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Abstract

Removing N-nitrosodimethylamine (NDMA), a regulated carcinogenic chemical, with a
reverse osmosis (RO) membrane is a key challenge for enhancing the safety of reused potable
water. This study aimed to achieve high rejection of NDMA and salts by plugging the
nanopores in an RO membrane with linear-chain amines, amides, and epoxides. Plugging with
amines or epoxides generally led to a reduction in water permeance and an increase in
conductivity rejection. NDMA rejection increased linearly with the size of amines. The RO
membrane plugged with dodecylamine exhibited an NDMA rejection of 87% when treating
the effluent from a membrane bioreactor, and this performance was maintained for 8 d. In
contrast, amide or epoxide plugs resulted in only minor improvements in NDMA rejection. We
speculate that the amine plugs remain in the nanopores through electrostatic attractions,
whereas amides and epoxides become readily detached from the nanopores because they are
only bound through weaker hydrogen-bonding interactions. This study provides an
understanding of the plugging mechanism that enhances NDMA rejection and demonstrated

high NDMA rejection using treated wastewater.

Keywords: RO membrane, NDMA removal, membrane modification, water reuse,

micropollutants.
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1 Introduction

Potable water reuse is being increasingly adopted in many regions in the US, Australia, and
Singapore to augment drinking water supplies [1]. Such water reuse is based on the purification
of secondary wastewater effluents through an advanced wastewater treatment train (e.g.,
microfiltration, reverse osmosis, and advanced oxidation) [2, 3]. The removal of contaminants
of emerging concern (CECs) during this process is important to ensure public safety and to
maintain health [4, 5]. Although most CECs in wastewater are typically removed by reverse
osmosis (RO) membranes [6, 7], N-nitrosodimethylamine (NDMA; C2HsN20), a regulated
carcinogenic chemical [8], is insufficiently removed (typically < 50% rejection) [9] and can be

found in RO permeates at concentrations higher than regulated values (e.g., 10 ng/L) [10].

There is a clear need for the development of an RO membrane capable of achieving the highly
efficient removal of CECs, particularly NDMA [11]. Salt removal is a typical criterion of an
RO membrane, and a significant amount of previous research has aimed to develop a variety
of surface-modification and interfacial-polymerization methods for rejecting boron at high
levels by RO membranes in seawater desalination [12-16]. In addition, polyamide-based RO
membranes designed to highly reject boron are also commercially available. However, no
commercial polyamide-based RO membranes have been designed to reject CECs that include
NDMA [17]. Likewise, some research using graphene oxide surface-modification [18] and

heat-modification [19] techniques have been reported for enhancing NDMA rejection.

The removal of small and uncharged constituents, including NDMA, is challenging for RO
membranes that have sub-nanometer-scale free-volume holes (or nanopores) in their separation
layers [20, 21]. The permeation of these small molecules through an RO membrane is
dependent on the clearance between the solute and the sub-nanometer-scale pores located in

the active polyamide skin layer [22-24]. The minimal projection area (MPA), which is a two-
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dimensional projected area of the molecule, has been introduced as an important molecular-
size parameter that correlates with chemical rejection [21]. The MPA of NDMA is 19.4 A2,
whereas the mean cross-sectional area of the pores in commercial polyamide RO membranes
determined by positron annihilation lifetime spectroscopy (PALS) is approximately 24 A? [25].
Therefore, reducing the mean cross-sectional nanopore area is critical in order to reduce

clearance and, consequently, achieve high NDMA rejection.

“Plugging” is a modification technique intended to narrow sub-nanometer-scale pores, and has
been demonstrated to enhance the removal of boric acid [16, 26]. It should be noted that boric
acid is rejected in a similar manner to NDMA [27, 28]. The plugging method is designed to
narrow the nanopores of RO membranes by plugging them with small hydrophobic molecules
such that less of the target solute can permeate through. A previous study by Shultz et al. [22]
successfully improved boron (molecular weight = 63 g/mol) rejection by plugging an RO
membrane with relatively large aliphatic amines, such as decylamine and dodecylamine
(molecular weights of 157 and 185 g/mol, respectively). The hydrophobic properties of the
molecular plugs appear to be the key to successfully modifying the membrane for enhanced
boron rejection, as the plugs need to be immobilized within the nanopores of the RO membrane.
In fact, hydrophobic molecules (e.g., with octanol-water coefficients (logD) > 4) are readily
adsorbed on the surfaces of RO membranes [20, 29, 30]; however, the detailed mechanism

critical for successful plugging has not been clarified.

The importance of the properties of the molecular plug can be clarified by understanding the
impact of different plugging moieties on NDMA rejection. As alternative plugs, this study
investigated linear-chain molecules bearing amino, amid, or epoxy functional groups. Amides
can be immobilized in the nanopores of a polyamide RO membrane through hydrogen bonding

between both sets of amide functional groups [31]. Epoxides are more hydrophobic than their
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amine counterparts; hence, they are expected to be better immobilized in membrane nanopores

than amines.

This study aimed to identify the properties of molecular plugs that are important for
successfully plugging membrane nanopores for enhanced NDMA rejection. The plug materials
used in this study include linear-chain amines, amides, and epoxides that have MPAs of at least
20 A2, The performance stabilities of the modified RO membranes were assessed by treating
the effluent from a membrane bioreactor. The ultimate goal of this study was to establish a
promising plugging approach for high NDMA rejection by understanding the key properties of

the molecular plugs.

2 Experimental

2.1 Chemicals

Four N-nitrosamines, namely NDMA, N-nitrosomethylethylamine (NMEA), N-
nitrosopyrrolidine (NPYR), and N-nitrosomorpholine (NMOR) were obtained from Ultra
Scientific (Kingstown, RI, USA) (Table 1). Their chemical properties (MPA, logD, pKa,
dipole moment, and charge) were calculated using commercial MarvinSketch version 18.30
software (ChemAxon; Budapest, Hungary). The MPA of a compound is a two-dimensional
projected area of the molecule calculated based on the van der Waals radius (Fig. S1). LogD is
the octanol-water coefficient that determines the hydrophobicity of a molecule. Based on the
logD (-0.2-0.4) and pKa (3.1-3.5) values of N-nitrosamines, they are classified as hydrophilic
and uncharged compounds. The molecular plugs used in this study include linear-chain amines,
amides, and epoxides that have MPAs > 20 A? (Table 2); their chemical structures and hazard
information are provided in Table S1 and Table S2, respectively. Other chemicals (NaCl,
CaClz, NaHCOs3, HCI, and NaOH) were obtained from Wako Pure Chemical Industries (Tokyo,

Japan).
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Table 1 — Physicochemical properties of the N-nitrosamines.

Compound Molecular Molecular Minimum
formula weight [g/mol] p:&r\ojection area
[A?]
NDMA C2HsN20 741 19.4
NMEA C2HsN20 88.1 22.1
NPYR C4HsN20 100.1 241
NMOR C4HsN202 116.1 26.9

Table 2 — Physicochemical properties of the selected amines, amides, and epoxides.

Chemicals Molecular plug Molecular Molecular Minimum  pKa? LogD Dipole
formula weight projection  [-] atpH8 moment

[g/mol] area [A?] [-] [D]
Amine Hexylamine CeH1sN 101.2 20.7 10.5>  -0.6 0.8
Octylamine CsH19N 129.2 214 10.4> 0.3 0.8
Decylamine C1oHz2sN 157.3 234 10.4° 1.2 0.8
Dodecylamine C12H27N 185.4 30.2 10.4° 21 0.8
Amide Butyramide C4HoNO 87.1 20.3 nic 0.1 4.4
Hexanamide CeH1sNO  115.2 20.5 nic 1.0 4.4
Octanamide CsHi7NO  143.2 251 nic 1.9 4.4
Decanamide C1oH21NO  171.3 28.4 nic 2.8 4.4
Dodecanamide C12H2sNO  199.3 28.0 nic 3.7 4.4
Epoxide 1,2-Epoxybutane C4HsO 721 19.5 nic 0.9 2.5
1,2-Epoxyhexane CsH120 100.2 21.8 nic 1.8 2.5
1,2-Epoxyoctane CsH160 128.2 25.0 nic 2.7 2.5
1,2-Epoxydecane C10H200 156.3 27.9 nic 3.6 2.5
1,2-Epoxydodecane  C12H240 184.3 27.2 ni¢ 4.5 25

apKa value in the 0—14 pH range.
99.6% of the species are dissociated and are positively charge in a pH 8.0 solution.
“ni: Not ionized in the 0—14 pH range.

2.2 Membrane treatment systems

A bench-scale RO treatment system with two cross-flow stainless-steel membrane cells was
used in this study (Fig. S2). The system contains the two membrane cells, a high-pressure pump
(Q30, Tacmina, Osaka, Japan), a 500-mL glass reservoir, a pressure regulating valve, a digital
flow meter, a cooling unit (NCB-500, Tokyo Rikakikai, Tokyo, Japan), and a heating circulator
(AS ONE, Osaka, Japan). Commercial polyamide low-pressure reverse osmosis (LPRO)
membrane (ESPAB) coupons (Nitto/Hydranautics, Osaka, Japan) were installed in the
membrane cells. Each membrane sample had an effective surface area of 3.35 cm?. In addition
to ESPAB membrane, three other RO membranes—SWC5 and HYDRApro
(Nitto/Hydranautics, Osaka, Japan), and BW30 (Dupont/Filmtec, Midland, MI, USA)—were

used.



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

2.3 Experimental protocols

Membrane plugging was carried by treating the RO membranes with the required plugging
solution using the above-mentioned laboratory-scale RO system. Unless otherwise specified, a
2-mM solution of the molecular plug was prepared in a clean water matrix (NaCl = 40 mM,
NaHCO3 = 1 mM, and CaClz = 1 mM). Prior to plugging treatment, each RO membrane was
stabilized using pure water at a transmembrane pressure of 1 MPa, a cross-flow velocity of 1.2
cm/s, and a feed temperature of 20 °C, and the water permeance (L/m”hbar) of each RO
membrane coupon was recorded. The pure water was then replaced with the plugging solution,
and the RO system was operated at a transmembrane pressure of 1 MPa and a feed temperature
of 30 °C for 15 h, after which the RO system was operated using pure water to flush out
detached residual chemicals from the membrane surface. Water permeance was recorded

following this treatment using the same procedure described above.

The performance of each modified RO membrane was evaluated using clean water matrix
(NaCl = 40 mM, NaHCO3 = 1 mM, and CaCl> = 1 mM, and NDMA = 500 ng/L). The RO
system was operated at a specific permeate flux of 15 L/m*h and feed temperature of 20 °C for
1 h, with RO feed and permeate samples collected from the feed reservoir and permeate exit,
respectively. The separation performance of each modified RO membrane was also assessed
using membrane-bioreactor-treated (MBR-treated) wastewater, which was collected from a
municipal wastewater treatment plant in Japan. The MBR-treated wastewater was dosed with
500 ng/L of each N-nitrosamine (i.e., NDMA, NMEA, NPYR, and NMOR), and the system
was operated at a permeate flux of 15 L/m?h, with RO feed and permeate samples periodically
collected from the feed reservoir and permeate exit, respectively. After the analysis of these
feed and permeate samples, observed rejections of each N-nitrosamines and conductivity were

calculated.
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2.4 Analytical techniques

Concentrations of N-nitrosamines were determined by high-performance liquid
chromatography—photochemical reaction chemiluminescence (HPLC-PR-CL). Full details of
this analytical method has been provided in a previous study [32]. Fourier transform infrared
spectroscopy (FTIR) (Nicolet iS5, Thermo Fisher Scientific, Waltham, MA, USA) in
attenuated total reflection (ATR) mode was used to obtain the spectrum of each membrane
surface. Prior to analysis, the RO membrane samples were pre-treated by freeze drying (FD-

1000, Tokyo Rikakikai, Tokyo, Japan) for 24 h.

3 Results and discussion

3.1 Effectivenessof plugging chemicals

3.1.1 Amines

Plugging with amines generally resulted in a remarkable reduction in water permeance but in
increases in conductivity rejection and NDMA rejection (Fig. 1). Water permeance was found
to be inversely related to the size of the molecular plug, which was observed to decrease from
2.8 to 1.2 L/m*hbar with increasing chain length (Fig. 1a). Conductivity rejection (98.4—
99.6%) was consistent and did not depend on the amine plug; however, all conductivity
rejections were higher than that of the pristine (without plugging) membrane (97.5%) (Fig. 1b).
NDMA rejection was observed to increase linearly as the number of carbon atoms was
increased from six to twelve, with the RO membrane plugged with the largest amine
(dodecylamine, C12H27N) exhibiting an NDMA rejection of 82%, which is almost twice that of
the pristine membrane (42%) (Fig. 1¢). It should be noted that the data presented for the largest
amine (dodecylamine) were obtained at an amine concentration of 0.75 mM, as plugging at a
concentration of 2 mM, which was the standard concentration used in the remaining

experiments, resulted in almost no water permeance following treatment, presumably due to
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complete nanopore blockage. All dodecylamine concentrations were found to affect water
permeance and NDMA rejection (Fig. S3), which is in agreement with the findings reported in
a previous study that focused on boron removal by plugged seawater RO membranes [22].
Overall, the results indicate that amines as molecular plugs effectively enhance NDMA
rejection by an LPRO membrane in exchange for water permeance, with larger plug molecules

having a greater impact.
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Fig. 1 — (a) Water permeance, (b) conductivity rejection, and (¢) NDMA rejection by ESPAB
reverse osmosis (RO) membranes modified with amines (permeate flux = 15 L/m?h).
Dodecylamine (Ci2H27N) modifications highlighted with an asterisk (*) were carried out at
0.75 mM; other modifications were carried out at 2.0 mM. The symbols and error bars
represent averages and ranges, respectively of duplicated separation results.

3.1.2 Amides

In contrast to amines as plugs, amides were observed to have little effect on water permeance,
conductivity rejection, and NDMA rejection. The five amides commonly exhibited higher
NDMA rejections (52—64%) than the pristine membrane (42%) (Fig. 2), and plugging with the

largest amide (dodecanamide, Ci2H2sNO) resulted in the highest NDMA rejection (64%),
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whereas the conductivity rejection of the plugged membrane (95.5%) was considerably lower
than that of the pristine membrane (97.5%). These results indicate that high molecular weight
amides reduce conductivity and increase NDMA rejection; however they are not as effective

as amines of comparable size.
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Fig. 2 — (a) Water permeance, (b) conductivity rejection, and (¢) NDMA rejection by ESPAB

reverse osmosis (RO) membranes modified with amides (permeate flux = 15 L/m?h). The

symbols and error bars represent averages and ranges, respectively, of duplicated separation

results.

3.1.3 Epoxides

Unlike amines and amides, plugging with epoxides did not show a clear molecular-size
dependence, with the plugged membranes commonly showing higher NDMA rejections (53—
60%) than the pristine membrane (41%) (Fig. 3). Unlike amides, water permeance did not
decrease in exchange for increased NDMA rejection. However, the highest NDMA rejection
achieved with an epoxide plug was only 60%; consequently, a plugging method that uses

epoxides for enhanced NDMA rejection is unlikely to be feasible.

10
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results.

3.1.4 Trade-off

The effects of the various plugs (amines, amides, and epoxies) on key membrane transport
parameters, namely water permeance and separation performance (i.e., conductivity and
NDMA rejection), are summarized in Fig. 4. Plugging with amides resulted in a reduction in
both water permeance and conductivity rejection (Fig. 4a). In contrast, plugging with amines
or epoxides generally led to a reduction in water permeance and an increase in conductivity
rejection; this trade-off between water permeance and selectivity is typical for RO membranes
[33-35]. The impact of plugging on NDMA rejection varied among the various molecular plugs
(Fig. 4b). RO membranes plugged with epoxides commonly showed NDMA rejections of
approximately 60%, regardless of the level of water permeance, while RO membranes plugged
with amides showed an inverse correlation (trade-off) between water permeance and NDMA

rejection. However, both amides and epoxides did not necessarily reduce water permeance. In

11



220  contrast, the amine plugs exhibited a high inverse correlation (trade-off) between water
221  permeance and NDMA rejection, which highlights the potential of plugging RO membrane
222 nanopores in order to restrict the passage of both water and NDMA. The mechanism

223 responsible for this trade-off is discussed in Section 3.3.
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225  Fig. 4 — (a) Conductivity rejection and (b) NDMA rejection as functions of water permeance
226  of pristine and modified ESPAB reverse osmosis (RO) membranes.

227 3.2 Practicability

228  3.2.1 Comparison with commercial RO membranes

229  The practicability of the RO membrane plugged with dodecylamine (Ci2H27N) was assessed
230 by comparing its key membrane transport properties (i.e., water permeance and the rejection
231  of salts and NDMA) against those of commercial RO membranes. RO membranes with high
232 water permeances and high NDMA rejections are suitable for use in water-reuse applications.
233 Conductivity rejection by the docecylamine-plugged RO membrane (98.4%) was lower than
234  that of the SWC5 seawater RO membrane (99.0%) (Fig. Sa). Although the plugged RO

235  membrane did not show the highest conductivity rejection, its salt removal (> 98%) is sufficient

12
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for recycling wastewater, which is less saline than seawater. Among the tested RO membranes,
the plugged RO membrane showed the highest NDMA rejection (Fig. Sb). Despite its low
water permeance, the results suggest that the plugged RO membrane can achieve NDMA

rejections in excess of 80%, and can potentially be used for potable water reuse.
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Fig. 5 — (a) Conductivities and (b) NDMA rejections of the RO membrane plugged with
dodecylamine (C12H27N) and other commercial RO membranes (permeate flux of 15 L/m?h).

3.2.2 Long-term operation

The practicability of the RO membrane plugged with dodecylamine (Ci12H27N) was assessed to
ensure the persistency of the molecular plugs immobilized on or in the RO membrane skin
layer by treating the effluent from a membrane bioreactor. The separation performance of the
membrane during RO treatment was evaluated using four N-nitrosamines (i.e., NDMA, NMEA,
NPYR, and NMOR). Over the course of eight days, permeate flux was maintained at a constant
value of 15 L/m?h at a constant transmembrane pressure of 1.25 MPa, which confirms that the
molecular plugs are immobile. The plugged RO membrane showed a constant NDMA rejection
of 78-81% (Fig. 6). Similarly, the rejection of NMEA, NPYR, and NMOR remained high, at

93-95%, 97-98%, and 99.5-99.7%, respectively. The results show that the dodecylamine-

13
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plugged RO membrane can stably deliver an NDMA rejection of 87%. This eight day test also
demonstrated that the molecular plugs do not readily detach themselves from the RO membrane
during the treatment of treated wastewater. Since molecular plugs including dodecylamine can
be toxic to human health (Table S2), the stability of the immobilized molecular plugs in the
RO membranes needs to be further evaluated through long-term evaluations. In addition,
further studies are needed to demonstrate the long-term performance and fouling propensity of

this membrane.
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Fig. 6 — N-nitrosamine rejection by the dodecylamine-plugged ESPAB reverse osmosis (RO)

membrane during the treatment of the effluent from a membrane bioreactor at a permeate flux
of 15 L/m*h and a constant transmembrane pressure of 1.25 MPa. The symbols and error bars
represent averages and ranges, respectively, of duplicated separation results.

3.3 Mechanisms

The mechanism that determines how molecular-plug size impacts NDMA rejection was
examined by determining the free nanopore area in the RO membrane. The pristine ESPAB
RO membrane exhibited an NDMA (MPA = 19.4 A?) rejection of approximately 55% (Fig. 7),
which indicates that the pristine membrane contains many nanopores with free cross-sectional
areas greater than 20 A? through which NDMA molecules permeate. On the other hand, NMOR
(MPA = 26.9 A?), the largest N-nitrosamine examined, was 95% rejected by this membrane;

thus, we conclude that the pristine membrane contains nanopores with free cross-sectional

14
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areas less than 27 A2, It should be noted that our previous PALS study [36] determined that the
ESPAB RO membrane has a mean free cross-sectional nanopore area of 24 A% (mean radius =
0.275 nm), which is equivalent to the observations made in this study. Overall, this study
suggests that the high NDMA rejection (e.g., >95%) is likely due to the plugging of membrane
nanopores with MPAs of 19-27 A2, In other words, molecular plugs with MPAs greater than

19 A? are likely to effectively block large nanopores.
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Fig. 7 — Rejections of N-nitrosamines by the pristine ESPAB RO membrane as a function of
minimum projection area (MPA) (permeate flux of 15 L/m*h).

The plugging effect observed in this study is consistent with the estimated free cross-sectional
area of 19-27 A2, The RO membrane exhibited higher NDMA rejections when plugged with
amines with MPAs greater than 20 A? (Fig. 8). The effect of the amine plug on NDMA
rejection was greater at a higher MPA, and the highest NDMA rejection was achieved with the
largest amine (dodecylamine; MPA = 30.2 A?). This long-chain amine has locally thinner parts
with cross-sectional areas less than 30 A2, and the narrower regions of dodecylamine molecules
may penetrate into the nanopores and enhance the plugging effect for NDMA removal.
Dodecylamine (amine) contains a positively charged amino functional group at pH 8.0 (Table
2). Since the membrane surface of the ESPAB RO membrane is negatively charged at pH of

8.0 (Fig. S4), the membrane surface and dodecylamine can be electrostatically attracted to each
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other (Fig. 9a). Hence, the persistence of dodecylamine can be explained through the presence

of strong electrostatic interactions.
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Fig. 9 — Speculative mechanisms that underpin membrane nanopores plugging with an amine
(dodecylamine) and an amide (dodecanamide). PA = projection area, NDMA = N-
nitrosodimethylamine.

In contrast, amides and epoxides are uncharged species (Table 2). Although amides (e.g.,
dodecanamide) and epoxides (e.g., epoxydodecane) contains a hydrogen acceptor, which can
be attracted to a hydrogen donor of the RO membrane (Fig. 9b), this hydrogen bonding is

weaker than electrostatic attraction. Therefore, we speculate that hydrogen bonding is
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325

insufficient to securely immobilize these molecules in the membrane nanopores. Overall, in
addition to the size of the molecular plug, the presence of positively charged atoms in the
plugging molecule is likely to control how successfully the membrane nanopores are plugged
for enhanced NDMA rejection. It should be noted that linear-chain molecules bearing
negatively charged functional groups were not used in this study; thus, the impact of these
molecular plugs on NDMA rejection will be evaluated in a future study. Further, a future study
that focuses on the plugging method will explore an approach that limits NDMA passage while
allowing water molecules to pass through, such that NDMA rejection is enhanced without

considerably compromising water permeance.

4 Conclusions

This study investigated the importance of the properties of the molecular plugs used to block
an RO membrane in order to achieve high NDMA rejection. Plugging with selected linear-
chain amides or epoxides was not sufficiently effective for NDMA-rejection purposes. In
contrast, the selected linear-chain amines, which contain positively charged nitrogen atoms at
pH 8 and a minimum projection area of at least 20 A2, were found to enhance NDMA rejection,
whereas the water permeances of these modified membranes are inversely related to NDMA
rejection. This study demonstrated that the RO membrane plugged with dodecylamine
delivered a stable NDMA rejection of 87% over an 8-d period. We suggest that, in addition to
the size of the molecular plug, the presence of positively charged atoms on the plugging
molecule is likely to determine its ability to plug membrane nanopores for enhanced NDMA

rejection.
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