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A B S T R A C T

Thin film nanocomposite (TFN) has been shown as a promising platform to further increase water permeability
of commercial polyamide membrane in reverse osmosis (RO) desalination. Identification of novel and effective
nano-additives, which are significantly smaller than the typical thickness of polyamide membranes (~200 nm)
and can be facilely incorporated into the interfacial polymerization (IP) process, is crucial to pursue this route. In
this study, we prepared nitrogen-doped graphene oxide quantum dots (N-GOQD) and for the first time, fabri-
cated polyamide/N-GOQD TFN membranes by IP for RO desalination application. We found adding only
0.02 wt/v% N-GOQD into polyamide membrane drastically increased water permeability by approximately 3
times, while maintaining similar salt rejection as the pristine polyamide membrane. Enhanced water perme-
ability resulted from the improved hydrophilicity of the membrane surface, increased effective membrane
surface area, and introduction of larger cavity at the interface between N-GOQD and PA matrix. In addition,
favourable chemical bonding between polyamide and N-GOQD also greatly improved thermal stability of
polyamide membrane, as indicated by thermal gravimetric analysis (TGA) measurements.

1. Introduction

Lack of clean and safe fresh water resources is a growing issue in
modern world. Considering large fraction of sea water on the earth, sea

water desalination, therefore, represents a viable solution to provide
usable water for our daily life and industrial processes. Owing to its
high-energy efficiency, reverse osmosis (RO) has become a more and
more widely applied desalination technology [1–3]. Moreover, RO is
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simple to design and produces high quality clean water. Thin film
composite (TFC) membranes are considered as the best RO membrane
so far. The most used TFC membrane is the polyamide (PA) composite
membrane fabricated by interfacial polymerization (IP) [4]. Currently,
improving fouling and chlorine resistance and increasing water flux are
the main focuses of developing PA TFC membrane to reduce operation
cost and energy consumption [5].

Thin film nanocomposite (TFN) membranes based on PA have been
prepared by adding inorganic nanoparticles, such as zeolites [6], tita-
nium dioxide (TiO2) [7], silicon dioxide (SiO2) [8], functionalized
carbon nanotubes [9], graphene oxide (GO) [10,11], and reduced GO
(rGO) [12], into PA matrix during IP. These nanoparticles were found
to facilitate water transport and thus enhance water flux, and also
improve fouling and chlorine resistance. Typically, these nanoparticles
are dispersed in either aqueous or organic phase, and subsequently
participate in IP to form TFN membranes. Excellent dispersion of na-
noparticles, therefore, is the crucial step to generate high quality TFN
membranes. Identification of novel and effective nanoparticles, which
are significantly smaller than the typical thickness of polyamide
membranes (~100 nm) and can be very well dispersed in precursor
solutions, is crucial to pursue this route.

Graphene oxide is an oxidized form of graphene that is made of
carbon atoms bonded in hexagonal honeycomb lattice. Due to the
strong oxidation conditions during its synthesis, for example, by
Hummers or Staudenmaier method, a large number of oxygen-con-
taining groups, including epoxide, hydroxyl, and carboxylic acid
groups, exist on GO [13,14]. These functional groups lead to good
hydrophilicity and allow excellent dispersion of GO flakes in water. So
far, GO flakes have been deposited as ultrathin membranes with la-
mellar structure [15–17] or incorporated into various polymeric
membranes for water purification ranging from microfiltration, ultra-
filtration to nanofiltration [18–20]. Graphene oxide was also con-
sidered as a good candidate for making TFN PA membranes for RO
desalination. Kim et al. [21] studied the effect of different GO loading in
PA layer, and revealed that GO nanoparticles improved water flux and
chlorine resistance. In a more recent study, loading GO flakes in PA
membrane has been shown to increase water flux and improve organic
fouling resistance during organic separation. Chae et al. [22] found that
adding GO into PA increased water permeance from around 9 LMH to
about 15 LMH at 225 psi feed pressure, and improved anti-bacterial
properties by decreasing the amount of cells attached on the membrane
surface. However, typical lateral size of GO flakes is in the range of
several hundred nanometers, larger than the thickness of PA mem-
branes. GO with much smaller sizes, therefore, is more favourable as an
additive of TFN PA membranes to further improve its desalination
performance.

Graphene oxide quantum dots (GOQD), with the diameter in the
range of 3–20 nm, [23] have been applied in the anti-bacterial research
field due to their unique properties, such as morphology, [24] ultra-
small lateral sizes, [25] and cytotoxicity [26] etc. GOQD, therefore may
be an excellent candidate to replace GO in TFN PA membranes. Very
few studies have been conducted on using GOQD in water purification
membranes. Zeng et al. [27] employed GOQDs to fabricate a functio-
nalized GOQD-PVDF membrane, and found improved hydrophilicity,
anti-bacterial and anti-fouling performance. They showed that PVDF
grafted with GOQD increased water flux from around 500 L/(m2·h·bar)
to> 3800 L/(m2·h·bar) while improving antibacterial properties.
Moreover, the hydrophilicity of PVDF membrane was significantly
improved, and water contact angle dramatically decreased from 118.5°
to 34.3° by coating GOQD on PVDF membrane surface.

In this study, we used a variant of GOQD, nitrogen-doped GOQD (N-
GOQD), as a novel and effective additive to PA TFN membranes by
taking advantage of its small lateral size (3–8 nm) and terminal amine
groups that can form chemical bonding with PA matrix. We found that
compared with PA membrane, PA TFN membranes had higher thermal
stability, improved hydrophilicity, and higher effective surface area.

Optimized PA TFN membrane, therefore, showed a 3-time increase of
water permeability while maintaining similar salt rejection.

2. Experimental

2.1. Chemicals and materials

Trimesoyl chloride (TMC) (98%), m-phenylenediamine (MPD)
(flakes, 99%), n-hexane (laboratory reagent, ≥95%), dichloromethane
(anhydrous, ≥99.8%, 40–150 ppm amylene as stabilizer), citric acid
(99%), ammonia (28.0–30.0% NH3 solution), and sodium chloride
(NaCl,> 99%) were purchased from Sigma Aldrich and used without
further purification. Polysulfone (PS) ultrafiltration membrane (P35,
Nanostone Co., Minnesota, USA) was used as the support for PA and
PA/N-GOQD TFN membranes.

2.2. Synthesis of N-GOQD

N-GOQD nanoparticles was synthesized by carbonization of citric
acid with ammonia through hydrothermal treatment, following Zhan
et al.'s method with some modification [28,29]. In brief, 80 mL citric
acid aqueous solution (100 mg/mL) and 20 mL ammonia aqueous so-
lution was transferred into a Teflon-lined autoclave and heated at
180 °C for 24 h. The light yellow resulting solution was dialyzed using a
dialysis tubing (3000 Da, Spectrum Lab. Inc.) soaked in DI water for 4 h
to remove impurities and excess ammonia. After dialysis, the aqueous
dispersion was centrifuged at 10,000 rpm to remove any agglomerates.
The supernatant was collected for subsequent membrane preparation,
as described below.

2.3. Preparation of PA and PA TFN membranes

PA membrane was fabricated via IP on PS support. The PS support
was taped on a glass plate and immersed in a MPD aqueous solution for
2 min. In this step, 100 ml of 2.0 w/v% MPD solution in water was used
and allowed to contact to PS membrane before draining the excess MPD
solution. Then, excess aqueous MPD solution was removed from the PS
support surface by a soft rubber roller. The rubber roller was firmly
pressed over surface of PS membrane to ensure that no aqueous dro-
plets on surface. After that, saturated PS support was soaked in a 100 ml
of 0.1 w/v% of TMC in n-hexane solution for 1 min. The resulting
membrane was washed by hexane for three times to remove unreacted
monomers, cured at 60 °C for 6 min. Finally, the fabricated membranes
were stored in lightproof DI water bath at 5 °C.

To prepare PA TFN membranes, MPD aqueous solution was replaced
by aqueous solution of MPD and N-GOQD, and the membrane pre-
paration procedure was the same as described above. N-GOQD aqueous
solution with different concentrations was prepared by ultra-sonication.
First, appropriate millilitre of 1 wt/v% N-GOQD aqueous solution was
added to 50 ml DI water solution and sonicated for 1 h at room tem-
perature. Then, N-GOQD solution mixed with 50 ml of 4.0 w/v% MPD
solution to obtain the final solution with MPD concentration of 2.0 w/v
% and N-GOQD concentration from 0 to 0.1 w/v% (Table 1).

2.4. Characterization of N-GOOQ and membranes

X-ray Photoelectron Spectroscopy (XPS) (Kratos Axis Ultra DLD
instrument equipped with a monochromated Al Ka X-ray source and
hemispherical analyzer capable of an energy resolution of 0.5 eV) and
X-Ray Diffraction (XRD) (Rigaku D/Max 2100 Powder X-ray
Diffractometer (Cu Kα radiation)) measurements were conducted to
characterize the elemental composition and structure of N-GOQD na-
noparticles. The functional groups of membrane surface and N-GOQD
nanoparticles were measured by Fourier Transform Infrared (FTIR)
measurements in Attenuated Total Reflection (ATR) mode (Thermo
Scientific, Waltham, MA, USA) with 4 cm−1 resolution over a wave
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number range of 600–4000 cm−1. Particle size and distribution of N-
GOQD was observed with transmission electron microscopy (TEM,
JEM-2100F, JEOL Ltd. Japan) [29].

Field Emission Scanning Electron Microscope (FESEM) (Zeiss Ultra
Plus) was used to observe the membrane morphology. Moreover,
Atomic Force Microscopy (AFM) (TT-AFM, AFM workshop Co., CA,
USA) was employed to analyze surface roughness in root mean square
(RMS) and relative surface area of the fabricated PA layer. AFM images
were taken over a membrane area of 5 × 5 μm2. Contact angle of water
was measured by VCP Optima system (Optima XE) to compare the
hydrophilicity of the fabricated membranes. Water droplets (~1 μL)
were dropped carefully onto the pristine PA and PA TFN membrane
surface for imaging. All membrane samples were dried at ambient
temperature prior to characterization.

Thermal gravimetric analysis (TGA) measurement was performed to
investigate the thermal stability before and after adding N-GOQD in PA.
To study specifically the thermal property of the PA and PA with N-
GOQD, PS support with the top PA or PA with N-GOQD was firstly
separated from the bottom nonwoven polyester. Then, PS support was
dissolved in dichloromethane solution, and PA or PA with N-GOQD was
collected from solution. Finally, TGA measurement was carried out
under a nitrogen atmosphere using Perkin–Elmer thermo gravimeter
(Diamond TG/DTA). The flow rate of nitrogen was 20 ml/min, and the
heating rate was 10 °C/min from 25 to 700 °C.

2.5. Membrane permeation measurements

A stainless-steel dead-end module with an effective permeation area
of 5.1 cm2 was used for salt water permeation measurements (Fig. S1).
Feed side was connected to a high-pressure nitrogen tank to generate a
driving force around 15 bar. Desalination performance of PA and PA
TFN membranes was evaluated using 2000 ppm NaCl solution at room
temperature. An electronic scale (Ohaus, CS Series) was used to mea-
sure the mass of permeate over time (> 3 h), which was used to cal-
culate the volumetric water permeance (J) at steady state. The salt
rejection (R = 1− Cp/Cf, where Cp and Cf are the salt concentration of
permeate and feed, respectively) was calculated from the feed and
permeate salt concentration. Concentration of NaCl was measured by a
conductivity meter (Pour Grainger International, Lake Forest, IL, USA).

3. Results and discussion

3.1. N-GOQD characterization

TEM image (Fig. 1a) showed that the synthesized N-GOQD had a
relatively uniform size distribution between 3 and 8 nm and were fully
dispersed N-GOQD particles without apparent agglomeration. This is
consistent with the finding by Zhang et al. [28] that N-GOQD particles
do not react easily with each other and are stable in water at room
temperature. In addition, most of N-GOQD particles are expected to
contain a few nitrogen functionalized GO layers (3 to 5 layers) [29,30].

The AFM image and height profile of N-GOQD nanoparticles (Fig. 2S)
confirmed that the synthesized N-GOQD particles have 1 to 5 GO layers.

As made N-GOQD showed carbon, oxygen and nitrogen signals at
283 to 290 eV, 530 to 533 eV and 398 to 402 eV in the XPS survey
spectrum (Fig. S3a). Li et al. [31] found that the N1s XPS spectrum of N-
GOQD can be fitted into two peaks (398 and 401 eV), which can be
assigned to pyridinic at lower energy and amine or pyrrolic at higher
energy. Fig. 1b indicates that N1s peak appeared at around 398–402 eV,
confirming amine and pyridine groups of N-GOQD. Deconvolution of
N1s peaks (Fig. S3b) revealed the signals of eNH2 at 399.6 eV and NeC
at 401.3 eV [32]. Oxygen-containing groups (O1s) generally contain
several XPS spectrum peaks at 531.2 eV, 532.8 eV, and 535.4 eV for
carboxylic acid, epoxy and hydroxyl groups, respectively [33]. O1s
peak at around 531 eV suggests that N-GOQD also has acid groups that
may react with TMC and MPD during IP reaction. Fig. S3c showed that
N-GOQDs had the binding energy peaks at 284.6 eV, 286.4 eV,
289.6 eV, and 289.5 eV attributing to C]C bonds, CeN bonds, CeO
bonds (hydroxyl and epoxy), and O = C-OH (carboxyl), respectively.
The calculated ratios of N/C, O/C and H/C from XPS spectrum are 0.43,
0.87 and 0.14, respectively.

As observed in Fig. S4, the XRD pattern of N-GOQD showed a strong
peak centered at 20.3°, corresponding to a d-spacing of around 4.2 Å.
FTIR spectrum of N-GOQD in water was shown in Fig. 1b. Peaks at 1709
and 1790 cm−1 for C]O stretch revealed the existence of the car-
boxylic group. Carboxylic group bonded with aromatic ring has FTIR
peaks in the range of 1700 to 1730 cm−1, and is expected to shift to
higher wave numbers by replacing carbon with nitrogen in the aromatic
ring [34]. Moreover, FTIR spectrum indicated the existence of CeH
(1395 cm−1), NeH stretch of amine group (1560 cm−1), C]C
(1450 cm−1) and CeN (1060 cm−1) groups in N-GOQD. FTIR spec-
trum also exhibited two distinct peaks associated with oxygen func-
tional groups at 1208 cm−1 (CeO stretching vibrations of epoxy) and
1670 cm−1 (C]N stretching vibrations of pyrrolic structure). FTIR
result of N-GOQD, therefore, is in a good agreement with that of the
XPS spectrum.

3.2. Membrane characterization

3.2.1. Membrane FESEM, ATR, TGA, AFM and contact angle
characterization

Fig. 2 showed the FESEM images of the surface and cross section of
PA and PA TFN membranes. PS support (Fig. S5) had pores between 10
and 30 nm, which makes it suitable as RO membrane support [1,4].
Surface images clearly indicated that adding N-GOQD nanoparticles
changed the leaf-like morphology of PA membrane to hill and valley
morphology of PA TFN, and higher N-GOQD concentration led to
smoother surface (Fig. 2a, b and c). Adding different nanoparticles,
such as zeolite, CNT, TiO2, SiO2 etc., into IP reaction has been found to
better release the heat of reaction and thus improve surface roughness
[35–38]. Apparently, addition of N-GOQD also facilitates heat release
during IP and thus leads to smoother surface. Cross sectional view of
PA, PA02, and PA07 (Fig. 2d, e, and f) showed an average skin layer
thickness of around 250 nm in samples, suggesting N-GOQD had neg-
ligible effect on membrane thickness.

To further characterize the surface properties of PA TFN membranes
prepared using different N-GOQD concentrations, we conducted AFM
and water contact angle (CA) measurements. N-GOQD nanoparticles
have various functional groups, such as carboxylic, amine, etc. (Fig. 1b
and d), and thus are expected to participate in the IP reaction. With the
increase of N-GOQD concentration in the precursor solution, surface
roughness of PA TFN membranes first decreased and then increased
slightly (Table 2); the minimum roughness was found for PA02 mem-
brane. As shown in Fig. S6, by adding 0.02 wt/v% N-GOQD in the IP
reaction, membrane surface morphology changed from low-density
large bumps to high-density small bumps, which leads to a 1.5 time
increase of the effective surface area (Table 2). Adding more N-GOQD

Table 1
Summary of concentrations of MPD, TMC and N-GOQD in IP for preparation of different
membranes.

Sample name TMC
(wt/v%)

MPD
(wt/v%)

N-GOQD
(wt/v%)

PA 0.1 2 0
PA0025 0.1 2 0.0025
PA005 0.1 2 0.005
PA01 0.1 2 0.01
PA02 0.1 2 0.02
PA04 0.1 2 0.04
PA07 0.1 2 0.07
PA10 0.1 2 0.1
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(PA07 and PA10), however, resulted in significantly reduced effective
area, which is comparable to that of PA. This may result from the ag-
gregation of N-GOQD nanoparticles. Several recent studies found that
adding high concentration of nanoparticles to PA layer increased sur-
face roughness because of nanoparticles agglomeration on membrane
surface [37,39,40]. Adding N-GOQD into PA matrix also greatly im-
proved its hydrophilicity, as shown in Table 2. CA of water gradually

decreased from 87° to< 60° by adding up to 0.1% N-GOQD in IP re-
action. Enhanced effective surface area, combined with improved sur-
face hydrophilicity, is expected to increase water absorption and thus
increase water permeability [41]. PA TFN membrane with N-GOQD as
the additive, therefore, is expected to have greatly increased water
permeability.

The ATR-FTIR spectra of PA and PA TFN membranes were presented

Fig. 1. a) TEM image and b) FTIR spectrum of N-
GOQD.

200 nm

a

200 nm
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f

200 nm

Fig. 2. FESEM images of the surface of PA (a), PA02
(b) and PA07 (c) and cross-section of PA (d), PA02
(e), and PA07 (f).
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in Fig. 3. The peaks at 1488 and 1245 cm−1 correspond to CH3eCeCH3
stretching and CeOeC stretching of PS support (Fig. S7). Absorption
bands at 1600–1700 and 1700–1760 cm−1 are usually responsible for
C]O group of polyamide and ester groups, respectively [42,43]. The
amide bands of fabricated PA active layer appeared at around 1660,
1640 and 1080 cm−1 for C]O stretching of carboxylic, NeH stretching
of amide, and CeN stretching, respectively. PA layer with N-GOQD
nanoparticles had a very wide peak from 1600 to 1720 cm−1, which
can be deconvoluted into three peaks, 1624 cm−1 (NeH of amide),
around 1650 cm−1 (C]O of carboxylic), and 1670 cm−1 (C]N of
pyrrolic). The ATR-FTIR spectrum of pristine PA did not show the
presence of amine NeH group at wavenumber of 1560 cm−1, while this
peak can be clearly seen in the N-GOQD/PA composite membrane.

The intensity of amine NeH peak increased with the increase of N-
GOQD concentration till 0.02 wt/v%, and then significantly decreased.
This suggests that amine groups of N-GOQD significantly contribute in
IP, instead of MPD monomers. Moreover, the intensity of ester C]O of
carboxylic group (1740 cm−1) increased with N-GOQD concentration,
suggesting that high concentration of N-GOQD may impede reaction
between MPD and TMC monomers and thus lower degree of PA
crosslinking.

TGA measurements were conducted to understand the effect of N-
GOQD on the thermal stability of PA TFN, as shown in Fig. 4. Two
weight losses were seen for PA at temperatures starting at around 280
and 450 °C, which can be assigned to degradation of unreacted func-
tional groups, such as amine and acid groups, and decomposition of PA
polymer.

TGA curve of N-GOQD revealed that the decomposition of N-GOQD
started at about 180 °C and had a relatively low and gradually de-
creasing rate over a wide temperature range up to 700 °C. The func-
tional groups of N-GOQD, such as amine and hydroxyl etc., are more
heat sensitive than those of PA [44], and thus they can be more easily

removed from the N-GOQD surface. Decomposition of PA02 started at
roughly the same temperature as that of N-GOQD, and only one major
mass loss can be seen starting from 440 °C, following the similar trend
as the second major mass loss of PA. Apparently, adding N-GOQD sig-
nificantly improved thermal stability of the PA TFN. This may result
from the participation of N-GOQD in the polymerization process, which
leads to better cross-linked PA matrix and/or less residual/unreacted
functional groups. However, PA07 with higher N-GOQD loading
showed slightly higher decomposition rate than that of PA during the
first major mass loss and almost the same rate during the second major
mass loss. This suggests that adding too much N-GOQD might decrease
the degree of PA crosslinking, which is consistent with the ATR-FTIR
results (Fig. 3).

3.2.2. Desalination performance of PA TFN membranes
Desalination performance of PA TFN membranes was evaluated and

compared with PA membrane, as shown in Fig. 5a. Water permeability
of PA TFN membranes increased approximately linearly from 0.62 to
1.66 L/(m2·h·bar) with the increase of N-GOQD concentration from 0 to
0.02 wt/v% without sacrificing salt rejection (~93%). Further in-
creasing N-GOQD concentration to 0.04 wt/v% had negligible effect on
water permeability and salt rejection. Water permeability, however,
decreased approximately linearly from 1.72 to 0.55 L/(m2·h·bar) with
the increase of N-GOQD concentration from 0.04 to 0.1 wt/v%,
whereas salt rejection decreased to 85% and 50% for 0.07 and 0.1 wt/v
% N-GOQD, respectively.

Table 2
Surface roughness, effective surface area (over a scan area of 5 μm× 5 μm), and contact
angle (CA) of PA and PA TFN membranes.

Sample Ra (nm) Rms (nm) Effective surface area (μm2) CA (°)

PA 78 ± 5 97.3 ± 3 41.2 87 ± 2
PA0025 78.3 ± 2 96.9 ± 3 46.1 86 ± 1
PA005 77.3 ± 4 95.9 ± 3 47.1 82 ± 3
PA01 72 ± 2 91.8 ± 3 67.3 73 ± 2
PA02 51.9 ± 3 66.4 ± 3 63.5 57 ± 4
PA04 55.9 ± 4 71.4 ± 3 61.3 58 ± 3
PA07 56.2 ± 4 76.3 ± 4 44.7 56 ± 2
PA10 54.7 ± 6 73.9 ± 5 38.9 56 ± 2

Fig. 3. ATR-FTIR spectroscopy of PA and N-GOQD/PA mem-
branes.

Fig. 4. TGA results of PA and N-GOQD/PA membranes.
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Favourable membrane surface properties, including high effective
membrane area and excellent hydrophilicity, have been shown to in-
crease water permeability during desalination [41,45]. Karan et al. [41]
found that water permeability of PA membrane increased 4 times with
the increase of the effective area by 1.8 times. Improved hydrophilicity
is expected to increase water absorption and thus increase water per-
meability [46]. On the other hand, N-GOQD reacts with MPD and TMC
monomers, as shown in Fig. 3, and cross-linking between N-GOQD and
PA might create transport pathways with larger pores at the interface
than those of PA matrix, due to the relatively sparse distribution of
functional groups on N-GOQD. These larger pores are expected to fa-
cilitate water transport but may have lower salt rejection. Therefore,
when N-GOQD loading in PA matrix is relatively low, existence of these
larger interfacial pores may be beneficial for increasing water perme-
ability. Considering both favourable surface properties (Table 2) and
small amount of larger interfacial pores for PA0025 ~ PA04, water
permeability increases while maintaining high salt rejection. For PA07
and PA10 with high N-GOQD loading, their effective surface area de-
creased significantly (Table 2) and became comparable to that of PA,
whereas their CA of water was almost the same as that of PA04. Re-
duced effective surface area apparently greatly lowered water perme-
ability.

Moreover, with high loading of N-GOQD in PA, it may crosslink
with itself and agglomerate in the PA matrix, leading to local water
blockage. Also, ATR results (Fig. 3) confirmed that high N-GOQD
concentration caused change of polymer structure from polyamide to
polyester, which can significantly decrease water flux and salt rejection
[47]. Seman et al. [47] found that changing thin film structure of RO

membrane from polyamide to polyester decreased water permeability
and salt rejection from 95% to< 60%. As an overall result of all these
factors, PA TFN membranes (PA07 and PA10) with high N-GOQD
loading exhibited both low water permeability and low salt rejection.

N-GOQD, therefore, has been shown as an effective additive for PA
membrane to greatly improve its surface hydrophilicity and effective
surface area, while introducing sparse large interfacial pores to facil-
itate water transport. Optimizing N-GOQD loading in PA matrix sig-
nificantly increased water permeability without sacrificing salt rejec-
tion. Comparison between PA TFN membranes in this study with
commercial PA TFC membrane indicates that TFN membranes with N-
GOQD have better performance. Jeong et al. [35] found that the water
permeability and NaCl rejection of SWHR (FilmTec Corp. Edina, MN)
was 0.92 ± 0.02 L/(m2·h·bar) and 92%, respectively. We also selected
PA TFC and PA04 TFN membrane for comparison. Our PA TFC mem-
brane had water permeability of 0.72 L/(m2·h·bar) and salt rejection of
93.1%, which are very close to those of commercial PA TFC membrane.
Adding 0.04 w/v% N-GOQD to PA layer (PA04 TFN membrane) in-
creased water permeability to around 1.8 L/(m2·h·bar), which is 2 times
higher than that of SWHR, but maintained similar NaCl rejection of
92.1%.

We selected a range of NaCl concentration from 0 to 2 g/l.
Generally, osmotic pressure is a function of salt concentration in the
feedwater. Increasing the salt concentration in feedwater decreases
water permeance because of higher needed osmotic pressure. We stu-
died the results of salt concentration for pure PA and PA TFN membrane
(PA04). Fig. 5b showed that at constant feed pressure, water permeance
and salt rejection decreased with salt concentration.

The effect of N-GOQD concentration on PA structure has been
shown schematically in Fig. 6. Initial increase of N-GOQD concentration
in MPD solution leads to incorporation of N-GOQD nanoparticles into
PA layer and subsequent increase of the surface roughness as well as
affective surface area. Different active groups, such as carboxylic acid,
epoxy and hydroxyl groups, on N-GOQD surface allow a thin layer of
PA to grow around the nanoparticles. Presence of more N-GOQD na-
noparticles on the surface of PA can create a uniform layer of PA and
change the surface morphology from leaf-like to hill and valley. In the
high concentration of N-GOQD nanoparticles, more nanoparticles stick
together and form an agglomerated nanoparticle in the PA matrix.
Moreover, those nanoparticles decrease diffusion rate of monomers and
IP reaction zone, therefore PA layer can grow around N-GOQD nano-
particles and create a fully hill and valley morphology.

4. Conclusion

N-GOQD was prepared by a low-cost, bottom-up method and uti-
lized as an effective additive to greatly improve desalination perfor-
mance of PA TFN membranes. Different from other physically added
additives, N-GOQD participated into the IP reaction and formed a cross-
linked polymeric matrix with PA. Both membrane surface properties
(surface hydrophilicity and effective surface area) and internal local
membrane structure were modified. Compared with PA, at the optimum
N-GOQD loading 0.1 w/v% TMC, 2 w/v% MPD and 0.02 to 0.04 w/v%
N-GOQDs, PA TFN membrane became more thermally stable, appar-
ently resulting from the improved crosslinking between N-GOQD and
the PA matrix. PA02 also showed improved hydrophilicity, as indicated
by the smaller water contact angle, and higher effective surface area. As
a result, the best TFN membrane in this study, showed an approxi-
mately 3-time increase of water permeability while maintaining similar
salt rejection. N-GOQD, therefore, may be a promising additive to
prepare high flux PA TFN membranes for desalination.
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