA sodium matrix forms as EDCs adsorb to
humic particles, which were then co-rejected by the membrane [87].
While the BPA molecule was the smallest, it showed the highest re-
tention efficiency, presumably because BPA exhibits the strongest
electropositivity, resulting in its tight bond with humic particles [104].
EE2 had comparable electropositivity with E1, E2, and E3; however, it
is larger than the others and therefore had a higher retention rate. In
addition, cake layers formed under different pressures had differing
abilities to retain different EDCs [54]. The cake formed at 50 kPa
showed the best effect on EDC retention, while cakes formed at 25, 30,
and 75kPa exerted a relatively insignificant effect on EDC retention
[104]. After fouling, membranes with cakes formed under different
pressures still presented electronegativity, which differed from the
clean membrane, where there were adsorptive sites not only on the
membranes but also on the cakes. Therefore, adsorption still contributes
to the retention of EDCs. In addition, membrane fouling significantly
influences membrane characters, such as porosity and hydrophilicity.
Lower porosity and stronger hydrophilicity were favored for EDC re-
tention by a fouled membrane [104]. This is presumably because the
cake with a lower porosity underwent additional severe compression
and had a greater number of small pores, so that the EDCs were more
difficult to penetrate through. Furthermore, hydrophobic EDCs were
more repulsive to more hydrophilic cake, consistent with previous
findings [12].

The retention of inorganic CECs (Cr(VI), As(V), and ClO, ™) by the
UF membrane (MWCO = 8kDa): (i) decreased with increasing solution
conductivity due to the decreasing negative membrane charge; (ii) in-
creased with pH due to the increasing negative membrane charge; and
(iii) decreased in the presence of divalent counter ions (Ca®™) due to a
less negative membrane charge [31]. In addition, a general trend in
which the retention of these toxic ions increased as the solution pH
increased from 4 to 10 was also observed. These findings can be
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explained by electrostatic exclusion, since the membrane charge be-
came more negative with increasing pH, resulting in increased elec-
trostatic repulsion between the target ions and the membranes, thus
increasing ion retention. However, for As(III), the retention by the UF
membrane only varied marginally over a range of pHs below 10, be-
cause As(III) exists mostly as an uncharged species below pH 9.13 (i.e.,
its pKa). In contrast, As(IIl) retention increased considerably at pH 10,
when it became anionic, indicating that steric/size exclusion was the
mechanism determining the uncharged As(III) species until it became
anionic at pH > 9.13, where an electrostatic exclusion mechanism
began to play an important role [31].

2.4.3. Effects of membrane properties and operating conditions

The minimal retention of steroidal hormones (e.g., E1, E2, proges-
terone, and testosterone) by UF membranes in the absence of organic
matter was predicted due to the small size of the hormones relative to
the membrane pore sizes of 0.8-0.9 and 1.6-18.2 nm (MWCO = 10 and
100 kDa, respectively) [106]. However, up to 28% retention was ob-
served, with retention increasing with a decreasing membrane MWCO
(1kDa) influencing size exclusion. Retention was also related to
membrane adsorption, with higher retention by lower MWCO mem-
branes due to longer experimental durations. In addition, an increase in
organic matter concentration was anticipated to enhance E1 retention
due to greater partitioning with the higher organic matter mass. These
results indicate an increase in E1 retention as organic matter con-
centration increases from 12.5 to 125 mg L~ ! for both 10 and 100 kDa
membranes [106]. In a separate study, the retention of 16 EDCs and
PPCPs was evaluated during UF of natural surface waters at four dif-
ferent surface shear stress regimes: no shear stress, low peak shear stress
associated with continuous coarse bubble sparging, sustained peak
shear stress associated with intermittent coarse bubble sparging, and
high peak shear stress associated with large pulse bubble sparging
[107]. Overall, surface shear stress conditions somewhat influenced
compound retention, while the average retention for all EDCs and
PPCPs under the conditions tested (no shear stress, continuous coarse,
intermittent coarse, and pulse bubble sparging) was 32, 18, 22, and
34%, respectively.

The effects of membrane type were investigated at fixed heavy
metal ion (Zn and Cd) concentrations of 50 mg L~! [108]. For both
metals, the flux of treated water decreased, as expected, with de-
creasing membrane pore diameter, having very small values for the UF
membrane. Therefore, polysulfonamide membranes are not re-
commended for most applications, although they provide very high
retention coefficients. Due to the small differences in pore size of Ver-
sapor membranes, the retention coefficients were very similar. The
lowest retention coefficient of Zn was obtained using dextrin as a
complexing agent due to its low MW. Polyethylene glycol and diethy-
laminomethyl cellulose were more effective complexing agents, with
constant retention coefficients with all three membranes [108]. For the
UF (MWCO = 8kDa) membrane, As(III) retention was fairly constant
over the entire pH range (7-11%) [31], presumably because steric/size
exclusion was dominant for the UF membrane. While the retention of
uncharged As(III) was the lowest among the ions tested, ClO,~ reten-
tion was significantly lower than Cr(VI) and As(V) for the UF mem-
brane, presumably because the hydrated divalent ions have a larger size
(0.27 nm for HAsO,42~) and/or a greater charge than the hydrated
monovalent perchlorate ion (ClO,~, 0.14nm). The solute radii were
calculated using the Stokes-Einstein equation [109]. For target toxic
ions, the RO membrane with a small pore size (the measurement of
which was discussed in a previous report [110]) exhibited the highest
retention (> 90%), indicating that size exclusion was at least partially
responsible for retention. However, the UF membrane with a relatively
large pore size exhibited the lowest retention, ranging from 7% to 43%
[31]. Table 3 summarizes the removal efficiencies of selected CECs by
FO, RO, NF, and UF membranes under various experimental conditions
and water types. In addition, a retention diagram of organic CECs
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Fig. 3. Retention diagram for organic CECs during membrane treatment based on solute and membrane properties modified from [54].

during membrane treatments based on solute and membrane properties
is presented in Fig. 3.

3. Conclusions and areas of future research

Overall, the general CEC removal trend was as follows: (i) the re-
moval efficiency for the membranes follows the declining order:
RO = FO > NF > UF; (ii) the retention of CECs by RO and FO
membranes is mainly governed by size/steric exclusion, while high
retention can still be achieved due to hydrophobic (adsorption) and
electrostatic (attraction) interactions for NF and UF membranes; (iii)
more polar, less volatile, and less hydrophobic organic CECs have less
retention than less polar, more volatile, and more hydrophobic organic
CECs; (iv) while, in general, FO and RO membranes show significant
metal/toxic anion retention (> 95%) regardless of water quality and
operating conditions, metal/toxic anion retention by NF and UF
membranes is more efficient at neutral and alkaline conditions than at
acidic values; and (v) while UF alone may not effectively remove CECs,
it can be employed as a pretreatment step prior to FO and RO.

However, numerous studies were limited to a few membranes (e.g.,
FO, RO, NF, or UF), focused on synthetic solutions, or examined only a
few compounds under limited solution pH/conductivity ranges and
operating conditions. Thus, a systematic retention assessment of var-
ious CECs is necessary for the following reasons: (i) to investigate the
removal mechanisms of FO, RO, NF, and UF membranes in the presence
of co-and counter-ions in natural source waters; (ii) to systematically
evaluate the influence of DS type, concentration, and reverse permea-
tion rate on CEC retention for FO membranes; (iii) to better understand
water conditions in the presence of various NOMs that improve re-
moval, and those for which specific target compounds favor the for-
mation of bound complexes (since determining the optimal solute—-
solute interactions with organic matter and fouling is critical when
designing membrane operations); (iv) to determine whether the accu-
mulation of foulants and retarded diffusion influence the retention of

CECs by membranes having varying fouling degrees in various waters;
and (v) to evaluate larger-scale processes because, unfortunately, in-
sufficient information is currently available about FO, RO, NF, and UF
membrane processes to allow full-scale implementation.

Acknowledgements

This research was supported by a grant (code 18IFIP-B088091-05)
from Industrial Facilities & Infrastructure Research Program funded by
Ministry of Land, Infrastructure and Transport of Korean government.
This research was also supported by the U.S. National Science
Foundation (OIA-1632824) and by Basic Science Research Program
through the National Research Foundation of Korea (NRF) funded by
the Ministry of Education (NRF-2017R1D1A1B03031352).

References

[1] J.H. Al-Rifai, H. Khabbaz, A.I. Schafer, Removal of pharmaceuticals and endocrine
disrupting compounds in a water recycling process using reverse osmosis systems,
Sep. Purif. Technol. 77 (2011) 60-67.

[2] E. Stumm-Zollinger, G.M. Fair, Biodegradation of steroid hormones, J. Water Poll.
Cont. Feder. 37 (1965) 1506-1510.

[3] H.H. Tabak, R.L. Bunch, Steroid hormones as water pollutants. I. Metabolism of
natural and synthetic ovulation-inhibiting hormones by microorganisms of acti-
vated sludge and primary settled sewage, Dev. Ind. Microbiol. 11 (1970) 367-376.

[4] USEPA, Environmental Protection Agency — Endocrine Disruptor Screening
Program. Report to Congress, USEPA, Washington, DC, 2000.

[5] USFDA, Guidance for Industry Environmental Assessment of Human Durg and
Biologics Applications. Food and Drug Administration Report, USA, 1998.

[6] USEPA, Contaminant Candidate List (CCL) and Regulatory Determination-CCL4.
https://www.epa.gov/ccl/contaminant-candidate-list-4-ccl-4-0, 2016.

[7] S.A. Snyder, P. Westerhoff, Y. Yoon, D.L. Sedlak, Pharmaceuticals, personal care
products, and endocrine disruptors in water: Implications for the water industry,
Environ. Eng. Sci. 20 (2003) 449-469.

[8] C.M. Park, K.H. Chu, N. Her, M. Jang, M. Baalousha, J. Heo, Y. Yoon, Occurrence
and removal of engineered nanoparticles in drinking water treatment and waste-
water treatment processes, Sep. Purif. Technol. 46 (2017) 255-2017.

[9] M.J. Benotti, R.A. Trenholm, B.J. Vanderford, J.C. Holady, B.D. Stanford,

S.A. Snyder, Pharmaceuticals and endocrine disrupting compounds in US drinking


http://refhub.elsevier.com/S1385-8947(17)31956-3/h0005
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0005
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0005
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0010
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0010
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0015
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0015
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0015
https://www.epa.gov/ccl/contaminant-candidate-list-4-ccl-4-0
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0035
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0035
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0035
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0040
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0040
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0040
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0045
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0045

S. Kim et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

water, Environ. Sci. Technol. 43 (2009) 597-603.

P. Westerhoff, Y. Yoon, S. Snyder, E. Wert, Fate of endocrine-disruptor, pharma-
ceutical, and personal care product chemicals during simulated drinking water
treatment processes, Environ. Sci. Technol. 39 (2005) 6649-6663.

Y. Yoon, P. Westerhoff, S.A. Snyder, E.C. Wert, Nanofiltration and ultrafiltration of
endocrine disrupting compounds, pharmaceuticals and personal care products, J.
Memb. Sci. 270 (2006) 88-100.

Y. Yoon, P. Westerhoff, S.A. Snyder, E.C. Wert, J. Yoon, Removal of endocrine
disrupting compounds and pharmaceuticals by nanofiltration and ultrafiltration
membranes, Desalination 202 (2007) 16-23.

S.A. Snyder, S. Adham, A.M. Redding, F.S. Cannon, J. DeCarolis, J. Oppenheimer,
E.C. Wert, Y. Yoon, Role of membranes and activated carbon in the removal of
endocrine disruptors and pharmaceuticals, Desalination 202 (2007) 156-181.

J. Ryu, Y. Yoon, J. Oh, Occurrence of endocrine disrupting compounds and
pharmaceuticals in 11 WWTPs in Seoul, Korea, KSCE J. Civil Eng. 15 (2011)
57-64.

Y. Yoon, J. Ryu, J. Oh, B.G. Choi, S.A. Snyder, Occurrence of endocrine disrupting
compounds, pharmaceuticals, and personal care products in the Han River (Seoul,
South Korea), Sci. Total Environ. 408 (2010) 636-643.

X. Ren, C. Chen, M. Nagatsu, X. Wang, Carbon nanotubes as adsorbents in en-
vironmental pollution management: A review, Chem. Eng. J. 170 (2011) 395-410.
H. Andersen, H. Siegrist, B. Halling-Sorensen, T.A. Ternes, Fate of estrogens in a
municipal sewage treatment plant, Environ. Sci. Technol. 37 (2003) 4021-4026.
Y.A.J. Al-Hamadani, K.H. Chu, J.R.V. Flora, D.H. Kim, M. Jang, J. Sohn, W. Joo,
Y. Yoon, Sonocatalytical degradation enhancement for ibuprofen and sulfa-
methoxazole in the presence of glass beads and single-walled carbon nanotubes,
Ultrason. Sonochem. 32 (2016) 440-448.

C. Jung, J. Park, K.H. Lim, S. Park, J. Heo, N. Her, J. Oh, S. Yun, Y. Yoon,
Adsorption of selected endocrine disrupting compounds and pharmaceuticals on
activated biochars, J. Hazard. Mater. 263 (2013) 702-710.

J. Han, Y.S. Liu, N. Singhal, L.Z. Wang, W. Gao, Comparative photocatalytic de-
gradation of estrone in water by ZnO and TiO, under artificial UVA and solar
irradiation, Chem. Eng. J. 213 (2012) 150-162.

J. Ryu, J. Oh, S.A. Snyder, Y. Yoon, Determination of micropollutants in combined
sewer overflows and their removal in a wastewater treatment plant (Seoul, South
Korea), Environ. Monit. Assess. 186 (2014) 3239-3251.

M.A. Al-Obaidi, J.P. Li, C. Kara-Zaitri, .M. Mujtaba, Optimisation of reverse os-
mosis based wastewater treatment system for the removal of chlorophenol using
genetic algorithms, Chem. Eng. J. 316 (2017) 91-100.

B. Corzo, T. de la Torre, C. Sans, E. Ferrero, J.J. Malfeito, Evaluation of draw
solutions and commercially available forward osmosis membrane modules for
wastewater reclamation at pilot scale, Chem. Eng. J. 326 (2017) 1-8.

S. Lee, M. Thara, N. Yamashita, H. Tanaka, Improvement of virus removal by pilot-
scale coagulation-ultrafiltration process for wastewater reclamation: Effect of
optimization of pH in secondary effluent, Water Res. 114 (2017) 23-30.

A. Soriano, D. Gorri, A. Urtiaga, Efficient treatment of perfluorohexanoic acid by
nanofiltration followed by electrochemical degradation of the NF concentrate,
Water Res. 112 (2017) 147-156.

J.L. Cartinella, T.Y. Cath, M.T. Flynn, G.C. Miller, K.W. Hunter, A.E. Childress,
Removal of natural steroid hormones from wastewater using membrane contactor
processes, Environ. Sci. Technol. 40 (2006) 7381-7386.

E. Steinle-Darling, M. Zedda, M.H. Plumlee, H.F. Ridgway, M. Reinhard,
Evaluating the impacts of membrane type, coating, fouling, chemical properties
and water chemistry on reverse osmosis rejection of seven nitrosoalklyamines,
including NDMA, Water Res. 41 (2007) 3959-3967.

L.D. Nghiem, A.L. Schafer, M. Elimelech, Pharmaceutical retention mechanisms by
nanofiltration membranes, Environ. Sci. Technol. 39 (2005) 7698-7705.

E. Rodriguez, M. Campinas, J.L. Acero, M.J. Rosa, Investigating PPCP removal
from wastewater by powdered activated carbon/ultrafiltration, Water Air Soil
Pollut. 227 (2016) 177.

O. Sanyal, A.N. Sommerfeld, I. Lee, Design of ultrathin nanostructured polyelec-
trolyte-based membranes with high perchlorate rejection and high permeability,
Sep. Purif. Technol. 145 (2015) 113-119.

J. Yoon, G. Amy, J. Chung, J. Sohn, Y. Yoon, Removal of toxic ions (chromate,
arsenate, and perchlorate) using reverse osmosis, nanofiltration, and ultrafiltration
membranes, Chemosphere 77 (2009) 228-235.

M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Comparison of the removal of
hydrophobic trace organic contaminants by forward osmosis and reverse osmosis,
Water Res. 46 (2012) 2683-2692.

A. D'Haese, P. Le-Clech, S. Van Nevel, K. Verbeken, E.R. Cornelissen, S.J. Khan,
A.R.D. Verliefde, Trace organic solutes in closed-loop forward osmosis applica-
tions: Influence of membrane fouling and modeling of solute build-up, Water Res.
47 (2013) 5232-5244.,

N.T. Hancock, P. Xu, D.M. Heil, C. Bellona, T.Y. Cath, Comprehensive bench-and
pilot-scale investigation of trace organic compounds rejection by forward osmosis,
Environ. Sci. Technol. 45 (2011) 8483-8490.

L.D. Nghiem, D. Vogel, S. Khan, Characterising humic acid fouling of nanofiltra-
tion membranes using bisphenol A as a molecular indicator, Water Res. 42 (2008)
4049-4058.

A.R.D. Verliefde, S.G. Heijman, E.R. Cornelissen, G. Amy, B. Van der Bruggen,
J.C. van Dijk, Influence of electrostatic interactions on the rejection with NF and
assessment of the removal efficiency during NF/GAC treatment of pharmaceuti-
cally active compounds in surface water, Water Res. 41 (2007) 3227-3240.

X. Jin, J.H. Shan, C. Wang, J. Wei, C.Y.Y. Tang, Rejection of pharmaceuticals by
forward osmosis membranes, J. Hazard. Mater. 227 (2012) 55-61.

C. Bellona, J.E. Drewes, The role of membrane surface charge and solute physico-

912

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Chemical Engineering Journal 335 (2018) 896-914

chemical properties in the rejection of organic acids by NF membranes, J. Membr.
Sci. 249 (2005) 227-234.

J. Heo, L.K. Boateng, J.R.V. Flora, H. Lee, N. Her, Y.G. Park, Y. Yoon, Comparison
of flux behavior and synthetic organic compound removal by forward osmosis and
reverse osmosis membranes, J. Membr. Sci. 443 (2013) 69-82.

Y. Cui, Q. Ge, X.Y. Liu, T.S. Chung, Novel forward osmosis process to effectively
remove heavy metal ions, J. Membr. Sci. 467 (2014) 188-194.

N.T. Hancock, W.A. Phillip, M. Elimelech, T.Y. Cath, Bidirectional permeation of
electrolytes in osmotically driven membrane processes, Environ. Sci. Technol. 45
(2011) 10642-10651.

M.H. Huang, Y.S. Chen, C.H. Huang, P.Z. Sun, J. Crittenden, Rejection and ad-
sorption of trace pharmaceuticals by coating a forward osmosis membrane with
TiO,, Chem. Eng. J. 279 (2015) 904-911.

A.E. Childress, M. Elimelech, Relating nanofiltration membrane performance to
membrane charge (electrokinetic) characteristics, Environ. Sci. Technol. 34 (2000)
3710-3716.

H.Y. Ng, M. Elimelech, Influence of colloidal fouling on rejection of trace organic
contaminants by reverse osmosis, J. Membr. Sci. 244 (2004) 215-226.

M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Impact of humic acid fouling on
membrane performance and transport of pharmaceutically active compounds in
forward osmosis, Water Res. 47 (2013) 4567-4575.

V. Yangali-Quintanilla, A. Sadmani, M. McConville, M. Kennedy, G. Amy,
Rejection of pharmaceutically active compounds and endocrine disrupting com-
pounds by clean and fouled nanofiltration membranes, Water Res. 43 (2009)
2349-2362.

B.D. Coday, B.G.M. Yaffe, P. Xu, T.Y. Cath, Rejection of trace organic compounds
by forward osmosis membranes: A literature review, Environ. Sci. Technol. 48
(2014) 3612-3624.

R.V. Linares, V. Yangali-Quintanilla, Z.Y. Li, G. Amy, Rejection of micropollutants
by clean and fouled forward osmosis membrane, Water Res. 45 (2011)
6737-6744.

S.J. You, J.D. Lu, C.Y. Tang, X.H. Wang, Rejection of heavy metals in acidic
wastewater by a novel thin-film inorganic forward osmosis membrane, Chem. Eng.
J. 320 (2017) 532-538.

M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Relating rejection of trace organic
contaminants to membrane properties in forward osmosis: Measurements, mod-
elling and implications, Water Res. 49 (2014) 265-274.

A.V. Raghunathan, N.R. Aluru, Molecular understanding of osmosis in semi-
permeable membranes, Phys. Rev. Lett. 97 (2006) 024501.

L.D. Nghiem, A.I. Schafer, M. Elimelech, Role of electrostatic interactions in the
retention of pharmaceutically active contaminants by a loose nanofiltration
membrane, J. Membr. Sci. 286 (2006) 52-59.

A.M. Comerton, R.C. Andrews, D.M. Bagley, P. Yang, Membrane adsorption of
endocrine disrupting compounds and pharmaceutically active compounds, J.
Membr. Sci. 303 (2007) 267-277.

C. Bellona, J.E. Drewes, P. Xu, G. Amy, Factors affecting the rejection of organic
solutes during NF/RO treatment — a literature review, Water Res. 38 (2004)
2795-2809.

Y. Kiso, Y. Sugiura, T. Kitao, K. Nishimura, Effects of hydrophobicity and mole-
cular size on rejection of aromatic pesticides with nanofiltration membranes, J.
Membr. Sci. 192 (2001) 1-10.

L.D. Nghiem, A. Manis, K. Soldenhoff, A.I. Schafer, Estrogenic hormone removal
from wastewater using NF/RO membranes, J. Membr. Sci. 242 (2004) 37-45.
J.Y. Le Questel, G. Boquet, M. Berthelot, C. Laurence, Hydrogen bonding of pro-
gesterone: a combined theoretical, spectroscopic, thermodynamic, and crystal-
lographic database study, J. Phys. Chem. B 104 (2000) 11816-11823.

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

E. Dialynas, E. Diamadopoulos, Integration of a membrane bioreactor coupled
with reverse osmosis for advanced treatment of municipal wastewater,
Desalination 238 (2009) 302-311.

L.S. Tam, T.W. Tang, G.N. Lau, K.R. Sharma, G.H. Chen, A pilot study for waste-
water reclamation and reuse with MBR/RO and MF/RO systems, Desalination 202
(2007) 106-113.

D. Dolar, M. Gros, S. Rodriguez-Mozaz, J. Moreno, J. Comas, 1. Rodriguez-Roda,
D. Barcelo, Removal of emerging contaminants from municipal wastewater with
an integrated membrane system, MBR-RO, J. Hazard. Mater. 239 (2012) 64-69.
A. Joss, C. Baenninger, P. Foa, S. Koepke, M. Krauss, C.S. McArdell, K. Rottermann,
Y.S. Wei, A. Zapata, H. Siegrist, Water reuse: > 90% water yield in MBR/RO
through concentrate recycling and CO, addition as scaling control, Water Res. 45
(2011) 6141-6151.

S. Gur-Reznik, 1. Koren-Menashe, L. Heller-Grossman, O. Rufel, C.G. Dosoretz,
Influence of seasonal and operating conditions on the rejection of pharmaceutical
active compounds by RO and NF membranes, Desalination 277 (2011) 250-256.
J. Radjenovic, M. Petrovic, F. Ventura, D. Barcelo, Rejection of pharmaceuticals in
nanofiltration and reverse osmosis membrane drinking water treatment, Water
Res. 42 (2008) 3601-3610.

A.A. Alturki, N. Tadkaew, J.A. McDonald, S.J. Khan, W.E. Price, L.D. Nghiem,
Combining MBR and NF/RO membrane filtration for the removal of trace organics
in indirect potable water reuse applications, J. Membr. Sci. 365 (2010) 206-215.
X. Jin, J.Y. Hu, S.L. Ong, Removal of natural hormone estrone from secondary
effluents using nanofiltration and reverse osmosis, Water Res. 44 (2010) 638-648.
M.A. Schlautman, J.J. Morgan, Effects of aqueous chemistry on the binding of
polycycle aromatic-hydrocarbons by dissolved humic materials, Environ. Sci.
Technol. 27 (1993) 961-969.


http://refhub.elsevier.com/S1385-8947(17)31956-3/h0045
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0050
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0050
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0050
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0055
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0055
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0055
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0060
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0060
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0060
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0065
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0065
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0065
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0070
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0070
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0070
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0075
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0075
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0075
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0080
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0080
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0085
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0085
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0090
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0090
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0090
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0090
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0095
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0095
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0095
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0100
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0100
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0100
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0105
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0105
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0105
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0110
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0110
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0110
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0115
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0115
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0115
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0120
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0120
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0120
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0125
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0125
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0125
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0130
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0130
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0130
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0135
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0135
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0135
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0135
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0140
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0140
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0145
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0145
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0145
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0150
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0150
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0150
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0155
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0155
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0155
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0160
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0160
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0160
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0165
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0165
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0165
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0165
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0170
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0170
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0170
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0175
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0175
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0175
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0180
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0180
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0180
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0180
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0185
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0185
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0190
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0190
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0190
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0195
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0195
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0195
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0200
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0200
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0205
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0205
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0205
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0210
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0210
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0210
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0215
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0215
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0215
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0220
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0220
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0225
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0225
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0225
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0230
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0230
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0230
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0230
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0235
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0235
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0235
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0240
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0240
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0240
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0245
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0245
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0245
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0250
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0250
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0250
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0255
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0255
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0260
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0260
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0260
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0265
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0265
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0265
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0270
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0270
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0270
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0275
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0275
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0275
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0280
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0280
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0285
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0285
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0285
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0290
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0290
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0290
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0295
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0295
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0295
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0300
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0300
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0300
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0305
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0305
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0305
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0310
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0310
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0310
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0310
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0315
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0315
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0315
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0320
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0320
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0320
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0325
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0325
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0325
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0330
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0330
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0335
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0335
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0335

S. Kim et al.

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[79]
[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]
[90]
[91]

[92]

[93]

[94]

[95]

[96]

971

[98]

AL Schafer, L.D. Nghiem, T.D. Waite, Removal of the natural hormone estrone
from aqueous solutions using nanofiltration and reverse osmosis, Environ. Sci.
Technol. 37 (2003) 182-188.

B. Van der Bruggen, J. Schaep, W. Maes, D. Wilms, C. Vandecasteele,
Nanofiltration as a treatment method for the removal of pesticides from ground
waters, Desalination 117 (1998) 139-147.

J.J. Qin, M.H. Oo, M.N. Wai, F.S. Wong, Effect of feed pH on an integrated
membrane process for the reclamation of a combined rinse water from electroless
nickel plating, J. Memb. Sci. 217 (2003) 261-268.

K. Kimura, S. Toshima, G. Amy, Y. Watanabe, Rejection of neutral endocrine
disrupting compounds (EDCs) and pharmaceutical active compounds (PhACs) by
RO membranes, J. Membr. Sci. 245 (2004) 71-78.

Z.E. Hughes, J.D. Gale, Molecular dynamics simulations of the interactions of
potential foulant molecules and a reverse osmosis membrane, J. Mater. Chem. 22
(2012) 175-184.

S.H. Yuan, X.H. Lu, Comparison treatment of various chlorophenols by electro-
Fenton method: relationship between chlorine content and degradation, J. Hazard.
Mater. 118 (2005) 85-92.

A.L. Ahmad, K.Y. Tan, Reverse osmosis of binary organic solute mixtures in the
presence of strong solute-membrane affinity, Desalination 165 (2004) 193-199.
Y. Yoon, P. Westerhoff, J. Yoon, S.A. Snyder, Removal of 17-beta estradiol and
fluoranthene by nanofiltration and ultrafiltration, J. Environ. Eng.-ASCE 130
(2004) 1460-1467.

D. Johnson, F. Galiano, S.A. Deowan, J. Hoinkis, A. Figoli, N. Hilal, Adhesion
forces between humic acid functionalized colloidal probes and polymer mem-
branes to assess fouling potential, J. Membr. Sci. 484 (2015) 35-46.

L.D. Nghiem, A.I. Schafer, M. Elimelech, Removal of natural hormones by nano-
filtration membranes: Measurement, modeling, and mechanisms, Environ. Sci.
Technol. 38 (2004) 1888-1896.

H. Ozaki, K. Sharma, W. Saktaywin, Performance of an ultra-low-pressure reverse
osmosis membrane (ULPROM) for separating heavy metal: effects of interference
parameters, Desalination 144 (2002) 287-294.

S. Sourirajan, Reverse Osmosis, Logos Press, London, 1970.

J.H. Kim, P.K. Park, C.H. Lee, H.H. Kwon, Surface modification of nanofiltration
membranes to improve the removal of organic micro-pollutants (EDCs and PhACs)
in drinking water treatment: Graft polymerization and cross-linking followed by
functional group substitution, J. Membr. Sci. 321 (2008) 190-198.

B. Van der Bruggen, J. Schaep, D. Wilms, C. Vandecasteele, Influence of molecular
size, polarity and charge on the retention of organic molecules by nanofiltration, J.
Membr. Sci. 156 (1999) 29-41.

B. Lew, S. Tarre, M. Beliavski, C. Dosoretz, M. Green, Anaerobic membrane
bioreactor (AnMBR) for domestic wastewater treatment, Desalination 243 (2009)
251-257.

A. Azais, J. Mendret, S. Gassara, E. Petit, A. Deratani, S. Brosillon, Nanofiltration
for wastewater reuse: Counteractive effects of fouling and matrice on the rejection
of pharmaceutical active compounds, Sep. Purif. Technol. 133 (2014) 313-327.
M.A. Zazouli, H. Susanto, S. Nasseri, M. Ulbricht, Influences of solution chemistry
and polymeric natural organic matter on the removal of aquatic pharmaceutical
residuals by nanofiltration, Water Res. 43 (2009) 3270-3280.

K.V. Plakas, A.J. Karabelas, T. Wintgens, T. Melin, A study of selected herbicides
retention by nanofiltration membranes — The role of organic fouling, J. Membr.
Sci. 284 (2006) 291-300.

K. Kimura, T. Iwase, S. Kita, Y. Watanabe, Influence of residual organic macro-
molecules produced in biological wastewater treatment processes on removal of
pharmaceuticals by NF/RO membranes, Water Res. 43 (2009) 3751-3758.

E.C. Devitt, F. Ducellier, P. Cote, M.R. Wiesner, Effects of natural organic matter
and the raw water matrix on the rejection of atrazine by pressure-driven mem-
branes, Water Res. 32 (1998) 2563-2568.

AM. Comerton, R.C. Andyews, D.M. Bagley, The influence of natural organic
matter and cations on the rejection of endocrine disrupting and pharmaceutically
active compounds by nanofiltration, Water Res. 43 (2009) 613-622.

S.K. Hong, M. Elimelech, Chemical and physical aspects of natural organic matter
(NOM) fouling of nanofiltration membranes, J. Membr. Sci. 132 (1997) 159-181.
G.Y. Park, J.H. Lee, L.S. Kim, J. Cho, Pharmaceutical rejection by membranes for
wastewater reclamation and reuse, Water Sci. Technol. 50 (2004) 239-244.

R. Boussahel, S. Bouland, K.M. Moussaoui, A. Montiel, Removal of pesticide re-
sidues in water using the nanofiltration process, Desalination 132 (2000) 205-209.
Y.L. Lin, J.H. Chiou, C.H. Lee, Effect of silica fouling on the removal of pharma-
ceuticals and personal care products by nanofiltration and reverse osmosis mem-
branes, J. Hazard. Mater. 277 (2014) 102-109.

D. Vogel, A. Simon, A.A. Alturki, B. Bilitewski, W.E. Price, L.D. Nghiem, Effects of
fouling and scaling on the retention of trace organic contaminants by a nanofil-
tration membrane: The role of cake-enhanced concentration polarisation, Sep.
Purif. Technol. 73 (2010) 256-263.

G. Couarraze, B. Leclerc, G. Conrath, F. Falsonrieg, F. Puisieux, Diffusion of a
dispersed solute in a polymeric matrix, Int. J. Pharm. 56 (1989) 197-206.

V. Freger, J. Gilron, S. Belfer, TFC polyamide membranes modified by grafting of
hydrophilic polymers: an FT-IR/AFM/TEM study, J. Membr. Sci. 209 (2002)
283-292.

B.E. Cohen, Permeability of liposomes to nonelectrolytes. 1. Activation-enerties for
permeation, J. Membrane Biol. 20 (1975) 205-234.

K. Chon, J. Cho, H.K. Shon, A pilot-scale hybrid municipal wastewater reclamation
system using combined coagulation and disk filtration, ultrafiltration, and reverse
osmosis: Removal of nutrients and micropollutants, and characterization of
membrane foulants, Bioresour. Technol. 141 (2013) 109-116.

C.G. Sheng, A.G.A. Nnanna, Y.H. Liu, J.D. Vargo, Removal of trace

913

[99]

[100]

[101]

[102]

[103]

[104]
[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]
[123]

[124]

[125]

[126]

[127]

Chemical Engineering Journal 335 (2018) 896-914

pharmaceuticals from water using coagulation and powdered activated carbon as
pretreatment to ultrafiltration membrane system, Sci. Total Environ. 550 (2016)
1075-1083.

R.L. Fernandez, J.A. McDonald, S.J. Khan, P. Le-Clech, Removal of pharmaceu-
ticals and endocrine disrupting chemicals by a submerged membrane photo-
catalysis reactor (MPR), Sep. Purif. Technol. 127 (2014) 131-139.

Y. Yoon, P. Westerhoff, J. Yoon, S.A. Snyder, Removal of 17b-estradiol and
fluoranthene by nanofiltration and ultrafiltration, J. Environ. Eng. ASCE 130
(2004) 1460-1467.

K. Kimura, G. Amy, J. Drewes, Y. Watanabe, Adsorption of hydrophobic com-
pounds onto NF/RO membranes: an artifact leading to overestimation of rejection,
J. Membr. Sci. 221 (2003) 89-101.

M.A. Barakat, E. Schmidt, Polymer-enhanced ultrafiltration process for heavy
metals removal from industrial wastewater, Desalination 256 (2010) 90-93.

C. Adams, Y. Wang, K. Loftin, M. Meyer, Removal of antibiotics from surface and
distilled water in conventional water treatment processes, J. Environ. Eng. ASCE
128 (2002) 253-260.

Z.F. Hu, X.R. Si, Z.Y. Zhang, X.H. Wen, Enhanced EDCs removal by membrane
fouling during the UF process, Desalination 336 (2014) 18-23.

1. Sutzkover-Gutman, D. Hasson, R. Semiat, Humic substances fouling in ultra-
filtration processes, Desalination 261 (2010) 218-231.

P.A. Neale, A.1. Schafer, Quantification of solute-solute interactions in steroidal
hormone removal by ultrafiltration membranes, Sep. Purif. Technol. 90 (2012)
31-38.

H.E. Wray, R.C. Andrews, P.R. Berube, Surface shear stress and retention of
emerging contaminants during ultrafiltration for drinking water treatment, Sep.
Purif. Technol. 122 (2014) 183-191.

K. Trivunac, S. Stevanovic, Removal of heavy metal ions from water by com-
plexation-assisted ultrafiltration, Chemosphere 64 (2006) 486-491.

W. Bowen, A. Mohammad, Characterization and prediction of nanofiltration
membrane performance — A general assessment, Chem. Eng. Res. Des. 76 (1998)
885-893.

Y. Yoon, R. Lueptow, Removal of organic contaminants by RO and NF membranes,
J. Membrane Sci. 261 (2005) 76-86.

J. Heidler, A. Sapkota, R.U. Halden, Partitioning, persistence, and accumulation in
digested sludge of the topical antiseptic triclocarban during wastewater treatment,
Environ. Sci. Technol. 40 (2006) 3634-3639.

K.C. Hyland, E.R.V. Dickenson, J.E. Drewes, C.P. Higgins, Sorption of ionized and
neutral emerging trace organic compounds onto activated sludge from different
wastewater treatment configurations, Water Res. 46 (2012) 1958-1968.

S. Snyder, J. Leising, P. Westerhoff, Y. Yoon, H. Mash, B. Vanderford, Biological
and physical attenuation of endocrine disruptors and pharmaceuticals:
Implications for water reuse, Ground Water Monit. R. 24 (2004) 108-118.

H.R. Buser, T. Poiger, M.D. Muller, Occurrence and environmental behavior of the
chiral pharmaceutical drug ibuprofen in surface waters and in wastewater,
Environ. Sci. Technol. 33 (1999) 2529-2535.

M. Carballa, G. Fink, F. Omil, J.M. Lema, T. Ternes, Determination of the solid-
water distribution coefficient (K-d) for pharmaceuticals, estrogens and musk fra-
grances in digested sludge, Water Res. 42 (2008) 287-295.

H.X. Lei, S.A. Snyder, 3D QSPR models for the removal of trace organic con-
taminants by ozone and free chlorine, Water Res. 41 (2007) 4051-4060.

C.X. Wu, A.L. Spongberg, J.D. Witter, M. Fang, K.P. Czajkowski, A. Ames,
Dissipation and leaching potential of selected pharmaceutically active compounds
in soils amended with biosolids, Arch. Environ. Con. Tox. 59 (2010) 343-351.
B. Kasprzyk-Hordern, R.M. Dinsdale, A.J. Guwy, The removal of pharmaceuticals,
personal care products, endocrine disruptors and illicit drugs during wastewater
treatment and its impact on the quality of receiving waters, Water Res. 43 (2009)
363-380.

Z.F. Zhang, N.Q. Ren, Y.F. Li, T. Kunisue, D.W. Gao, K. Kannan, Determination of
benzotriazole and benzophenone UV filters in sediment and sewage sludge,
Environ. Sci. Technol. 45 (2011) 3909-3916.

P.E. Stackelberg, J. Gibs, E.T. Furlong, M.T. Meyer, S.D. Zaugg, R.L. Lippincott,
Efficiency of conventional drinking-water-treatment processes in removal of
pharmaceuticals and other organic compounds, Sci. Total Environ. 377 (2007)
255-272.

H.R. Andersen, M. Lundsbye, H.V. Wedel, E. Eriksson, A. Ledin, Estrogenic per-
sonal care products in a greywater reuse system, Water Sci. Technol. 56 (2007)
45-49.

J. Meyer, K. Bester, Organophosphate flame retardants and plasticisers in waste-
water treatment plants, J. Environ. Monitor. 6 (2004) 599-605.

X. Domenech, M. Ribera, J. Peral, Assessment of pharmaceuticals fate in a model
environment, Water Air Soil Pollut. 218 (2011) 413-422.

B.D. Blair, J.P. Crago, C.J. Hedman, R.J.F. Treguer, C. Magruder, L.S. Royer,
R.D. Klaper, Evaluation of a model for the removal of pharmaceuticals, personal
care products, and hormones from wastewater, Sci. Total Environ. 444 (2013)
515-521.

M. Huerta-Fontela, M.T. Galceran, F. Ventura, Occurrence and removal of phar-
maceuticals and hormones through drinking water treatment, Water Res. 45
(2011) 1432-1442.

M. Clara, B. Strenn, N. Kreuzinger, Carbamazepine as a possible anthropogenic
marker in the aquatic environment: investigations on the behaviour of
Carbamazepine in wastewater treatment and during groundwater infiltration,
Water Res. 38 (2004) 947-954.

M.J.M. Bueno, M.J. Gomez, S. Herrera, M.D. Hernando, A. Aguera,

A.R. Fernandez-Alba, Occurrence and persistence of organic emerging con-
taminants and priority pollutants in five sewage treatment plants of Spain: Two


http://refhub.elsevier.com/S1385-8947(17)31956-3/h0340
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0340
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0340
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0345
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0345
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0345
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0350
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0350
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0350
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0355
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0355
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0355
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0360
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0360
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0360
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0365
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0365
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0365
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0370
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0370
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0375
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0375
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0375
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0380
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0380
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0380
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0385
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0385
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0385
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0390
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0390
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0390
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0395
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0400
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0400
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0400
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0400
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0405
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0405
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0405
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0410
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0410
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0410
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0415
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0415
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0415
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0420
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0420
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0420
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0425
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0425
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0425
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0430
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0430
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0430
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0435
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0435
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0435
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0440
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0440
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0440
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0445
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0445
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0450
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0450
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0455
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0455
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0460
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0460
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0460
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0465
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0465
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0465
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0465
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0470
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0470
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0475
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0475
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0475
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0480
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0480
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0485
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0485
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0485
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0485
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0490
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0490
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0490
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0490
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0495
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0495
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0495
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0500
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0500
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0500
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0505
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0505
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0505
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0510
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0510
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0515
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0515
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0515
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0520
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0520
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0525
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0525
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0530
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0530
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0530
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0535
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0535
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0535
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0540
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0540
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0545
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0545
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0545
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0550
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0550
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0555
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0555
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0555
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0560
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0560
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0560
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0565
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0565
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0565
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0570
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0570
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0570
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0575
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0575
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0575
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0580
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0580
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0585
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0585
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0585
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0590
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0590
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0590
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0590
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0595
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0595
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0595
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0600
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0600
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0600
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0600
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0605
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0605
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0605
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0610
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0610
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0615
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0615
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0620
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0620
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0620
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0620
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0625
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0625
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0625
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0630
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0630
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0630
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0630
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0635
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0635
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0635

S. Kim et al.

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

years pilot survey monitoring, Environ. Pollut. 164 (2012) 267-273.

M.P. Ormad, N. Miguel, A. Claver, J.M. Matesanz, J.L. Ovelleiro, Pesticides re-
moval in the process of drinking water production, Chemosphere 71 (2008)
97-106.

T. Reemtsma, U. Miehe, U. Duennbier, M. Jekel, Polar pollutants in municipal
wastewater and the water cycle: Occurrence and removal of benzotriazoles, Water
Res. 44 (2010) 596-604.

C. Sichel, C. Garcia, K. Andre, Feasibility studies: UV/chlorine advanced oxidation
treatment for the removal of emerging contaminants, Water Res. 45 (2011)
6371-6380.

R. Alexy, T. Kumpel, K. Kummerer, Assessment of degradation of 18 antibiotics in
the Closed Bottle Test, Chemosphere 57 (2004) 505-512.

S. Kim, P. Eichhorn, J.N. Jensen, A.S. Weber, D.S. Aga, Removal of antibiotics in
wastewater: Effect of hydraulic and solid retention times on the fate of tetracycline
in the activated sludge process, Environ. Sci. Technol. 39 (2005) 5816-5823.
J.W. Kim, S.M. Yoon, S.J. Lee, M. Narumiya, N. Nakada, I.S. Han, H. Tanaka,
Occurrence and fate of PPCPs wastewater treatment plants in Korea, 2nd
International Conference on Environment and Industrial Innovation, (2012).
T.A. Ternes, M. Meisenheimer, D. McDowell, F. Sacher, H.J. Brauch, B.H. Gulde,
G. Preuss, U. Wilme, N.Z. Seibert, Removal of pharmaceuticals during drinking
water treatment, Environ. Sci. Technol. 36 (2002) 3855-3863.

H.R. Buser, T. Poiger, M.D. Muller, Occurrence and fate of the pharmaceutical
drug diclofenac in surface waters: Rapid photodegradation in a lake, Environ. Sci.
Technol. 32 (1998) 3449-3456.

C.IL Torres, S. Ramakrishna, C.A. Chiu, K.G. Nelson, P. Westerhoff, R. Krajmalnik-
Brown, Fate of sucralose during wastewater treatment, Environ. Eng. Sci. 28
(2011) 325-331.

1.J. Buerge, H.R. Buser, M. Kahle, M.D. Muller, T. Poiger, Ubiquitous occurrence of
the artificial sweetener acesulfame in the aquatic environment: An ideal chemical
marker of domestic wastewater in groundwater, Environ. Sci. Technol. 43 (2009)
4381-4385.

D.B. Mawhinney, R.B. Young, B.J. Vanderford, T. Borch, S.A. Snyder, Artificial
sweetener sucralose in U.S. drinking water systems, Environ. Sci. Technol. 45
(2011) 8716-8722.

T. Deblonde, C. Cossu-Leguille, P. Hartemann, Emerging pollutants in wastewater:
A review of the literature, Int. J. Hyg. Envir. Heal. 214 (2011) 442-448.

F.X. Kong, H.W. Yang, Y.Q. Wu, X.M. Wang, Y.F.F. Xie, Rejection of pharmaceu-
ticals during forward osmosis and prediction by using the solution-diffusion
model, J. Memb. Sci. 476 (2015) 410-420.

P.X. Liu, H.M. Zhang, Y.J. Feng, C. Shen, F.L. Yang, Integrating electrochemical
oxidation into forward osmosis process for removal of trace antibiotics in waste-
water, J. Hazard. Mater. 296 (2015) 248-255.

A. Chianese, R. Ranauro, N. Verdone, Treatment of landfill leachate by reverse
osmosis, Water Res. 33 (1999) 647-652.

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

S.D. Kim, J. Cho, L.S. Kim, B.J. Vanderford, S.A. Snyder, Occurrence and removal
of pharmaceuticals and endocrine disruptors in South Korean surface, drinking,
and waste waters, Water Res. 41 (2007) 1013-1021.

P. Cartagena, M. El Kaddouri, V. Cases, A. Trapote, D. Prats, Reduction of emer-
ging micropollutants, organic matter, nutrients and salinity from real wastewater

View publication stats

914

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]
[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

Chemical Engineering Journal 335 (2018) 896-914

by combined MBR-NF/RO treatment, Sep. Purif. Technol. 110 (2013) 132-143.
H.O. Huang, H. Cho, K. Schwab, J.G. Jacangelo, Effects of feedwater pretreatment
on the removal of organic microconstituents by a low fouling reverse osmosis
membrane, Desalination 281 (2011) 446-454.

P. Krzeminski, C. Schwermer, A. Wennberg, K. Langford, C. Vogelsang, Occurrence
of UV filters, fragrances and organophosphate flame retardants in municipal
WWTP effluents and their removal during membrane post-treatment, J. Hazard.
Mater. 323 (2017) 166-176.

U. Ipek, Removal of Ni(II) and Zn(II) from an aqueous solution by reverse osmosis,
Desalination 174 (2005) 161-169.

J.J. Qin, M.N. Wai, M.H. Oo, F.S. Wong, A feasibility study on the treatment and
recycling of a wastewater from metal plating, J. Membr. Sci. 208 (2002) 213-221.
J.L. Acero, F.J. Benitez, F. Teva, A.L. Leal, Retention of emerging micropollutants
from UP water and a municipal secondary effluent by ultrafiltration and nanofil-
tration, Chem. Eng. J. 163 (2010) 264-272.

J.Y. Hu, X. Jin, S.L. Ong, Rejection of estrone by nanofiltration: Influence of so-
lution chemistry, J. Membr. Sci. 302 (2007) 188-196.

E.E. Chang, Y.C. Chang, C.H. Liang, C.P. Huang, P.C. Chiang, Identifying the re-
jection mechanism for nanofiltration membranes fouled by humic acid and cal-
cium ions exemplified by acetaminophen, sulfamethoxazole, and triclosan, J.
Hazard. Mater. 221 (2012) 19-27.

K. Chon, S. Sarp, S. Lee, J.H. Lee, J.A. Lopez-Ramirez, J. Cho, Evaluation of a
membrane bioreactor and nanofiltration for municipal wastewater reclamation:
Trace contaminant control and fouling mitigation, Desalination 272 (2011)
128-134.

N. Garcia-Vaquero, E. Lee, R.J. Castaneda, J. Cho, J.A. Lopez-Ramirez,
Comparison of drinking water pollutant removal using a nanofiltration pilot plant
powered by renewable energy and a conventional treatment facility, Desalination
347 (2014) 94-102.

K. Kosutic, D. Dolar, D. Asperger, B. Kunst, Removal of antibiotics from a model
wastewater by RO/NF membranes, Sep. Purif. Technol. 53 (2007) 244-249.

1. Koyuncu, O.A. Arikan, M.R. Wiesner, C. Rice, Removal of hormones and anti-
biotics by nanofiltration membranes, J. Membr. Sci. 309 (2008) 94-101.

S. Lee, N. Quyet, E. Lee, S. Kim, S. Lee, Y.D. Jung, S.H. Choi, J. Cho, Efficient
removals of tris(2-chloroethyl) phosphate (TCEP) and perchlorate using NF
membrane filtrations, Desalination 221 (2008) 234-237.

J.L. Acero, F.J. Benitez, F.J. Real, C. Garcia, Removal of phenyl-urea herbicides in
natural waters by UF membranes: Permeate flux, analysis of resistances and re-
jection coefficients, Sep. Purif. Technol. 65 (2009) 322-330.

M. Awwad, F. Al-Rimawi, K.J.K. Dajani, M. Khamis, S. Nir, R. Karaman, Removal
of amoxicillin and cefuroxime axetil by advanced membranes technology, acti-
vated carbon and micelle-clay complex, Environ. Technol. 36 (2015) 2069-2078.
J. Lowenberg, A. Zenker, M. Baggenstos, G. Koch, C. Kazner, T. Wintgens,
Comparison of two PAC/UF processes for the removal of micropollutants from
wastewater treatment plant effluent: Process performance and removal efficiency,
Water Res. 56 (2014) 26-36.

H.P. Hug, J.S. Yang, J.W. Yang, Removal of perchlorate from groundwater by the
polyelectolyte-enhanced ultrafiltration process, Desalination 204 (2007) 335-343.
Y.H. Xie, S.Y. Li, K. Wu, J. Wang, G.L. Liu, A hybrid adsorption/ultrafiltration
process for perchlorate removal, J. Membrane Sci. 366 (2011) 237-244.

J. Yoon, Y. Yoon, G. Amy, J. Cho, D. Foss, T.H. Kim, Use of surfactant modified
ultrafiltration for perchlorate (ClO4) removal, Water Res. 37 (2003) 2001-2012.


http://refhub.elsevier.com/S1385-8947(17)31956-3/h0635
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0640
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0640
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0640
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0645
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0645
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0645
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0650
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0650
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0650
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0655
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0655
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0660
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0660
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0660
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0665
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0665
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0665
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0670
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0670
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0670
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0675
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0675
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0675
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0680
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0680
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0680
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0685
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0685
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0685
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0685
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0690
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0690
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0690
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0695
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0695
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0700
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0700
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0700
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0705
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0705
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0705
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0710
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0710
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0715
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0715
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0715
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0720
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0720
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0720
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0725
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0725
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0725
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0730
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0730
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0730
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0735
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0735
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0735
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0735
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0740
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0740
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0745
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0745
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0750
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0750
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0750
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0755
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0755
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0760
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0760
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0760
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0760
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0765
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0765
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0765
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0765
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0770
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0770
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0770
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0770
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0775
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0775
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0780
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0780
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0785
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0785
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0785
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0790
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0790
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0790
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0795
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0795
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0795
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0800
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0800
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0800
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0800
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0805
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0805
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0810
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0810
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0815
http://refhub.elsevier.com/S1385-8947(17)31956-3/h0815
https://www.researchgate.net/publication/320956504

	Removal of contaminants of emerging concern by membranes in water and wastewater: A review
	Introduction
	Membrane treatment of various CECs
	Removal by FO membranes
	Effect of the physicochemical properties of CECs
	Effect of water quality conditions
	Effect of membrane properties and operating conditions

	Removal by RO membranes
	Effect of the physicochemical properties of CECs
	Effects of water quality conditions
	Effects of membrane properties and operating conditions

	Removal by NF membranes
	Effect of the physicochemical properties of CECs
	Effects of water quality conditions
	Effects of membrane properties and operating conditions

	Removal by UF membranes
	Effect of the physicochemical properties of CECs
	Effects of water quality conditions
	Effects of membrane properties and operating conditions


	Conclusions and areas of future research
	Acknowledgements
	References




