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Nanoparticles have been attracting attention because they can significantly improve the performance of

membranes when added in small amounts. In this study, the effect of polyamide membranes

incorporating hydrophilic nitrogen/phosphorus-doped carbon dots (NP-CDs) to enhance water vapor/N2

separation has been investigated. NP-CD nanoparticles with many hydrophilic functional groups are

synthesized from chitosan by a one-pot green method and introduced to the surface of the polysulfone

(PSf) substrates by interfacial polymerization reaction. The mean particle diameter of NP-CDs, estimated

from transmission electron microscopy images, is 2.6 nm. By adding NP-CDs (0–1.5 wt%) to the

polyamide layer, the contact angles of the membranes dramatically decreased from 65� (PSf) to <9� (thin

film nanocomposite (TFN)), which means that the TFN membranes become significantly hydrophilic.

From the water vapor separation results, the addition of NP-CDs in the polyamide layer improves the

water vapor permeance from 1511 (thin film composite (TFC) without nanoparticles) to 2448 GPU (TFN

with 1.0 wt% NP-CD loading, CD-TFN(1.0)) and the water vapor/N2 selectivity from 73 (TFC) to 854 (CD-

TFN(1.0)). To our knowledge, this is the first study of highly functionalized NP-CD-incorporated

polyamide membranes to enhance water vapor separation.
Introduction

Currently, coal-red power plants require a considerable
amount of water for heat rejection, power augmentation,
preparation of fuel, control of emissions, and cycle makeup.1 It
was reported that a typical 700 MW power plant in the U.S.
releases 30 000 liter of water vapor in one minute.2 Most power
plants are thus in a state of water stress and their water use is
considered to have signicant ecosystem impacts. Recovering
some water from the discharged water would be very helpful to
address the issues of water scarcity and energy consumption.
Many researchers have accordingly sought to solve this problem
through various approaches, including a condenser approach,3,4

a desiccant drying approach,5–7 and a membrane system
approach.8–11 Compared to other approaches, membrane sepa-
ration requires less energy consumption because no phase
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change takes place during the dehumidication process, except
for pervaporation. In addition, a membrane separation system
has advantages of a compact/simple modular design, a small
footprint, and environmental friendliness,12 and thus has been
widely used in recent years for various industrial gas separation
approaches such as dehumidication of ue gas,13 natural gas,14

and compressed air.15 Among the various membranes, poly-
meric membranes are attractive because of their excellent
separation performance and low cost. The polymeric
membranes for water vapor separation are mostly thin lm
composites (TFC), which are modied by coating thin poly-
amide layers on the surface of microporous polymeric
substrates, leading to high membrane performance. The poly-
amide layer is usually synthesized via interfacial polymerization
(IP) of an aqueous monomer with amine groups and an organic
monomer with acid chloride groups. However, despite the
progress in TFCmembranes with relatively high permeance and
selectivity, in order to further improve their performance, new
membrane materials are still needed.

The incorporation of nanoparticles into the polymeric
membranes is actively being studied because nanoparticles
contain hydrophilic groups that provide a high degree of
permeation channels for increased membrane separation
performance.16,17 The binding affinity of the nanoparticles with
the polymer matrix can be increased by the interaction and the
formation of hydrogen bonds or coordinate bonds without any
RSC Adv., 2019, 9, 32121–32129 | 32121
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kind of defects.18 Moreover, the nanoparticles are frequently
changed to achieve desired outcomes by surface modication
and by varying the dominant lattice parameter or structure.
However, the performance of TFN membranes is restricted by
agglomeration of nanoparticles, which leads to uneven distri-
bution in the membranes. In this manner, surface modication
of the nanoparticles is required to improve the performance of
TFN membranes including the high packing capacity, loading
capability, and separation property.19

In previous work, they modied TiO2 nanoparticles with
a median diameter of 70 nm by introducing acidic groups
(–COOH) and fabricated TFN membranes by introducing them
on the surface of polymeric hollow bers for gas separation.20,21

From the results, it was conrmed that the performance of TFN
membranes with more than 0.2 w/w% COOH–TiO2 loading was
gradually decreased due to agglomeration of the nanoparticles.
Also, the introduction of –OH groups on the surface of silicon
nanoparticles signicantly increased the hydrophilicity of the
TFN membranes and therefore improved the membranes
separation performance.22 In addition, TiO2 nanoparticles
larger than 50 nm caused more agglomeration problems,
further deteriorating performance. Polyamide membranes with
smaller size nanoparticles thus showed higher performance
than those with larger particles because small-sized nano-
particles can be easily and extensively dispersed on the poly-
amide surface and provide larger surface area due to increased
surface roughness.19,23 Therefore, by increasing the amount of
hydrophilic functional moieties of nanoparticles, decreasing
the nanoparticle size, and improving the nanoparticle dispers-
ability, it is easy to make TFN membranes with desired perfor-
mance. Firstly used graphene oxide quantum dot (GOQD),
a typical type of CQDs that generally have better crystallinity
than their siblings, as a nanoller for antifouling and chlorine
resistance TFN reverse osmosis membranes,24 Bai et al. fabri-
cated novel TFN membranes consisting of GOQD for low-
pressure nanoltration through interfacial polymerization and
high-ux and antifouling properties of the resulting
membranes.25 The effect of carbon dots (CDs) on polyamide
TFN Reverse osmosis membranes was also systematically
researched by Zhang et al.26

Carbon dots (CDs), which are very small particles (typically
below 10 nm in size), are applied in more andmore eld such as
bioimaging, photovoltaic devices, orescent probes and so on,27

because they have many attractive qualities such as simple
synthesis, low toxicity, and high water dispersability as well as
photostability.28,29 In addition, CD nanoparticles can contain
various hydrophilic functional moieties such as hydroxyl,
amino, carboxyl, carbonyl, and other oxygenous moieties on
their surface by surface modication. For these reasons,
incorporation of surface-modied CD nanoparticles on the
polyamide layer can be a good approach not only for enhancing
the hydrophilic property of the surface of the membrane but
also for simultaneously increasing the surface roughness and
density of the polyamide layer.

In this study, we propose a new approach of synthesizing
nitrogen/phosphorus-doped carbon dots (NP-CDs) from chito-
san by a one-pot green method in an aqueous medium without
32122 | RSC Adv., 2019, 9, 32121–32129
using any harsh acids at a relatively mild temperature.
Compared with other chemicals, chitosan is characterized by
low cost and abundant resources derived from chitin, which is
a major component of shellsh, crabs, and so on. In addition,
chitosan is a rich source of amino (–NH2) and hydroxyl (–OH)
functional groups. The prepared NP-CD nanoparticles are
incorporated on TFN membranes via an interfacial interaction
(IP) between a diethylenetriamine (DETA) as aqueous monomer
and trimesoyl chloride (TMC) as organic monomer on the
surface of porous hollow ber substrates. The abundant
hydrophilic functional groups of the NP-CD nanoparticles
enhance the dispersability and binding affinity towards DETA
molecules during the IP reaction, thereby leading to the
production of a dense polyamide layer, which in role improves
performance. The effect of the NP-CD nanoparticles on the PSf
substrates and the performance of the TFN membranes is
studied by various analysis techniques. There have been no
reports to our knowledge on NP-CD-incorporated membranes
for water vapor separation.
Experimental
Reagents and materials

Microporous polysulfone (PSf) hollow bers were used as
a substrate in TFN membranes. Diethylenetriamine (DETA,
99%) and trimesoyl chloride (TMC, 98%) were purchased from
Sigma-Aldrich. Chitosan (Sigma-Aldrich) was used as
a precursor to synthesize carbon dots. Potassium dihydrogen
phosphate (KH2PO4), n-hexane, and ethanol were purchased
from Duksan Pure Chemical (Korea).
Synthesis of NP-carbon dot nanoparticles

NP-CD nanoparticles were synthesized by acidic oxidation of
chitosan using KH2PO4, as shown in Fig. 1. A 40 mL of deion-
ized water was added to 1.0 g of chitosan and 1.9 g KH2PO4 and
stirred continuously for 30 min. The solution was then trans-
ferred into a hydrothermal synthesis autoclave reactor with
50 mL capacity. The reactor was sealed tightly and put into oven
at 180 �C for 12 h. The product was separated by centrifuging at
8340 revolutions for 20 min and separated through a 0.45 mm
syringe lter. The golden yellow-colored supernatant was
separated and lyophilized. The resulting product was dispersed
in ethyl alcohol in order to remove salts, and then separated
through a 0.22 mm PTFE syringe lter. The collected particles
containing the solution were evaporated by using a rotary
evaporation process, resulting in brown-colored NP-CDs. The
formationmechanism of NP-CDs based on previous research on
heterotopic NP-CDs from small molecules is hypothesized as
follows rst step includes the hydrolysis, drying out, and
degradation of small molecules. Second step includes the
polymerization process of the products and aromatization of
the polymers. Third step includes the nucleation and develop-
ment of carbon materials. Final step includes the oxidation of
the developed carbon materials.30,31
This journal is © The Royal Society of Chemistry 2019



Fig. 1 Schematic illustration of synthesis of NP-CD nanoparticles and fabrication procedure of TFN membranes.
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Preparation of TFN membranes

The NP-CD-incorporated polyamide layers were fabricated by
using the IP method on the outer side of the PSf substrate. The
cylindrical modules (30 cm length, ve PSf hollow bers) were
rst prepared. A known quantity of carbon dots was added to
2 wt% DETA in deionized water and sonicated for 15 min in an
ultrasonic bath. PSf membranes were dipped in the aqueous
DETA solution containing NP-CD nanoparticles for 20 min,
followed by removal of excess solution and air drying for
10 min. Next, DETA-saturated membranes were dipped in
0.2 wt% TMC in n-hexane for 3 min, leading to the development
of a thin polyamide layer with NP-CD nanoparticles. The
membranes were then heated for 15 min at 75 �C for a further
stabilization of the thin lm layer. The fabrication procedure of
the TFN membranes is illustrated in Fig. 1 and the control
variables investigated in this study are presented in Table 1.
Characterization of NP-CDs and TFN membranes

The morphological and physicochemical properties of the NP-
CD nanoparticles as well as TFN membranes containing these
nanoparticles were measured by using different analytical
characterization methods. The microscopic morphology and
visual estimates of the particle size distribution of the NP-CD
nanoparticles were carried out with high-resolution
Table 1 Coating conditions of TFC and TFN membranesa

Membrane code DETA (wt%) TMC (wt%

DT-TFC 2 0.2
CD-TFN(0.1) 2 0.2
CD-TFN(0.2) 2 0.2
CD-TFN(0.5) 2 0.2
CD-TFN(1.0) 2 0.2
CD-TFN(1.5) 2 0.2

a NP-CD loading was taken with respect to DETA concentration.

This journal is © The Royal Society of Chemistry 2019
transmission electron microscopy (HRTEM) (Philips Tecnai 20).
The size distribution of the NP-CD nanoparticles was statisti-
cally evaluated using image J soware. A Zetasizer Nano ZS
(Malvern Instruments Ltd.) detected the zeta potential of
nanoparticles in an aqueous suspension. The various functional
groups present on the surface of the NP-CD nanoparticles and
composite membranes were investigated using Fourier trans-
form infrared (FTIR) and attenuated total reectance-FTIR
spectroscopy (ART-FTIR) (ALPHA-P, Bruker Optik GmbH). The
chemical composition of the NP-CD nanoparticles was investi-
gated with X-ray photoelectron spectroscopy (XPS, MultiLab
2000) using a monochromatic Al Ka X-ray source. A UV-3600
spectrophotometer (Shimadzu) was used to investigate the
optical features of the NP-CD nanoparticles. The typical powder
X-ray diffraction (PXRD) patterns of the NP-CD nanoparticles
were recorded on a Panalytical X'pert PRO powder X-ray
diffractometer with Cu Ka radiation in the range 10� # 2q #

80�. Scanning electron microscopy (SEM) (S4800-Hitachi) was
performed to detect both the surface and cross-sectional
morphologies of the membranes. The surface roughness
parameters of the amide layers with and without NP-CD nano-
particles were investigated using the atomic force microscopy
(AFM, Horiba Jovin Lee Bonn, Bruker). The water contact angle
was measured to assess the hydrophilic nature of the
membranes using a SEO Phoenix 300 plus instrument at room
) NP-CD (wt%) Reaction time (min)

0 3
0.1 3
0.2 3
0.5 3
1.0 3
1.5 3
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Fig. 2 (a and b) HRTEM images of NP-CDs (c) particle size distribution of NP-CD nanoparticles.

Fig. 3 FT-IR spectra of NP-CD nanoparticles and pure chitosan.

Fig. 5 UV-vis spectra (black line) and photo-luminesce spectra (blue
line) of the NP-CDs in dispersion solution. Inset: the photograph of
NP-CD nanoparticles at 365 nm wavelength.

RSC Advances Paper
temperature and a normal air atmosphere. The tests were
conducted ve times to ensure the reliability of the results and
the average contact angle values were examined.
Fig. 4 (a) The XPS survey spectrum and high resolution (b) C 1s, (c) N
1s, and (d) O 2s lines XPS spectra of NP-CD nanoparticles.

32124 | RSC Adv., 2019, 9, 32121–32129
Water vapor/N2 permeation study

The separation performance of a water vapor/N2 mixture gas
was investigated using the device, illustrated in Fig. S1.† The gas
separation setup system was maintained at a pressure of 3 bar
with feed ow rate of 1000 mL min�1. The cylindrical modules
Fig. 6 XRD patterns of chitosan (black line) and NP-CDs (red line).

This journal is © The Royal Society of Chemistry 2019



Fig. 7 ATR-FTIR spectra of PSf substrate, TFC, and TFN membranes.
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with hollow ber membranes were kept inside an oven with
xed temperature of 30 �C. Vaisala HMT334 humidity and
temperature transmitters, which have relative humidity (RH)
and temperature accuracies of �1.0% (0–90% RH) and �0.2 �C,
respectively, were used to measure the change in the relative
humidity and temperature aer feed ow passes through the
membranes. The following equation was used to evaluate the
ow rate of water vapor in this study:

Qvapor ¼
QN2

gH2O
Vm

Mw;H2O

(1)

standard ow rate of water vapor, the ow rate of the gas, and
molar volume of water vapor at standard pressure and
Fig. 8 Surface FE-SEM images of (a) TFC membrane and (b–f) TFN
membranes with different NP-CD loading (0.1, 0.2, 0.5, 1.0, and
1.5 wt%, respectively) and cross-section images of (g) TFC membrane
and (h–l) TFN membranes with different NP-CD loading (0.1, 0.2, 0.5,
1.0 and 1.5 wt%, respectively).

This journal is © The Royal Society of Chemistry 2019
temperature conditions (22.4 L mol�1) and the molar mass of
water (18 g mol�1), respectively. The water vapor ux, JH2O (cm3

(STP) cm�2 s�1), was estimated via the following equation:

JH2O ¼ Qvapor;p

A
(2)

where Qvapor,p (cm3 (STP) s�1) is the permeate ow rate of the
water vapor and A (cm2) is the effective area of the membrane.

The membrane water vapor permeance, PH2O (GPU), was
determined from DPH2O, which represents the partial pressure
of water vapor, as follows:

PH2O ¼ JH2O

DPH2O

(3)

The membranes selectivity, a, was calculated by using the
following equation:

a ¼ PH2O

PN2

(4)

where PN2
referred to the nitrogen gas permeance.

Results and discussion
Characterization of NP-CD nanoparticles

Particle size is an important parameter in materials science and
technology because particles with small size can have a very
large surface area to volume ratios. Therefore, it is worthwhile
to synthesize nano-sized particles and measure their size and
size distribution. The crystalline size and the size distribution of
the as-prepared NP-CD nanoparticles studied by HRTEM are
shown in Fig. 2. From the HRTEM images, it was conrmed that
the NP-CD nanoparticles were uniformly dispersed without
apparent aggregation and all of them were spherical in shape.
The HRTEM image of a single particle (Fig. 2b) showed a crys-
talline nature with a lattice spacing of approximately 0.2 nm,
which is well matched with the (102) crystal plane of graphitic
carbon.32,33 In addition, the particle size distribution histogram
(Fig. 2c) was obtained by counting more than 100 particles. The
Fig. 9 Three-dimensional AFM images of (a) TFCmembrane and (b–f)
TFN membranes with different NP-CD loading (0.1, 0.2, 0.5, 1.0, and
1.5 wt%, respectively).

RSC Adv., 2019, 9, 32121–32129 | 32125



Fig. 10 The effect of the NP-CD loading on the performance of TFN

Table 2 Surface roughness parameters of TFC and TFN membranes

Membrane code Rq (nm) Ra (nm) Rmax (nm)
Relative surface
area, D (—)

DT-TFC 56 40 247 1.07
CD-TFN(0.1) 333 273 968 2.28
CD-TFN(0.2) 348 281 1029 2.32
CD-TFN(0.5) 373 306 1069 2.38
CD-TFN(1.0) 393 318 1242 2.66
CD-TFN(1.5) 143 113 465 1.26

RSC Advances Paper
NP-CD particles were in the range of 1.3–3.4 nm with an average
particle diameter of 2.6 nm. The surface charge of the NP-CD
nanoparticles was analyzed by using the zeta potential to eval-
uate the stability of the nanoparticles in an aqueous suspen-
sion. Zeta potential, which is the key indicator of the surface
charge of a particle, is a signicant and generally utilized
analysis technique and its typically estimated value of �30 mV
indicates stability of a nanomaterial. As can be seen from
Fig. S2,† the zeta potential has a high absolute value (around
+30 mV). It is therefore noteworthy that the NP-CD nano-
particles in deionized water have good dispersion stability,
thereby resulting in the formation of a stable dispersion in
DETA solution.

The functional groups of chitosan and NP-CD nanoparticles
were characterized by FTIR spectroscopy and their FTIR spectra
are presented in Fig. 3. The chitosan exhibits a characteristic
peak at 3449 cm�1, which indicates stretching oscillations of
the O–H and N–H groups, and two peaks at 2927 and
2852 cm�1, which attributed to the stretching oscillations of the
C–H bond. There are two peaks at 1644 and 1591 cm�1 and
a peak at 1132–1065 cm�1, corresponding to the N–H bending
vibrations and C–H bending vibrations, respectively. For the
functionalized NP-CD nanoparticles, they show a small
decrease in the absorption peak at 3439 cm�1 that indicates
O–H and N–H stretching vibrations and a rise in the absorption
peak of the amino group at 1634 cm�1 compared to chitosan.
Additionally, the O–H (3449 cm�1) and C]O (1642 cm�1)
vibrations conrm the presence of abundant hydrophilic
groups located on the NP-CD nanoparticles. However, C–H
bending vibrations of the pyranose ring at 1132–1065 cm�1

related to the pyranose decompose throughout application of
the hydrothermal carbonization method.33,34

The detailed elemental composition of the NP-CD nano-
particles was further analyzed by XPS. As depicted in Fig. 4a, the
XPS spectrum of the NP-CD nanoparticles exhibits ve obvious
elemental signals, oxygen (1s), carbon (1s), nitrogen (1s),
phosphorus (2s), and phosphorus (2p). From this spectrum, it is
conrmed that the NP-CDs are composed of carbon (72.3%),
oxygen (21.2%), nitrogen (5.3%), and phosphorus (1.2%), which
suggest that all of these elements are incorporated into the
nanoparticles. In particular, the deconvolution XPS range of
carbon (1s) (Fig. 4b) indicates three peaks at 283.4, 285.5,
289.5 eV, which are assigned to the C–C, C–N, and C]O groups,
respectively.35–37 In addition, the four peaks at 398.7, 399.5,
32126 | RSC Adv., 2019, 9, 32121–32129
400.1, and 401.1 eV in the nitrogen (1s) spectrum (Fig. 4c) come
from the N–C (sp3), C–N–C, N–(C)3, and N–H groups, respec-
tively.38,39 Furthermore, the deconvoluted spectrum of oxygen
(2s) is split into three peaks, at 530.4, 531.2, and 532.3 eV
(Fig. 4d), which are assigned the C]O, O]C–OH, and C–OH/C–
O–C groups, respectively.35,38

In order to investigate the optical features of the as-
synthesized NP-CD nanoparticles, the UV-vis and PL spectral
plots were recorded and are displayed in Fig. 5. The UV-vis
absorption spectrum exhibited two characteristic absorption
peaks at 293 and 340 nm, which are typically assigned to the p–
p* transition of aromatic C]C, C]N, or N]P domains and the
n–p* transition of conjugated C]O domains.40–42 As shown in
the PL spectrum, when excited at the maximum excitation
wavelength of 365 nm, the NP-CDs showed a strong PL peak at
428 nm and strong blue uorescence (inset in Fig. 5). The
availability of carbon dots makes heteroatom doping accessible,
which can effectively tune the structure of electronic energy
levels and local chemical features of NP-CDs. In this manner,
the electronic attributes of NP-CDs can be changed by doping
with nitrogen and phosphorus particles by progressively
making additional active trapping sites.43,44 The XRD pattern in
Fig. 6 shows an exceptionally polycrystalline nature and sharp
peaks (2q ¼ 23, 32.7, 40, and 46.5�) for NP-CDs. In particular,
the relatively strong diffraction peak mainly centered at 2q ¼
46.7� corresponds to the graphite lattice spacing (102) plane of
graphite carbon,28,29 which is consistent with the HRTEM
analysis results above. The diffraction pattern of NP-CDs
prepared in this study is different from that of the previously
reported patterns, which have amorphous or semi-crystalline
carbon dot nanoparticles, indicating the generation of
a replacement category of carbon nanomaterials, likely due to
phosphorus doping.45,46

Characterization of TFN membranes

The ATR-FTIR spectra of the fabricated membranes are
compared to the unmodied PSf substrate to identify the
characteristics functional groups of interfacial polymerization
membranes.

This journal is © The Royal Society of Chemistry 2019



Fig. 11 The effect of RH% on the performance of the CD-TFN (1.0)
membrane at 30 �C.
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reaction. The results are presented in Fig. 7 and demonstrate
that the chemical bonds and structure are available on the
outside surface of the TFN layer. For the PSf support, the
characteristic peaks appeared at 1586 and 1490 cm�1 due to the
aromatic (C–C) stretching. The results also show absorption at
1152 cm�1 (attributed to O]S]O) and 1242 cm�1 (stretching
vibrations of C–O–C aryl ether group); the absorption at 1295
and 1326 cm�1 was assigned to a doublet from the asymmetric
O–S–O group. For the TFC and TFN membranes, characteristic
peaks were observed at 1660 and 1548 cm�1 (attributed to
amide I, C]O stretching and amide II, in-plane N–H bending,
respectively), which are formed from the interfacial chemical
reaction.18 The peaks appeared for all the samples except PSf
membrane around 3300 cm�1 are attributed to the OH groups
which would come from the NP-CDs nanoparticles, the adsor-
bed OH groups surrounded the nanomaterials or from the
hydrolyzed acid chloride to COOH.47–49

The surface morphologies of the membranes are shown in
Fig. 8. From the FE-SEM images, it was observed that the NP-CD
nanoparticles were well dispersed and formed a highly dense
polyamide matrix on the outer surface (Fig. 8b–f). The presence
of carboxylic, amino, and hydroxyl groups on the outside
surface of the NP-CD nanoparticles leads to an increase their
binding affinity with the polyamide matrix. Upon incorporating
the nanoparticles in the TFN membranes, a dense and packed
layer of a typical rough structure appeared. From the FE-SEM
images, it was conrmed that the thickness of the active layer
gradually increased from 270 to 1200 nm with an increment in
the nanoparticle loading. Although the thickness of the nano-
particles in the polyamide layer is difficult to measure, when the
nanoparticles with good affinity with the polyamide layer are
introduced to the membrane surface, the overall layer thickness
increases due to the effect of the nanoparticle volume.50 The
EDX data of membranes DT-TFC, CD-TFN(0.1), CD-TFN(1), and
CD-TFN(1.5) are illustrated in Fig. S3.† It was observed that the
membranes contains different composition of C, N, O, S, Cl with
different loading content of the NP-CD nanoparticles in the TFN
membranes, it shows successful incorporation of NP-CDS
nanoparticles in the fabricated membranes.

The surface morphology of the TFN membranes and their
roughness parameters were investigated using the AFM tech-
nique. The three-dimensional AFM images of the TFC and TFN
membranes are presented in Fig. 9. The outside of the TFC layer
appeared to be comparatively smooth with a ‘ridge and valley’
structure. With the incorporation of NP-CD nanoparticles in the
DETA solution, the surface roughness increases sharply. The
‘edge-valley’ structure is sharp and progressively articulated,
bringing about higher surface area.51 The surface roughness
parameters such as RMS (root mean square) roughness (Rq),
average roughness (Ra), and maximum roughness (Rmax) and
Relative surface area are provided in Table 2. The Rq increased
from 56 nm for DT-TFC to 393 nm for CD-TFN (1.0). The higher
surface roughness will correspond with the larger membrane
surface area, thereby resulting in higher water permeance.52 On
the other hand, loading higher than 1.0 wt% NP-CDs negatively
affected the roughness because of agglomeration of the
nanoparticles.
This journal is © The Royal Society of Chemistry 2019
The hydrophilic nature of the membranes is critical to esti-
mate the water vapor/N2 separation.22 Contact angle is one of
the common methods to measure the hydrophilicity of the
membranes. In this study, contact angle of PSf and TFN
membranes with different loading of the NP-CD nanoparticles
was measured by the sessile-drop method and is presented in
Fig. S4.† The outside of the PSf substrate with a 65� contact
angle was transformed in to a superhydrophilic surface aer
being covered with the NP-CD TFN membrane and the contact
angle diminished to <9�.
Water vapor permeation study of TFN membranes

The effect of the hydrophilic NP-CD nanoparticles on the water
vapor permeation for the TFN membranes was explored using
the device, as illustrated in Fig. S1.† The water vapor separation
performance of the TFN membranes with different NP-CD
loading is presented in Fig. 10. It should be noted that pris-
tine PSf membranes without a coating layer were not evaluated
in terms of their performance because they could not be pres-
surized due to leaks. As the loading of the NP-CD nanoparticles
was increased up to 1.0 wt%, the water vapor permeance and
water vapor/N2 selectivity of the NP-CD-incorporated polyamide
membranes raised from 1511 GPU (DT-TFC) to 2448 GPU (CD-
TFN(1.0)) and from 73 (DT-TFC) to 854 (CD-TFN(1.0)), respec-
tively. This is due to the addition of NP-CD nanoparticles with
many hydrophilic functional groups. Moreover, NP-CD nano-
particles provide additional vapor saturation channels to the
water molecules that lead to improve in the water vapor
permeation. The rise of the permeance and selectivity is
attributed to the upper level of the cross-connecting network
formed inside the polyamide thin skin layer, which in turn is
likely a result of the imperfection free and deliquescent layer on
the PSf substrate.54 Based on the results presented in Fig. 10, it
was seen that the highly packable NP-CD nanoparticles played
a crucial role within the polyamide layer to create a dense and
extremely packed structure that further hinder the diffusion of
nitrogen molecules. Another explanation for the enhanced
RSC Adv., 2019, 9, 32121–32129 | 32127



Table 3 Comparison of water vapor permeation with state-of-the-art composite polymeric membranes

Membrane material Temperature (�C) Water vapor permeance (GPU) Selectivity Ref.

PSf/DT-CTiO2
a 30 1340 486 [H2O/N2] 17

PSf/PDA/TFCb 30 1029 38 [H2O/N2] 13
PSf/MT-OH-TiO2

c 30 1396 510 [H2O/N2] 19
BTESO-Me-SiO2

d 40 1800 10 [H2O/CO2] 52
PSf/MPD-TMC-Si NPse 30 2125 581 [H2O/N2] 18
PES/PDA/TFCf 30 3185 195 [H2O/N2] 12
DT/bCD-Fe3O4

g 30 2237 774 [H2O/N2] 53
DT/NP-CDsh 30 2448 854 [H2O/N2] This work

a TFN membrane (0.2 wt% COOH–TiO2 introduced in to 1 wt% DABA and 0.2 wt% TMC). b Polysulfone (PSf)/PDA/thin lm composite (TFC). c TFN
membrane (0.2 wt% OH–TiO2 immersed into 0.5 wt% MPD and 0.2 wt% TMC). d Organosilica membrane (methyl silica sols coated with
bis(triethoxysilyl)octane). e Polysulfone (PSf)/TFC (MPD-TMC-Si). f Polyethersulfone (PES)-HF/PDA/TFC. g TFN membrane (0.2 wt% bCD-Fe3O4
immersed in 2 wt% DETA and 0.2 wt% TMC). h Thin lm nanocomposite membrane (1 wt% NP-CD immersed in 2 wt% DETA and 0.2 wt% TMC).
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permeance is the expansion of the surface roughness brought
about by the addition of small-sized NP-CD nanoparticles, as
mentioned above. The increment of the surface roughness leads
to the decrement of the contact angles which interprets the
outstanding deliquescent properties of the TFN membranes.
Hydrophilic polar groups can bind with water molecules via
hydrogen bonding. The NP-CD nanoparticles with many
hydrophilic functional groups in TFN membranes bind with
water molecules and act as active sites for water molecules,
thereby resulting in higher water vapor permeance. On the
other hand, aer increasing the NP-CD loading up to 1.5 wt%,
the water vapor permeance (1584 GPU) and selectivity (633)
signicantly diminished because of agglomeration, which
decreased the scattering of the nanoparticles in the thin lm
layer.18

As depicted in Fig. 11, the inuence of RH% on the execution
of the CD-TFN (1.0) layer, which demonstrated the best per-
meance and selectivity, was performed at 30 �C at the steady
pressure. As the RH increased in the range of 23–71%, the
permeance, and the selectivity step by step inated from 1875 to
2448 GPU and from 586 to 854, respectively. This is due to the
fact that the water vapor solubilization and adsorption on the
outer side of the crosslinked network are a function of its partial
pressure activity.22 The comparative outcomes and our ndings
are summarized in Table 3.
Conclusions

NP-CD nanoparticles with many hydrophilic functional groups
were synthesized from chitosan by the one-pot green method
and incorporated during interfacial polymerization, thereby
resulting in dense polyamide TFN membranes. From the
HRTEM images, it was conrmed that the mean particle
diameter of the NP-CDs was 2.6 nm. The polyamide TFN layer
on the PSf substrate provided outstanding permeance and
selectivity aer the addition of NP-CD nanoparticles with many
hydrophilic functional groups. The enhanced membrane
performance was attributed to the introduction of additional
permeation pathways by the hydrophilic NP-CD nanoparticles.
Due to the effect of these NP-CD nanoparticles, the CD-TFN(1.0)
32128 | RSC Adv., 2019, 9, 32121–32129
membrane with 1.0 wt% NP-CDs showed the best permeance
(2448 GPU) and selectivity (854), which were greatly increased
compared to the TFC membrane without nanoparticles (per-
meance (1511 GPU) and selectivity (73) for DT-TFC). These
results indicate that NP-CD nanoparticles with very small size
and many hydrophilic functional groups are a good candidate
for membranes for water vapor separation.
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