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Abstract
Carbon nanotube (CNT)-doped polyamide (PA) membranes have attracted much attention in
reverse osmosis (RO) membranes due to their significant advantages of water flux and
desalination. In this study, we synthesized multi-walled carbon nanotube (MWNT)/PA RO
membrane by 12-oxodidodecanoic acid methyl ester group interior-modified MWNTs
(MWNT-C14H25O4). Then, their mechanism of desalination behavior was successfully analyzed
by combining dielectric relaxation spectrum (DRS) and molecular dynamics (MD) simulation.
DRS analysis mainly focuses on two aspects: (1) the water volume fraction, average pore size
and dielectric parameters of MWNT-C14H25O4/PA and PA membranes were obtained by model
analysis of DRS data. These data of MWNT-C14H25O4/PA membrane are higher than PA
membrane, which indicates that the water flux of the MWNT-C14H25O4/PA membrane was
higher than that of the PA membrane. (2) Further analysis shows that the MWNT-C14H25O4/PA
membranes have high average charge density, ion solvation barrier and reflection coefficient,
which indicates that the added interior-modified MWNT can improve the salt rejection of PA
membranes. In the microscopic aspect, the desalination behavior of the MWNT-C14H25O4/PA
and PA membrane was analyzed from the aspects of free volume distribution, the dynamic
diffusion process of water and ions. The results show that the microscopic data of dynamic
simulation well support the conclusion of the DRS method. This study provides a convenient
methodology to characterize the properties of the membrane from the aspect of membrane
structure.

Keywords: MWNT-C14H25O4/PA membrane, dielectric relaxation spectrum, molecular
dynamics, interior-modified

(Some figures may appear in colour only in the online journal)

1. Introduction

Reverse osmosis (RO) desalination, known as ‘water puri-
fication technology in the 21st century’, has become one of
the most reliable method s to desalinate seawater and brack-
ish water [1]. However, the performance of most widely used
commercialization polyamide (PA) membranes falls within a

well-known trade-off problem between flow and salt rejec-
tion, that is, high water flux and high salt rejection are dif-
ficult to achieve simultaneously [2, 3]. Therefore, nowadays,
many studies have been focusing on modifying PA membranes
to achieve high water flux and salt rejection simultaneously
[4, 5]. Nanotechnology provides a new route to address the
issues. For example, nano-sized zeolites could increase water
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flux without reducing salt rejection, which is due to the change
of microstructure and macroscopic properties of membranes
by adding nanoparticle s [6, 7].

Among the choices of nanomaterials, carbon nanotubes
(CNTs) show promising results as building blocks for nano-
engineered membranes to use in many fields due to their
remarkable properties. For example, Mantzalis and Drikakis
show that MWNTs have a promising future on the CO2 adsorp-
tion [8–10], transport [11] and separation [12] by molecular
dynamics (MD) simulation. Some simulations [13, 14] and
experiments [15] also demonstrated that water can transport
narrow CNTs freely. Furthermore, the water flow rate through
CNTs driven by pressure was three to five orders of magnitude
higher than what was predicted by theoretical value theoret-
ical calculations [15, 16]. In view of this, studies of CNTs
embedded in PA composite membranes have been reported by
many researchers [17–19] such as Zhang et al [20] and Zhao
et al [21]. Compared to the PA membrane, the water flux of
these MWNT/PA membranes was significantly increased, but
the salt rejection increased a little or even decreased slightly.
Corry [22] and Chan et al [23] found that the salt rejection
of CNTs could increase with adding modified groups at the
entrance by MD simulation and experiments. For example,
four NH3

+ or eight COO− groups modified at the (8, 8) CNT
(with a diameter of 1.1 nm) entrance could increase the salt
rejection from 59% to 100% [22]. However, it was difficult to
achieve high desalination for larger diameter CNT modifica-
tion with functional groups only on entry [24].

Recent studies have shown that CNT hydrophobic pores
are similar to  aquaporin-4, which is an excellent water chan-
nel that can reject all ions [25, 26]. Inspired by the structure
of narrow pore channels with amino acid residues inside the
aquaporin-4 channel protein, we used MD simulation to sim-
ulate CNT/electrolyte systems. The results showed that the
improving salt rejection rate of CNTs modified by functional
groups (–COOH, –CONH2, –NH2 or long-chain functional
groups) in the interior and/or at entrances simultaneously was
higher than the rate gained only by entrance modification [27,
28]. Based on these simulation studies, MWNT/PA composite
membrane compositions of MWNT (4.9 nm diameter) mod-
ified by 1-ethyl 12-methyl dodecanedioate (C14H25O4) at the
tip and interior were prepared for desalination (see section 2.1
for details). The results showed that the water flux and salt
rejection of the MWNT-C14H25O4/PA membranes, compared
with the PA membranes, were increased by 21.7% and 5.07%
[29], respectively.

The desalination behavior of RO membrane is normally
determined by their structure and morphology. Therefore, it
is crucial to get the parameters that show the effective struc-
tural features for understanding the details of membrane trans-
port mechanism. The common methods of membrane struc-
ture detection, such as scanning electron microscopy (SEM),
x-ray photoelectron spectroscopy and atomic force micro-
scopy usually give some information on the surface mor-
phology of dry membranes. While the characteristics under
working conditions are more closely related to membrane
performance and the separation mechanism, such as being
soaked in solutions. Dielectric relaxation spectrum (DRS) or

electrochemical impedance spectroscopy was widely used to
acquire the information of polarized behavior of heterogen-
eous systems, especially those composed of polymer mem-
branes and electrolytes (membranes in working conditions)
[30–32]. Many studies on special phenomena in different
membrane/solution systems have been reported, such as con-
centration polarization [33], pore dielectric properties [34],
fouling [35] and ion selectivity [36]. In our previous studies
[21, 31, 32], the permittivity and conductivity of the membrane
in working conditions were obtained with a certain model.
Moreover, some parameters such as pore radius, ionic bind-
ing energy and reflection coefficient could be obtained to ana-
lyze the membrane separation mechanism. At microscopic
level, computer simulations offered unique opportunities to
link macroscopic properties and microscopic physical phe-
nomena. Recently, a great deal of research has studied the
structure and ion transport in polymeric membrane and CNT
hybrid membranes by using MD simulation [37–40].

In this work, we developed a new generation of PA
RO membranes doped with 12-oxodidodecanoic acid methyl
ester group interior-modified multi-walled carbon nanotubes
(MWCNTs). In order to theoretically analyze the desalina-
tion behavior of the MWNT-C14H25O4/PA membranes and
to design the RO membrane targeted in the next stage,
the systems composed of MWNT-C14H25O4/PA membranes,
PA membranes and different concentrations of NaCl solu-
tion were studied by DRS based on the theory of interface
polarization. In addition, the ion transport mechanism of the
MWNT-C14H25O4/PA membranes was further analyzed from
the microstructure using all-atom MD methods.

2. Material and methods

2.1. Materials and sample preparation

2.1.1. Materials. MWNTs (average diameter of 4.9 nm)
were purchased from Beijing Deke Island Gold Techno-
logy Co., Ltd, while M-Phenylenediamine (MPD) and 1,3,5-
trimesoyl chloride (TMC) were bought from Tianjin Beilian
Fine Chemicals Development Co., Ltd and Shanghai Maclean
Biochemical Technology Co., Ltd, respectively. Dodecane-
dioic acid was bought from Shanghai McLean Biochemical
Technology Co., Ltd. PSF membranes were obtained from
Shenzhen Jiaquan Membrane Filter Equipment Co. Ltd. All
other reagents were used as received, such as dimethylform-
amide (DMF), ethyl alcohol, concentrated sulfuric acid and
lithium aluminum hydride (LiAlH4).

2.1.2. Synthesis of methyl 12-chloro-12-oxododecanoate.
Dodecanedioic acid, methanol solution and concen-

trated sulfuric acid were refluxed at 70 ◦C for 24 h to
obtain dimethyl dodecanedioate. Dimethyl dodecanedioate
and potassium hydroxide (KOH) were dissolved in meth-
anol solution and then kept stirred for 4 h continuously
at room temperature. Then, the product was acidified with
hydrochloric acid to obtain  dodecanedioicacid-1-methylester.
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The dodecanedioicacid-1-methylester was dissolved in anhyd-
rous toluene at 5 ◦C with an ice bath, then two drops of
DMF and 5 ml oxalyl chloride  were added in turn. Then,
reduced pressure distillation was used to obtain the expec-
ted  CNT-modified functional group methyl 12-chloro-12-
oxododecanoate.

2.1.3. MWNT functionalization. MWNTs and mixed acid
(H2SO4:HNO3 = 3:1) were stirred under reflux at 60 ◦C
for 4 h to obtain acidified MWCNTs (MWNT-COOH).
Then, MWNT-COOH was reduced to MWNT-CH2OH by the
reducing agent LiAlH4. MWNT-CH2OH, DMF and pyrid-
ine solution reacted with functional group 12-chloro-12-
oxodidodecanoate for 2 h in ice water to obtain long-chain-
modified CNTs MWNT-C14H25O4.

2.2. Membrane fabrication

2.2.1. PA membranes. PA membranes were obtained
by interfacial polymerization (IP) reaction with 2.0% m-
phenylenediamine (MPD) (with 0.1% sodium dodecyl sulfate
(SDBS)) (aqueous phase) and 0.2% trimesoyl chloride (TMC)
solutions (oil phase) on the surface of fixed PSF membranes.

2.2.2. Functionalized MWNT nanocomposite membranes.
In the IP step, 0.05% MWNT-C13H25O4  was added to the
aqueous phase. Other steps were the same as the  process of PA
membrane fabrication. The detailed process of the synthesis
of functional groups and preparation and characterization of
membranes were shown in the literature [24].

2.3. Characterization

2.3.1. MWNTs and membrane characterization. The  mor-
phology of pristine MWNTs and functionalized MWNTs was
observed by transmission electron microscope (TEM) (JEM
2100F). The graft ratio of functionalized MWNTs was char-
acterized by thermogravimetric analysis (TGA) (HCT-1, 12-
036). The performance of the membranes was characterized
by a contact angle goniometer (DSA100, Germany) and SEM
(JEOL 7500F, Japan).

2.3.2. Membrane permeation tests. The filtration perform-
ances of both the PA and MWNT-C14H25O4/PA membranes
were evaluated by using a cross-flow filter with an effective
membrane area of 20.41  cm2. The membrane filtration pres-
sure was maintained at 1.0 MPa and the feed solution concen-
tration was 2000 mg l−1 NaCl solution (brackish water con-
centration) according to the literature [17]. The conductivity
of the feed solution was 3.0 mS cm−1, and the temperature
was controlled at 298 K. The  membrane permeation flux was
measured by collecting permeate water for 1 min and weigh-
ing  it after compression at 1.0 MPa for 2 h. The water flux and
salt rejection of the membranes were calculated according to
equations (1) and (2), respectively.

J=
∆V

A×∆t
, (1)

where ∆V and ∆t are difference values of water volume and
time interval (h) between two measurements, respectively ,
where A is the effective surface area (cm2) of the membrane.

R= (1−
Cp
Cf

) × 100%, (2)

where R is salt rejection, Cp and Cf are the concentration of
the permeate solution and feed solution, respectively. The salt
concentration can be measured by a conductivity meter during
this process.

2.4. Dielectric relaxation spectroscopy

DRS measurement was performed using an HP 4294A Pre-
cision Impedance Analyzer (Angilent, Japan) with a meas-
urement frequency of 40 Hz107 MHz, an AC voltage of
500 mV  at room temperature (21◦). The measuring unit con-
sists of a pair of platinum plate electrodes with an area (S) of
3.14 cm2 and a cell constant (S/L) of 2.415 cm (L is the dis-
tance between the two electrodes). When measured, the PA or
MWNT-C14H25O4/PA RO membranes were respectively sand-
wiched in a measuring solution filled with a low-concentration
solution of NaCl solution (0.005 ~ 10 mmol l−1), as shown
in figure 1(a). Therefore, this system could be considered to
be composed of two phases, which  are the membrane phase
with capacitances Cm and solution phase (the solution on both
sides of the membrane  is the same) with capacitances Cw. Fig-
ures 1(b) and (c) show the equivalent circuit for describing the
dielectric spectrum of the system according to Maxwell’s the-
ory. In order to reduce the error, all the dielectric measure-
ments  were repeated three times. The results show that this
method has good reproducibility.

The experimental errors caused by stray capacitance (Cr),
battery constant (Cl) and residual inductance (Lr) are correc-
ted by the Schwan method [41].  These were obtained by three
criteria substances (pure water, ethanol and air) and varying
concentrations of KCl solution. Their values were 0.934 pF,
0.214 pF and 24.1 µH, respectively. The modified capacit-
ance data Cs and conductance Gs are converted to capacitance
and conductivity by equation (3) and (4) ,  where ε0 represents
vacuum permittivity.

ε= (C−Cr)/Cl, (3)

κ= Gε0/Cl. (4)

2.5. Dynamic simulation models

A schematic illustration demonstrating the structure of the
MWNT-C14H25O4/PA membrane is presented in figure 2.
As shown in figure 2, the MWNT-C14H25O4/PA composite
membranes contain three layers, which are the active layer
(MWNT-C14H25O4/PA layer), PSF layer and non-woven fab-
ric layer. The PA membranes also contain these three layers,
while the active layer is a PA layer. Because the desalination
rate of the RO membrane depends on the performance of the
active layer, we only focused on the desalination behavior (ion

3
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Figure 1. Dielectric model of the system of membrane/solution. (a) Measurement system; (b) equivalent circuit model of (a); (c) equivalent
capacitance C(f ) and conductance G(f ) of the whole cell system.

Figure 2. Structure of MWNT-C14H25O4/PA membranes.

selectivity and water flux performance) of the active layer by
MD methods in this work. In this paper, all the membrane
structure construction and MD simulations were carried out
by Materials Studio software 6.0 package (Accelrys Inc).

To simulate the active layer (PA layer) of PA membrane,
 a PA chain was folded into the simulation box with a degree
of polymerization,  ten repeated units, as shown in figure 3(a).
The structural monomer and repeating unit of the PA chain
model are shown in figures 4(a)–(c). For the active layer
(MWNT-C14H25O4/PA  nanocomposite layer) of the MWNT-
C14H25O4/PA membrane, the simulation model contains, in
addition, a PA chain with a degree of polymerization, 10
repeated units, and a 1-ethyl 12-methyl dodecanedioate mod-
ified MWNT (figure 3(b)).

In the initial stage,  a 10 000 structure optimization was
carried out by a forcite module to eliminate bad contact
(extremely twisted, stretched or compressively deformed
bonds and angles). Next, was the annealing process, by which
the system was heated from 300 to 600 K at 50 K intervals
and then cooled. Afterwards, a 200 ps NPT constant atomic

number, pressure and temperature simulation was performed
to obtain the equilibrium molecular density and a 200 ps
NVT constant atomic number, volume and temperature simu-
lation was adopted to obtain the equilibrium molecular struc-
ture of the membranes. Finally, a 1000 ps NVT simulation
was calculated for the subsequent analysis. In the simulation
 process, energy minimization was performed by the smart
minimizer method. Andrea et al [42] and Berendsen et al
[43] methods were using to control the temperature and pres-
sure, respectively. The force field parameters were taken from
COMPASS27 [44]. The van der Waals force was described
by the Ewald method and the Coulomb force was described
by the  atom- based method. The non-band cut-off distance was
1.45 nm and the time steps were set to 0.5 fs.

3. Results and discussion

3.1. Characterization of MWNTs and membranes

As shown in figure 5, four curves of thermal weight loss in the
fabrication  process of MWNT modification with long-chain
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Figure 3. Model of (a) PA membrane and (b) MWNT-C14H25O4/PA membrane.

Figure 4. (a) m-Phenylenediamine (MPD), (b) 1,3,5-phthalic acid molecular (TMC) and (c) a repeat unit of PA molecular chain.

functional group 1-ethyl 12-methyl dodecanedioate were dif-
ferent, which indicated that the desired functional groups were
connected to the MWNTs successfully. The inner diameter of
MWNT modification with 1-ethyl 12-methyl dodecanedioate
functional groups was 2.8 nm, which was smaller than that
of unfunctionali zed MWNT.  This meant that the 1-ethyl 12-
methyl dodecanedioate groups were successfully grafted into
the interior of the MWNT, as shown in figure 6. Table 1 shows
the results of membrane permeation and contact angle tests. As
shown in table 1,  compared with the PA membrane, the water
flux and salt rejection of the MWNT-C14H25O4/PA membrane
were increased by 21.7% and 5.07%, respectively, and the con-
tact angle of MWNT-C14H25O4/PA was decreased by 36.84%.

3.2. Dielectric behavior of PA and MWNT-C14H25O4/PA
membrane

Figure 7 shows the concentration-dependent 3D represent-
ations of dielectric loss spectra (ε′′ − f ) of the system of
PA, MWNT-C14H25O4/PA membrane and NaCl solution. The

Figure 5. TGA of the process of MWNT grafting of long-chain
functional groups.

illustration in figure 7 is the 2D diagrams cut by concentration.
Figure 7 shows two significant dielectric relaxations near 102

5



Nanotechnology 31 (2020) 315705 Q Li et al

Figure 6. TEM micrograph of (a) original MWNTs, (b) MWNT-C14H25O4 distribution of inner diameter, (c) original MWNTs and (d)
MWNT-C14H25O4.

Table 1. Water flux, salt rejection and contact angle of PA and MWNT-C14H25O4/PA membranes.

Membrane PA MWNT-C14H25O4/PA Rate of increment (%)

Water flux (L (m2 h)−1) 10.92±0.09 13.29±0.11 21.70%
Salt rejection (%) 86.01±0.72 90.37±0.82 5.07%
Contact angle (◦) 41.61±0.36 26.28±0.23 −36.84%

and 106 Hz for the two membranes, which are low- and high-
frequency relaxation. The two relaxations are characterized by
high-, middle- and low-frequency permittivity and conduct-
ivity, and low- and high-characteristic relaxation frequency.
The representation symbols are −εh, εmid, εl, κh, κmid, κl, fl
and fh, respectively. As shown in our previous  research [32],
the eight dielectric parameters were obtained by Cole–Cole
complex planes. The frequency dielectric parameters for PA
and MWNT-C14H25O4/PA membrane/NaCl solution at vari-
ous concentrations  are shown in tables 2 and 3, respectively.

3.2.1. Low-frequency relaxation. The relaxation time (τ) is
the most effective criterion to determine different types of
dielectric relaxation mechanism. Thus, for convenient under-
standing, the well-known Einstein equation  was introduced to
 analyze the relaxation mechanism.

τ = ⟨x⟩2
/2D, (5)

where ⟨x⟩ is the average displacement and D is the average dif-
fusion coefficient of ions. When an electric field was imposed
 on the system, the counter ions near membrane pores could

transport from one side of the membrane to the other side at
relatively low frequencies. However, with the increasing of
the electric field frequency, the counter ions near membrane
pores  could not keep up with the change of applied electric
field. So, counter ions would oscillate in a very small range
rather than transport through the membrane pore, which usu-
ally  led to a lower frequency relaxation. According to dielec-
tric theory of membrane systems [45, 46] and our previous
research [47] on membrane/electrolyte systems, we infer that
the low-frequency relaxation is caused by ‘counter-ion polar-
ization’. As shown in tables 2 and 3, the parameter ∆εl of
low-frequency relaxation is increasing linearly on the con-
centration, which agrees with our previous research [47]. The
increasing ∆εl can be attributed to the increase of concentra-
tion gradient of electrolyte solution near the membrane pore.

3.2.2. High-frequency relaxation. Compared to low-
frequency counter-ion polarization interfacial polarization
is attributed to the induced electric field generated by the
charge ions gathered at the interface of the membrane that

6
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Figure 7. 3D characterization of the concentration dependence of dielectric loss spectra for the (a) PA-NaCl system and (b)
MWNT-C14H25O4/PA-NaCl system. Insets show the 2D diagrams cut at the concentration.

could not keep up with the frequency change of applied AC
electric field. As shown in tables 2 and 3, the parameter high-
frequency relaxation ∆εh was almost unchanged following
the increase of solution concentration, whereas fh and ∆κh
linearly related to the concentration. This showed remark-
able characteristics of interfacial polarization [48], and so the
high-frequency relaxation was considered to be caused by
interfacial polarization mechanism.

The high-frequency relaxation phase parameters Cm, Gm,
Cwand Gw could be obtained by dielectric parameters εh, εmid,
κhand κmid by equations (3) and (4). The specific solution
process of dielectric parameters and phase parameters can be
found in [32]. Dielectric parameters εm, κm, εwand κw can be
converted by phase parameters with the membrane area (S),
the distance (L) between the electrodes and the membrane
thickness (t) parameters,  as listed in tables 2 and 3.

3.3. Estimation of membrane’s characteristic parameters

3.3.1. Water flux. The dielectric constant of membrane phase
in the solution was greater than that in dry state, which was
due to the larger dielectric constant electrolyte solution enter-
ing the membrane. Thus, the dielectric constant of wet mem-
brane can also be expressed by the membrane’s water volume
fraction fw, which can be calculated by equation (6) [49]. Cal-
culation results  are shown in figure 8.

εm = εwfw+(1− fw)ε
′
m, (6)

where εm
′and εw represent the dielectric constant of dried

polymer membranes and solution, respectively. As shown in
figure 8, the concentration dependency of fw and εm have the
same trend. The fw decreased following the increasing of con-
centration and finally tends to unchanged, as shown in figure
8(a). The reason for this phenomenon could be interpreted as

follows: the membranes consisted of charged polymer mater-
ials, and there  is an empty space in the polymer matrix, i.e.
pore channels. When counter ions in solution entered into the
pore channel, electrostatic repulsion force between polymer
backbones would be shielded, gradually forming a relatively
dense state, thus reducing the pore size of the polymer. With
the increase of counter-ion concentration, the fixed charge was
completely shielded and the increase of electrolyte concen-
tration no longer affects the aggregation state of the polymer
backbones. Therefore, fw decreased under low concentration
and remained unchanged in the range of 0.5–10 mol m−3 NaCl
concentration.

As shown in figure 8, the water volume fraction fw of
MWNT-C14H25O4/PA  was larger than the PA membrane. The
phenomena could be attributed to the empty space (pore size)
of the polymer matrix of the MWNT-C14H25O4/PA membrane
 being larger than the PA membrane due to the presence of
large-diameter MWNT. The aggregation extent of polymer
chains in the MWNT-C14H25O4/PA membrane by counter ions
was smaller than the PA membrane. Moreover, an additional
water channel was provided by the MWNT and the rigid nat-
ural pores of MWNT were not affected by the anti-ion shield-
ing charge. Thus, this caused more water molecules to enter
the MWNT-C14H25O4/PA membrane. Otherwise, as shown in
table 1, the contact  angle of the MWNT-C14H25O4/PA mem-
branes was smaller than the PA membrane, which indicated
the hydrophilicity of MWNT-C14H25O4/PA membranes was
higher than PA membrane. The increased hydrophilicity of
MWNT-C14H25O4/PA membranes makes it easier for water
molecules to approach the surface of the membrane .  Thus, the
number of water molecules entering the membrane increases.
Therefore, these two reasons indicated that water flux of
the MWNT-C14H25O4/PA membrane was larger than that of
the PA membrane, which  is in agreement with the result of
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Figure 8. Plots of (a) the water volume fraction fw and (b) permittivity of PA membrane (black line) and MWNT-C14H25O4/PA membrane
(red line) against NaCl concentrate.

the water flux test shown in table 1 (water flux of MWNT-
C14H25O4/PA membranes  is increased by 21.7% compared to
the PA membrane).

3.3.2. Pore structure of membrane. Using  positron  annihil-
ation  spectroscopy and MD simulation, Simazu et al [50] and
Harder et al [51] demonstrated that RO membranes had pores,
as shown in figure 9. A work on the MD simulation of  CNT/PA
RO membranes published by Araki et al [39] also showed that
plain PA membrane and CNT/PA membranes all had pore dis-
tributions. Therefore, in this paper, we further illustrated the
mechanism of water flux improvement from the pore structure
of membrane.

As proved in section 3.1 and our previous paper [47], the
low-frequency relaxation of the membrane/solution system
was associated with membrane pores. According to our previ-
ous paper [47], we simplified the porous PA membrane to the
dielectric model shown in figure 9(c). In this dielectric model,
membrane pores (simplified to cylinder pores) filled with elec-
trolyte solution (dispersed phase), are dispersed in the con-
tinuous phase (membrane active layer base material). In the
MWNT-C14H25O4/PA membrane, although MWNT provided
additional pore distributions, only 0.05% MWNTs  was added
to the PA layer and dispersed in all directions. Moreover,
the long-chain function modification in MWNT also cross-
linked with polymer chain, which formed pores similar to
that of polymer membrane. Therefore, all the pores in the
MWNT-C14H25O4/PA membrane (including PA chain pores
and MWNT pores) were also simplified to cylinder pores in
this paper.

In the cylinder pores, the low-frequency relaxation time
corresponded to the duration for the counter ions transport-
ing through the pores from one side of the pore to the other
side under the applied electric field E, as shown in figure 9(d).
In this case, a represents the counter ions that migrate in the
cylinder pores (pore length) and b represents the pore radius.

Thus, structural parameters of the membrane pores could be
obtained by fitting the low-frequency relaxation with equation
(7), which was  derived by Takashima [52] and corrected  by
introducing the distribution coefficient β and the polarization

term  from our previous work [47].

εm (f) =
e2σ0a2

bkTε0

9πp

2(1+ p)2

1+
(

f
f0

)β
cos
(
π
2 β
)

1+ 2
(

f
f0

)β
cos
(
π
2 β
)
+
(

f
f0

)2β

+Aω−m+ εh, (7)

where σ0 is electric charge density, p represents volume frac-
tion of particles in the system, e represents elementary charge,
K represents Boltzmann constant, T represents absolute tem-
perature, f0 is characteristic relaxation frequency, ω is angular
frequency and Aω−m   denotes electrode polarization where A
and m are determined by experimental methods.

The average pore size b and pore length a (thickness of PA
layer) of the two membranes were obtained by fitting equa-
tion (7). Figure 10 is a typical fitting diagram of PA membrane
and NaCl solution system. It shows that the fitting curve (red
line) coincided with measured data at low-frequency range.
The average pore radius of the MWNT-C14H25O4/PA mem-
brane was 0.320 nm, which was 30.61% larger than that of the
PA membrane (0.245 nm) shown in table 4. The results of the
pore radius also confirmed the assumption of section 3.1. The
thickness of the active layer of the two membranes was a con-
stant value (0.20 µm, a value in equation (7)). These  values of
average pore radius and active layer thickness of PA membrane
were near the experimental values reported [3, 53]. These
results confirm that the model established in this section is
conformable and reasonable for analy zing the low-frequency
relaxation of the RO membrane. The pore dielectric parameter
of the MWNT-C14H25O4/PA membrane εp was 29.4, which
was 50.0% larger than that of the PA membrane (19.6) by cal-
culation from equation (8) [54] with membrane average pore
size data obtained by equation (7). The improving pore dielec-
tric parameter of the MWNT-C14H25O4/PA membrane also
showed that more water molecules entered into the pores of
the MWNT-C14H25O4/PA membrane.

εp = εw− 2(εw− εd)

(
d
rp

)
+(εw− εd)

(
d
rp

)2

. (8)
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Figure 9. Pores of (a) PA membranes, (b) MWNT-C14H25O4/PA membranes, (c) dielectric model of two membrane active layers filled
with cylindrical pores in electrolyte solution and (d) schematic diagram of the transport of counter ions in the pores, where b is the radius of
the pores, a is the length of the pores and E is the applied electric field.

Table 4. Pore size of the PA and MWNT-C14H25O4/PA membranes calculated by DRS and MD methods.

Pore radius (nm)
Membrane DRS data MD data Experiment data [54]

PA 0.245 ± 0.002 0.241 ± 0.002 0.255
MWNT-C14H25O4/PA 0.320 ± 0.003 0.318 ± 0.003 —
Rate of increment (%) 30.61% 31.95% —

From our previous work, it is implied that the pore walls
were composed of a layer of oriented water molecules in equa-
tion (8) ,  where εd and d  are the permittivity and thickness of
this layer, respectively. εd is 6 and d is 0.28 nm, according to
the literature [55].

Therefore, the improvement of pore size, pore dielectric
parameter and water volume fraction fw can be used to explain
the increasing water flux of the MWNT-C14H25O4/PA mem-
brane from a mechanism perspective.

3.3.3. Volume charge density. It is generally believed that
the separation mechanism of the RO process is related to the
electrostatic distribution or electrostatic interaction between
the charged membrane and the external solution. Therefore,
Donnan equilibrium (or Donnan exclusion) and dielectric

exclusion are often used to explain these problems [56].
According to the Donnan equilibrium, the ion selectivity of
the membrane is mainly determined by the valence of the com-
mon ion, and to a lesser extent by the valence of the counter
ion. Volume charge density (Xm) played an important role
in the evaluation of the membranes’ separation performance,
 where the ion could interact with the fixed charge in the mem-
brane due to Donnan potential. According to the discussions
in section 3.3.1, κm/κw decreased with increasing concentra-
tion and remains unchanged after the concentration reached
0.5 mmol l−1 .  This was due to the influence of counter-ion
charge shielding (the plots of κm/κw against c for the PA and
MWNT-C14H25O4 membranes and the fitting curve by equa-
tion (9) are shown in figure 11). Thus,  according to the Donnan
equilibrium principle and fixed charge model (TMS), the rela-
tion between Xm and bulk solution κm/κw  was expressed by
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Figure 10. Dielectric constant dependence of frequency of system
of PA membrane and 0.1 mmol l−1 NaCl solution. Curve is the
fitting result by equation (7).

equation (9), as established in our previous paper [32].

κm
κw

=
Um

+t
w
+

Uw
+t

m
+

[√( ce
2c

)2
+ 1+

(
tm+ − tm−

) ce
2c

]
, (9)

where Um
+, Um

−, Uw
+and Uw

+ represent ion mobility while
tm+, tm−, tw+and tw+ are defined as ion transport number.
The values of Xm in the two membranes are all negatively
charged by fitting expression (8). The volume charge dens-
ity Xm of the MWNT/PA membrane and PA membrane were
0.386 and 0.237 mol m−3, respectively. The overall negative
charge of the MWNT-C14H25O4/PA membrane was greater
than that of the PA membrane, which was due to the ester
group and carboxyl group with negative charge in the modified
group of MWNT. Therefore, the higher volume charge dens-
ity of the MWNT-C14H25O4/PA membrane speculated that the
attraction between electrostatic interactions of Na+ ions and
MWNT-C14H25O4/PA membrane and repulsive force of Cl−

ions and MWNT-C14H25O4/PA membrane were larger than
that of the PA membrane, which was beneficial to the improve-
ment of salt rejection of the MWNT-C14H25O4/PA membrane.

3.3.4. Solvation energy barrier. The repulsion of ions by
the charged membrane was caused by the electrostatic inter-
action between the ions in the solution and the polarized
charge on the surface of the polymer membrane. On the other
hand, because the polarized charges and ions in the solution
have the same charge, the interaction brings additional repul-
sion effects. Moreover, the repellent effect will change as the
dielectric constant of the solvent in the pores of the mem-
brane changes. Thus, dielectric exclusion and energy barrier
existed and strongly influenced ions for entering into mem-
brane pores with low permittivity from solution with high per-
mittivity, which would clearly influence salt rejection of the
membranes. Based on the above principles, Hagmeyer and

Table 5. Ion solvation energy barrier of ions in different membranes
obtained by equation (10).

∆Wi (∗10−20 J) Na+ Cl−

PA 2.39 ± 0.02 3.20 ± 0.03
MWNT-C14H25O4/PA 2.57 ± 0.03 3.27 ± 0.03

Gimbel [57] and Bowen and Welfoot [58] proposed an empir-
ical method to explain the change of the dielectric constant
between the pores and the bulk solution: the equation indic-
ates the change in the electrostatic free energy between ions.
Considering the change of electrostatic free energy (or dielec-
tric constant) between ions in bulk solution and membrane
pore, based on the Born equation, the ionic solvation barrier
expressions of sodium ion and chloride ion are proposed, in
which only the dielectric constant of the membrane is taken
into account (equation (10)) [31].

∆wi =
z2
i e

2

8πε0rs

((
1
εp

+
0.393
rp
rsεm

(
1− εm

εp

)2
)
− 1

εw

)
, (10)

where rs is the  Stokes radius of ions. Calculation results are
shown in table 5. Results show that the solvation energy of
Cl− was greater than that of Na+ in both membranes, which
could be  because it was easier for the counter-ion Na+ to
gain a preferential chance to enter the membrane pore (both
membranes were negatively charged). Therefore, Na+ met
less barrier to enter the membrane’s pore than Cl− and had
a smaller solvation barrier. The solvation energy of ions in
the MWNT-C14H25O4/PA membrane was larger than that of
the PA membrane, which meant that ions were more dif-
ficult to transport through the MWNT-C14H25O4/PA mem-
brane. The increasing solvation energy of ions in the MWNT-
C14H25O4/PA membrane could be attributed to two different
phenomena. The first of these arose from steric blockages of
the pore, where more counter-ion Na+  was strongly attrac-
ted to the ester and acyl amino functional group of MWNT-
C14H25O4, which was due to the MWNT-C14H25O4/PA mem-
brane  having a larger volume charge density. The consequence
of this was that the effective area of Cl− was reduced. A
more general reason for the increased ion solvation barrier of
the MWNT-C14H25O4/PA membrane was the introduction of
significant direct interactions between the ions and the ester
and acyl amino functional groups of the MWNT-C14H25O4/PA
membranes. Therefore, Na+ and Cl− met a higher solvation
barrier in the MWNT-C14H25O4/PA membrane. These  agreed
with the results of our salt rejection rate test shown in table 1
(compared to the PA membranes, the salt rejection rate of the
MWNT-C14H25O4/PA membranes  was increased by 5.07%).

3.4. MD simulation

The above results obtained by DRS exhibit superior
performance for water flux and salt rejection of the
MWNT-C14H25O4/PA membranes from a macroscopic view.
Theoretically, DRS data  were related to the membrane’s
microstructure. Therefore, the credibility of these results may

12



Nanotechnology 31 (2020) 315705 Q Li et al

Figure 11. Plots of κm/κw against c for PA and MWNT-C14H25O4 membranes and the fitting curve by equation (8).

be supported by theoretical calculation such as MD simula-
tion, as described in the introduction.

3.4.1. Fractional free volume (FFV) and pore-size distributions.
Free volume plays a crucial role to characterize the pore struc-
ture and diffusion process of polymeric membranes and can
be determined accurately by MD simulation. In this paper,
free volume was obtained by the Atom Volumes and Surfaces
module in MS software according to Connolly surface. Fig-
ure 12(a) shows the Connolly surface method to obtain free
volume. The atoms of the polymer segment were represen-
ted by hard spheres of a  van der Waals radius (gr ay sphere
shown in figure 12(a)). The free volume calculated by probe
molecule (solvent molecule) (purple sphere in the figure 12(a))
rolling over the Connolly surface and free volume referred
to the volume on the side of the Connolly surface without
atoms (blue curve in the figure 12(a)). The FFV was defined
as free volume/total volume. It should be mentioned that the
free volume calculated by the Connolly surface method is not
included in the inaccessible volume of the probe.

Therefore, the FFV obtained by a rigid spherical probe
was closely related to the size of the probe. As shown in fig-
ure 12(b), the FFV of the two membranes decreased while
the Connolly radius increased. The FFV of the MWNT/PA-
C14H25O4 membrane was larger than that of the PA membrane
and the FFV decrease rate with the probe radius increment
of the MWNT/PA-C14H25O4 membrane was less than the PA
membrane. The first reason was that the average inner dia-
meter after being modified by the long-chain group was 2.8 nm
(shown in figure 6), which was much larger than the pore
size of the PA membrane and probe radius of the free volume
obtained. Another reason was that the empty space of the poly-
mer matrix of the MWNT-C14H25O4/PA membranes was lar-
ger than that of the PA, as previous expounded in section 3.3.2.
Thus, the molecular surface touched by probe molecules and
the FFV of the MWNT/PA-C14H25O4 membrane was greater
than that of the PA membrane. Figure 12(c) shows that the free
volume of the MWNT-C14H25O4/PA membrane was mainly
concentrated at the pore of the MWNT. The fix and larger pore
sizes of  modified MWNT also explained the increasing FFV
of the MWNT-C14H25O4/PA membrane.

As shown in figures 12(d) and (e), pore-size distributions,
as indicated in the literature [39], in MWNT-C14H25O4/PA

membranes and PA membranes were estimated by the differ-
ence value of free volume of adjacent probe radii. The bimodal
pore-size distribution of the PA membrane and mono-modal
pore-size distribution of the MWNT-C14H25O4/PA membrane
 were in agreement with the results  of Araki et al [39] and sup-
ported the accuracy of our membrane-building algorithm. As
shown in figure 12(d) and table 4, the average pore radius of
the PA membrane was 2.41 Å and MWNT-C14H25O4/PA was
3.18 Å, which were near the value of the DRS method. The
average pore radius of PA membranes  with an MD value of
2.41 Å and DRS value of 2.45 Å were near the experimental
pore diameter of 5.1 Å, as reported [53] .  This showed the
rationality of MD data and DRS data. From the above ana-
lyses, the free volume distribution and membranes’ pore size
supported the conclusion obtained from the DRS data that the
pore size of the MWNT-C14H25O4/PA membrane was larger
than that of the PA membrane.

3.4.2. Radial distribution function (RDF). RDF is an import-
ant characterization method for evaluating the microstructure
of materials, which reflects the aggregation characteristics of
atoms or molecules. It can be expressed as the probability
density of another atom at a distance r around one atom and
defined as:

g(r) =
dN

ρ4πr2dr
, (11)

where ρ is the system density and N is the total number of
the system. Figure 13 shows the radial function between polar
groups of MWNT-C14H25O4/PA membranes (ester and amide
group) and PA membranes (only amide group). The amide
bond and ester bond were usually polarized and interact with
water by dipole forces such as hydrogen bond shown in the
inset chart of figure 13. The increment of the peak intensity
of RDF indicated more clustering of water in the MWNT-
C14H25O4/PA membrane.  These data  are in agreement with
the conclusion by DRS that water volume fraction fw and pore
dielectric constant εp of the MWNT-C14H25O4/PA membrane
were greater than that of the PA membrane. This phenomenon
could occur because the MWNT/PA-C14H25O4 membrane
had better hydrophilicity with the polar oxygen group in the
function groups of modified MWNT. It was also verified by

13
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Figure 12. (a) Definition of the Connolly surface, (b) probe radius dependence of FFV of the PA membrane (black line) and
MWNT-C14H25O4/PA membrane (red line), (c) simulated morphology of free volume voids (shown in highlight) of the
MWNT-C14H25O4/PA membrane model, (d) pore-size distributions of the PA membrane and (e) pore-size distributions of the
MWNT/PA-C14H25O4 membrane.

Figure 13. RDFs of water molecules and polar groups of PA (black
lines) and MWNT-C14H25O4/PA (red lines) membranes.

experiment data that the MWNT-C14H25O4/PA membrane had
a smaller contact angle, as shown in table 1.

3.4.3. Diffusion coefficients. Diffusion coefficients of Na+,
Cl− and water in membranes were calculated from the slope
of their mean square displacements (MSDs) for a long time

(1 ns) by Einstein relation (12). The MSDs of water, Na+ and
Cl− in PA membranes and MWNT-C14H25O4/PA membranes
are shown in figure 14.

D=
1
6

lim
t→∞

d
dt

Na∑
i=1

⟨
(ri(t)− ri (0))

2
⟩
, (12)

where D represents diffusion coefficient and (ri(t) − ri(0))2

represents penetrant MSD. The  diffusion coefficients of Na+,
Cl− and water of the MWNT-C14H25O4/PA membranes and
PA membrane are listed in table 6. As can be seen in table
6, the diffusion coefficient of water molecules in the MWNT-
C14H25O4/PA membranes was larger than that of the PA mem-
brane, while the diffusion coefficients of Na+ and Cl− of
the MWNT-C14H25O4/PA membranes was smaller than that
of the PA membrane. This could occur because ion diffusion
was more susceptible to being influenced by factors such as
charge and intermolecular force than  being only related to the
size of free volume. Electrostatic interactions of the PA mem-
brane and MWNT-C14H25O4/PA membrane model calculated
by MS software were −2826.16 and −3341.87 KJ mol−1,
respectively. And cohesive energy density (CED) of the PA
membrane and MWNT/PA-C14H25O4 membrane model were
561.26 and 913.81 J cm−3, respectively (CED can be used
to characterize the intermolecular forces of polymer mem-
brane). The larger value of electrostatic force and CED in
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Figure 14. MSD of water, Na+ and Cl− in PA membranes and
MWNT-C14H25O4/PA membranes.

Table 6. Diffusion coefficients of water, Na+ and Cl− in
MWNT-C14H25O4/PA membranes and PA membranes.

Difusion coefficient (10−10 m2 s−1)Membrane
DH2O DNa+ DCl−

PA 5.30 ± 0.03 3.35 ± 0.02 2.44 ± 0.02
MWNT-C14H25O4/PA 5.56 ± 0.04 1.33 ± 0.01 0.86 ± 0.01

the MWNT/PA-C14H25O4 membranes indicated that interac-
tions between ions and the MWNT/PA-C14H25O4 membranes
were greater than  those of the PA membranes. Therefore,
although the free volume of the MWNT-C14H25O4/PA mem-
branes  was larger than that of the PA membranes, the diffu-
sion rates of Na+ and Cl− were smaller than  those of the PA
membranes. These data showed that the addition of modified
MWNT-C14H25O4 could increase the salt rejection of the PA
membranes. It was also consistent with the data obtained by
the DRS method  where the volume charge density and ion
solvation energy of the MWNT-C14H25O4/PA were larger than
 those of the PA membranes.

Therefore, the modified MWNT-C14H25O4 added to the PA
membrane might result in high flux and salt rejection by the
above analysis of DRS and MD, which suggested a greater
potential for desalination than the PA membrane, which is
particularly suitable  for one-step direct desalination from
seawater.

4. Conclusion

In the present study, we copolymerized interior-modification
CNT-doped PA membranes, to improve the water permeation
and salt rejection of PA membranes. Then the DRS and
MD method were used to establish the connection between
macroscopic electrical information and microstructure and to
characterize the desalination performance of the membranes.
The pore dielectric parameters, average pore diameter and
water volume fraction of the MWNT-C14H25O4/PA membrane

were found to be larger than those of the PA membrane,
which exhibited that water flux of the MWNT-C14H25O4/PA
membrane was higher than that of the PA membrane. The
higher average charge density, ion solvation barrier and reflec-
tion coefficient indicate that the adding of interior modi-
fied MWNT-C14H25O4 could increase salt rejection of the PA
membranes. Using the MD simulation method, PA membrane
and 1-ethyl 12-methyl dodecanedioate grafted MWNT/PA
membrane models were established and the  FFV and diffusion
coefficient were calculated by MS software. Results showed
that the FFV of the MWNT-C14H25O4/PA membrane and the
water diffusion coefficient molecules were larger than those
of the PA membranes, while the diffusion coefficients of Na+

and Cl− were smaller than those of the PA membranes. These
MD results confirmed the results of DRS and the membrane
permeation test from the microstructure. Therefore, the com-
bination of DRS and MD provides a fast (short measurement
time) and convenient (no pressure device required) method
to characterize the water flux and desalination properties of
membranes in working condition from theoretical mechanism.
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