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DOI: 10.1039/x0xx00000x In the current study, thin-film composite (TFC) nanofiltration membranes desirable for water softening were successfully
developed through interfacial polymerization using N-(2-hydroxyethyl)ethylenediamine (HEDA) as the amine monomer in
www.rsc.org/ aqueous phase. The hydrophilicity of the membrane surface was greatly enhanced with the introduction of the residual
hydroxyl groups during the fabrication process. The TFC membranes possessed a permeate flux of 15.8 L/m’h under 0.6
MPa, with a rejection of 85.9%, 73.8%, 99.8% for Na,SO,, MgSO, and Congo red, respectively. The interplays of the
solvent, solute and polymer matrix on the separation performance were investigated by means of solubility parameters
study. Moreover, density functional theory was employed to calculate the Fukui function by the Hirshfeld charge, which
gave the global and local softness value to predict the reactivity of the atomic sites in the HEDA molecule. The findings of
this study support the possible forming mechanism of the barrier layer by the density functional theory for the first time.
The TFC membrane was found to be stable and displayed a good separation ability over a week-long filtration process. The
combined results of this work suggest that these HEDA/TMC TFC nanofiltration membranes are promising candidates for
various applications, such as desalination and dye removal from wastewater.
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the hydrolysis of benzoyl chloride groups. Further improvement
Introduction of the PA membrane described above in terms of better water
permeability and lower energy consumption appears to be
difficult. Therefore, it is essential to investigate other
modifications to enhance the hydrophilicity of PA membranes.
It is well-known that membranes containing hydroxyl
groups can improve surface hydrophilicity. A novel polyester
composite membrane has been prepared from triethanolamine
(TEOA) and trimesoyl chloride (TMC)."” The water flux of this

Pressure driven nanofiltration (NF) through membranes is a
widely accepted process due to its many advantages such as
lower operational pressure and cost.' NF is a membrane
separation process between reverse osmosis and ultrafiltration,
with a molecular weight cut off ranging from 200 to 1000 Da®
and applied in many fields such as removal of contaminants

from groundwater, softness of surface water and treatment of N . e
wastewater.” Generally, NF membranes are prepared by membrane reached to 11.5 L/m” h and its rejection of Na,SO,

. o . ..
various methods such as interfacial polymerization (IP), wa’s improved t.o. 82.2%, at pH 3.0 in the feed.. Thus., th,ls 18
nanoparticles incorporation, and ultraviolet treatment, ezc.'®'? quite a  promising membrane for further investigations.
Among them, the most widely used method for preparation of Recentl?l, Zhao et al. develop Ed, a series of dopamine/TMC
thin-film composite (TFC) membranes is the IP technique 13-15  composite membranes. The resulting membranes showed a pure
. 2 : . 0,

The barrier layer and the support membrane in this technique water ﬂux Of, 13.7 L/m” h and a Na,SO, reJectlon. of 63'8/.0 duzeo
have been already optimized according to different to their special molecular structure and adsorption function.

conditions.'*7 To date. most studies have been focused on the Considering the requirements of industrial scale-up and costs,

polyamide-based (PA) NF membrane due to its wide pH the use of functional monomers and precursors having
operating conditions as well as good chemical stability. %18 complicated syr}theses 15 not very fefa51ble. . . .
However, the hydrophilicity of the PA membrane mainly Due to the importance of materials selection, it is essential

depends on the amount of carboxylic acid groups resulting from to 4e51gn a careful and purposeful eXP erimental investigation.
Until now, most of the NF related studies have been focused on

the separation performance, i.e., the permeate flux and rejection
properties. However, to date, the relationship between primary
* Key Laboraltf)ry of{ianqsu Prow:nce for Chemical Pollutio.rj Control and R.esources structure of polymers and membrane properties has not yet
Reuse, Nanjing University of Science & Technology, Nanjing 210094, China. . . . . . .
+ Footnotes relating to the title and/or authors should appear here. been investigated properly. From a chemistry viewpoint, it is

Electronic Supplementary Information (ESI) available: [TFC membrane fabrication  yseful for this structure-property relationship to be addressed
condition]. See DOI: 10.1039/x0xx00000x
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and extensively studied. Recently, density functional theory
(DFT) has been applied to investigate the “atomic world” based
on quantum chemistry principles, and thus has drawn much
attention.”’** For instance, a comparison study was performed
between two kinds of nanofiltration membranes (NE90 and
NE70) to confirm the natural organic matter removals. The
results showed that the carboxylic compound has higher energy
gap and tend to adsorb on the membrane surface than the other
compounds (phenolic and acetic acid). Therefore, the use of
NE90 for organic compound rejection has to be faced with
fouling problems due to its greater bound energy than NE70.?!
Lo et al. calculated the global/local reactivity of piperazine (PIP)
and m-phenylenediamine (MPDA) molecules towards TMC
with DFT. It was found that the reaction between MPDA and
TMC for the preparation of TFC membrane would be much
facile compared to the case of PIP with TMC, since there would
be more unreacted acyl carboxylic groups left which produce
more charges on the surface, and thus leads to the better
selectivity of bivalent salt rejection for the latter.”” More
recently, DFT and average local ionization potential energy
were employed to show the lowest energy conformations
polyethylene glycol (PEG) precursors derived from different
All the PEGylated TFC
membranes exhibited almost similar performance and good

amine terminated molecules.
antifouling property owing to their closer reactivity of the
amine groups towards TMC.? In general, the scale of a
quantum simulation method makes it facile to examine the
interactions among various small molecules, e.g., salt ions,
organic solutes, functional groups in polymer matrix, etc. Thus,
there exists a possibility to explore the thin-film forming
mechanism with regard to the reactivity discrepancies of the
reactants, so that the detailed information during an IP process
might be obtained. However, to date, the useful data on this
research field are still rather limited.

In this work towards developing new and improved TFC
N-(2-
hydroxyethyl)ethylenediamine (HEDA) was chosen due to its

membranes, a commercially available monomer,
low cost and environmentally friendly properties. Due to the
presence of the aliphatic amine and hydroxyl groups, it is
expected that the monomers would be obtained with good
reactivity in facilitating the IP process. A series of TFC
membranes were prepared by the interfacial polymerization of
HEDA and TMC on a polysulfone porous substrate. The
separation properties of these membranes were then evaluated
by determination of the permeate flux and rejection of salts and
dye solutions. Furthermore, the quantum mechanical simulation
was also investigated to determine the reactive sites of HEDA
monomer based on DFT theory. By comparing the Hirschfield
charge, together with their pK, values, brief information on the
reactivity sequence could be obtained. Based on this finding, a
new active layer forming mechanism was put forward with
regard to our HEDA/TMC system.

Materials

Flat sheet polysulfone ultrafiltration membranes with a
molecular weight cut-off (MWCO) of around 35,000 Da were

2| J. Name., 2012, 00, 1-3

Water
Development Center Co. Ltd and used as a support membrane.
1,3,5-Benzenetricarboxylic chloride (TMC, purity>98%) was
obtained from Meryer Chemical Reagent Co. Ltd. (Shanghai,
China). (HEDA) was
purchased from Aladdin Industrial Corporation (Shanghai,

provided by Hangzhou Treatment Technology

N-(2-hydroxyethyl)ethylenediamine

China). De-ionized water used in the experiments was purified
using Millipore water purification with a minimum resistance
of 18 MQ. Inorganic salts MgSO, and Na,SO, and organic dye
of Congo red (CR) and Rhodamine B (RB) of analytical grade
were used as the model solutes to investigate the performance
of the HEDA/TMC composite membranes. All reagents and
solvents were used without further purification.

Preparation of TFC membrane

The HEDA/TMC TFC membranes were prepared via the
interfacial polymerization technique on the PSF porous support
membrane in an assembly clean room and the process was
described as follows. Firstly, the pH of aqueous solution
containing different concentration of 0.3 - 0.7% HEDA was
adjusted to 11 with NaOH, and then the solution was poured
onto the surface of polysulfone substrate and allowed to keep at
least 3 min. Afterwards, the excess solution was removed from
the surface of support membrane, and membrane was air-dried
and tissue off at room temperature until no liquid drop
remained. The amine saturated membrane was soaked by
organic solution with a certain amount of TMC ranging from
0.05 -0.25% (w/v) and n-hexane for 2 min, and then dried in a
hot air oven at 60 °C for 5 min for further thermal treatment.
Finally, the resulting membrane was washed by de-ionized
water and stored wetly until it was tested.

Characterization of TFC membrane

Attenuated Total Reflection Flourier transformed Infrared
Spectroscopy (ATR-FTIR) was used to evaluate the functional
groups of TFC membrane surface. The ATR-FTIR spectra were
obtained via Nicolet IS-10 spectrometer equipped DTGS
detector with a 4 cm™ spectra resolution at room temperature.
Field emission scanning electron microscopy (FE-SEM, FEI
Quant 250FEG, USA) was employed to investigate the surface
and cross-section images of TFC membranes.

Surface chemical composition of HEDA/TMC TFC
membranes was characterized by X-ray photoelectron spectra
(XPS, PHI Quantera II, Japan). The samples were mounted on
the holder and then transferred to the analyzer chamber.
Measure spectra of the samples were recorded via the
AugerScan 3.21 software ranging from 0 ev to 1100 ev.

Atomic force microscopy (AFM, Mutilmode8, German)
was used to measure the surface morphology of the polyamide
membranes. AFM measurement (Intelligent mode) was carried
out in air at room temperature and 5x5 pum area was scanned.
Silicon tips (NSG10, NT-MDT) with a resonance frequency of
ca. 330 kHz were employed.

Thin-film composite membranes performance evaluation

This journal is © The Royal Society of Chemistry 20xx
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The permeate flux and rejection were evaluated with
laboratory-scale cross-flow membrane equipment having an
effective membrane area of 12.56 cm’. Membranes were
pretreated at a trans-membrane pressure of 0.6 MPa at least 30
min to reach a steady state before measurement. The permeate
flux was obtained by measuring the weight of permeability at
25 °C and calculated according the following Equation (1):
_w (1
At
where W is the total weight of permeated pure water, 4
represents the effective membrane area, and ¢ denotes the
filtration time.

The rejection rate was determined by measuring the
conductivity of salt solution with Na,SO, of 1 g/L and MgSO,
of 1 g/L and the absorbance of dye solution consisted of 0.1
g/L .The rejection rate was defined by the following Equation

2):

Cu
R=|1-—{x100%
C/

where C, and C;refer to the concentration of the feed and the

©))

permeate, respectively. The salt concentration was determined
by the electrical conductivity of the corresponding salt solution
using an electrical conductivity (UT30B, Shenzhen Uni-trend
Electronics Company), while the concentration of Congo red
solution was evaluated by an ultraviolet spectrophotometer
(Lambda 25, UV/VIS Spectrometer, USA).

Surface Zeta potential measurement

Streaming potential was measured via a self-assembled setup.
Reversible Ag/AgCl electrodes, placed on the two sides of the
membrane, were used to evaluate the resulting electrical
potential (AE) as the trans-membrane pressure differential (AP)
changed ranging from 0 to 0.12 MPa. The streaming potential
(SP) was calculated according to the formula: SP=AFE/AP.
Measurement was carried out with 0.01 mol/L KCI solution
under 3.0 - 9.0 pH conditions adjusted by hydrochloric acid and
(&) was
determined by the Helmboltz-Smoluchowski Equation (3):

AE _ D¢ 3)

APk,

where D is the dielectric permittivity, and x and k,, are the
viscosity and the conductivity of the solution, respectively.>*

potassium hydroxide solution. Zeta potential

Computational methods

Calculations were carried out for HEDA molecule with the
density functional theory by using Becke’s three-parameter
hybrid functional with correlation formula of Lee, Yang, and
Parr (B3LYP). The geometry was optimized at B3LYP/DNP
level of theory in aqueous phase. The hybrid density functional
(B3LYP) and the double numerical with dynamic nuclear
polarization (DNP) basis set within the DFT was carried out by
the software package DMol3 in Material Studio (MS) of
Accelrys Inc. The local softness was also investigated to predict
the local reactivity.

In this study, the local softness, s(r), was calculated by the
Equation (4):

This journal is © The Royal Society of Chemistry 20xx

s(r)=5f(r)
s~ = SF- ()

In this paper, s~ refers to the local softness of nitrogen or
oxygen atom of HEDA molecule. This function was defined as
the charge as the change in electron density at a given atomic
site with change in number of electrons at a constant nuclear
geometry. It showed the tendency of the electronic density to
distort at a given position to accept or denote electrons. It
pointed out the most reactive sites in a given molecule. The site
with large Fukui function was regarded as soft center. In
contrast, the site with a small Fukui function was hard center.
The maximum value of Fukui function indicated the most
reactive site in a molecule. Fukui function, f(r), was calculated
by the Hirschfield charge with DMol3. There were three
different kinds of f(r) to
electrophilic, or radical attack.

determine a nucleophilic,
f7(r) for electrophilic attack (acts as a nucleophile)

£ (r) for nucleophilic attack (acts as an electrophile)

£°(r) for radical attack 4)

The global softness S was expressed by the Equation (5)

from the finite difference approximation,
1

T I-E4 (5)
where 7 and EA4 denoted the ionization energy and the electron
affinity, respectively. To calculate global softness, £4 and /
approximated the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) in terms
of the Koopman’s theorem, respectively. Therefore, the global
softness could be expressed as the Equation (6):
gL (©)

ELUMO - E[[OMO

In the study, s7(r) refer to the local softness of nitrogen and
oxygen atom of the monomer, indicating the reactivity of the
atom site.

The solubility parameters were calculated via atomistic
molecular dynamics simulation (Forcite module) using the
COMPASSII force field, which is an ab initio force field
optimized for condensed-phase systems. To arrive at the initial
packing, 100 molecules (CR or RB) were simulated in a cubic
unit cell with 3D periodic boundary conditions at 298 K. After
geometric optimization, the unit cell was equilibrated by the
annealing dynamics simulation method, which included five
cycles of NVT ensemble dynamics between 300 and 800 K to
prevent the system from being trapped in a local minimum.
After reaching the lowest energy configuration, 1000 ps of
thermalizing NPT dynamics (1 fs time step) was performed to
reach the actual system temperature and pressure. Next, the
cohesive energy density (CED) was determined by sampling
the system and collecting data for final 500 ps. The solubility
parameter was calculated from CED, by Equation (7):

s :[ZEM} :(CED)I 2 @)

>,

where AE.,, and V,, are is the cohesive energy and molar
volume of the input molecules, respectively.

J. Name., 2013, 00, 1-3 | 3
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Results and Discussion

The nomenclature used for the series of TFC membranes is:
XaYb, where X and a stand for HEDA and its concentration in
an aqueous phase, respectively; Y and b refer to TMC and its
concentration in an organic phase, respectively.

To optimize the IP procedure, membrane
temperature and and thermal period tests were prior carried out,
and the final condition was set at 60 °C for 5 min (see Fig. S1
and Fig. S2).

curing

Chemical composition and morphology of TFC membrane

Table 1 Surface atomic composition of the barrier layer

C% N% 0% O/N
Total cross-linked 65.38 15.30 19.23 1.25
Linear polymer 65.00 10.00 25.00 2.50
X0.5Y0.1 68.50 11.00 20.50 1.86
A B

L Va \ & \ L P Q 2
C C C C n
?=O $=0
OH

Fig. 1 The chemical structure of polyamide from and TMC and
HEDA contains A (Total cross-linked) and B (Linear) polymer
repeating units.

The two possible cross linking structure of the TFC

membranes surface was shown in Fig. 1. Elemental
compositions of the TFC membranes containing carbon (C),
oxygen (O), and nitrogen (N) are listed in Table 1.
Theoretically, the O/N ratio should be 1.25 for a completely
cross-linked structure, and 2.5 for a linear structure. The
experimental O/N ratio was found to be 1.86 for the membrane
X0.5Y0.1, which is closer to the value 1.25 for a completely
cross-linked structure, thus indicating a formation of a tight and

compact structure on the surface.

Water treatment performance of TFC membrane

4| J. Name., 2012, 00, 1-3
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2 40 —n— Congo red rejection g
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0 1 L L 0

0.5

0.4
Concentration of HEDA/%(w/v)
Fig. 2 Effect of HEDA concentration on the permeate flux and
rejection (Condition: HEDA 0.3 — 0.7% (w/v), TMC 0.1%
(w/v), salt concentration 1.0 g/L, Congo red 0.1 g/L, 0.6 MPa).

0.3 0.6

Fig. 2 shows the effects of increasing concentrations of HEDA
on the rejection and the permeate properties of the TFC
polyamide membranes at a fixed TMC concentration of 0.1%
0.6 MPa. the model
polymerization in a flask was initially carried out with HEDA

(w/v) under Actually, interfacial
concentration starting from 0.1 — 0.2% (w/v). However, rather
loose polymer was obtained and could not be pulled from the
interface. Applying this condition to the membrane fabrication
only resulted in a negligible salt rejection. Therefore, the
threshold concentration of HEDA was chosen as 0.3% (w/v),
where a medium rejection of 40% to Na,SO, was found. It can
be seen that the rejection of Na,SO, and MgSO, increases
considerably by increasing the concentration of HEDA from
0.3% to 0.4%, while the rejection remains constant with further
increase in concentration from 0.4% to 0.7%. On the other hand,
the permeate flux of the TFC membranes decreases with
increasing concentration of HEDA. The highest rejection
abilities observed are 85.9% and 73.8% for Na,SO,4 and MgSQ,,
respectively, with the feed concentration of 0.5% (w/v) HEDA,
while maintaining the permeate flux as high as 15.8 L/m’h.
Congo red with a molecular weight of 699 g/mol is entirely
rejected (99.8%). Compared to some other similar TFC
membranes which were prepared from ethyl diamine and TMC,
% the X0.5Y0.1 showed improved water flux and Na,SO,
rejection, indicating the enhanced hydrophilicity and negatively
charged surface with the aid of “~-OH” introduction. In order to
further the property,
measurement was performed for X0.5Y0.1. It exhibited a low

confirm surface contact angle
value of 64.6 = 1.2 degree than the virgin substrate of 78.5
degree, the

relationship between filtration performance and the thickness

which agrees our speculation. Furthermore,
and density of the barrier layer has been studied by Duan and
Yu.?*" The interfacial polymerization on the substrate process
typically consists of an initial fast stage and a second slow
growth stage.?® This behavior is seen in our experiments as well.
The initial fast reaction in the interfacial zone between two
immiscible solutions forms a nascent membrane with a large
free volume and a loose structure in the initial stage, which

This journal is © The Royal Society of Chemistry 20xx
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results in high flux and low rejection. As the reaction
progresses, the HEDA molecules in the aqueous phase diffuse
into the organic phase through the nascent membrane. The rate
of this diffusion process is slow due to the low permeability of
the nascent membrane. With further progress of the
polymerization reaction, the nascent membrane becomes
thicker and denser to form a tight and compact barrier layer,
which displays higher rejection and lower permeate flux.
Compared to the higher rejection of Na,SO,, the relatively
lower rejection of MgSOy, is mainly due to the multivalent Mg?*
positive ions in the feed, which “shield” the negative charges
on the membrane surface as a result of a weakened Donnan
effect.””

Having checked the separation characteristics of the TFC
membranes, it was quite essential to further understand the
relationship between the solvent, solute and membrane surface
properties. Here we chose RB (flux of 18.6 L/m’h; rejection of
75.6%) and CR (flux of 15.8 L/m?h; rejection of 99.8%) as the
two typical examples, and the solubility parameter values are
listed in Table S1. Generally, the solute tends to pass through
the membrane matrix easier when the solute had a higher
affinity to the membrane matrix than the solvent.**! Since the
dye solutes used in this study were in the same condition (both
in water aqueous solution), the difference is mainly on their o
values to the polymer. It was found that the ¢ between the CR
and polymer (|8;-8yo1ymerl = 10.7 (J/cm®)'"?) was greater than that
of RB to polymer ((|6,-8potymerl = 3.8 (J/em®)'?), which
indicating the higher solute affinity and an enriched permeate
for the latter (15.8 L/m’h for CR and 18.6 L/m?h for RB). From
another aspect, it should also be mentioned that a higher solute-
solvent affinity would lead to a lower rejection. The difference
between solubility parameters of CR and water (11.3 (J/cm®)'?)
is lower than that of RB and water (18.2 (J/em®)"?), which
should result in a lower rejection of former. However, the
experiment result was just the opposite, that is, a higher
rejection of 99.8% for CR compared to 75.6% for RB. The
phenomenon might be attributed to the charge effect which
predominantly determine the rejection rate. CR, as a negatively
charged molecule, is more easily to be rejected due to the
relatively strong repulsion to the membrane surface.

100 - P
—_—, —— 88—
80 |- ¢ ]

- x i z 30 ;?
§ 60 - —A—MgSO rejection 5 §
_5 —¢—Na,SO, rejection %
2, 40 F —=u— Congo red rejection 120 >
& —e&— Permeate flux g

115 2,
20
110

0.10 0.15 0.20 0.25

Concentration of TMC/% (w/v)

0.05
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Fig. 3 Effect of TMC concentration on the permeate flux and
rejection (Condition: HEDA 0.5 (w/v), TMC 0.05- 0.25 %
(w/v), salt concentration 1.0 g/L, Congo red 0.1 g/L, 0.6 MPa).

The effect of increasing concentration ranging from 0.05% (w/v) to
0.25% (w/v) of TMC in the organic phase on the rejection and
permeate flux properties of TFC membranes is shown in Fig.3. It
was seen that at very low concentration of TMC (0.05% (w/v)),
the membrane showed rather low salt rejection, which was
probably attributed to the low degree of cross-linking. The
membrane only formed a thin and loose barrier layer under this
condition. When the TMC concentration is increased to 0.1%
(w/v), a thicker and more compact polyamide barrier layer is
formed which is able to more effectively reject inorganic salts
and dye in the HEDA/TMC composite membranes. Further
increase in TMC concentration from 0.1% (w/v) to 0.2% (w/v),
the highest values of rejection and permeate flux is displayed.
The rejection of Na,SO, is almost contant as the concentration
of TMC is increased from 0.1% (w/v) to 0.2% (w/v). This
properties improved of filtration can be attributed to the
increase thickness and degree of cross-linking of the barrier
layer in the slow growth stage.

ca. 900 nm

Fig. 4 SEM surface and cross-section images of the resulting
membrane (25,000X): (a)PSF substrate; (b) X0.3Y0.1; (c)
X0.5Y0.1; (d) X0.5Y0.2; (f) PSF substrate(60,000X) (e)cross-
section of X0.5Y0.1 (60,000X).

J. Name., 2013, 00,1-3 | 5
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RMS=3.8 nm RMS=8.2 nm

RMS=22.8 nm

RMS=23.1 nm

Fig. 5 Three-dimensional AFM images of the resulting
membranes: (a) PSF substrate; (b) X0.3Y0.1; (c) X0.5Y0.1; (d)
X0.5Y0.2.

The morphology of TFC membranes is characterized by FE-
SEM, as shown in Fig.4. In the FE-SEM images, the white area
represented the peaks and the black region denoted the valleys.
Comparing Fig. 4 (a), (b) and (c), it can be seen that the
nodular-like regions were gradually enhanced with increase in
concentration of HEDA in the aqueous phase, suggesting the
formation of compact surface structure and the presence of
peak-and-valley characteristics. When combined with the data
from Fig.3, we could deduce that the deceasing permeate flux
was likely due to gradually narrowing pores as a result of
increased cross-linking in the barrier layer. Furthermore, as
shown in Fig. 4 (e), the upper barrier layer of the TFC
membrane could be roughly estimated to be near 300 nm in
thickness compared with the PSF substrate in Fig. 4 (f), which
was very similar to the other reported literature. '*27-2

Fig. 5 represents the data on the surface topographies of the
polysulfone supporting membrane and the HEDA/TMC TFC
membrane. The root-mean-square (RMS) height, defined as
mean of the root of the distance from standard surface to
indicated surface, was an important parameter in the AFM
analysis. The roughness values increased in the order of a <b <
¢ < d with increase in the concentration of HEDA and TMC. It
was worth noting that the rejections of salts or dye are
improved with the increase in the roughness. This was likely
due to the enhanced specific surface area which effectively
increases the probability of contact between the negative
charges (-COO-) on the membrane surface and ions in the feed,
and thus improved the rejection properties.

Zeta potential

Zeta potential curves of the HEDA/TMC composite membranes
and PSF substrate as a function of pH values are shown in Fig.
6. The dissociation of the surface groups from the barrier layer
was influenced by the pH of the solution in contact with the
layer. The separation of salts or dye was largely dependent on

6 | J. Name., 2012, 00, 1-3

electrostatic repulsion arising from the interaction between
negative charges on the surface of composite membranes and
negative ions in the feed. The HEDA/TMC composite
membranes possessed an amphiprotic surface in the entire pH
range with the isoelectric point at pH 6.0. The surface of
HEDA/TMC composite membranes was found to be positively
charged below pH 6.0 and negatively charged above this pH
value due to the protonation of the amine group of HEDA and
the formation of carboxylate anion, respectively.>*Thus, it was
likely that the multivalent ions would be effectively rejected in
neutral conditions due to the negatively charged surface of our
TFC membranes.

15
10 -

—u— PSF substrate
—v—X0.5Y0.1

[—]
T
4

Zeta Potentail (mv)

o)
by

Fig. 6 The Zeta potential of X0.5Y0.1 and PSF substrate as a
function of pH.

100 30
—u— Permeate flux
90 r —eo— Rejection 125
1 =
S L .\"’\.-/\_./ *\¢—°f\\-~.»~o*) 420 §
€ 50 2
'g n /l /l u /I m oy
§ o / \./. \./I/./. \./l/.\./l/ \./. \/. 415 E
70 s
- . 10 E_N
60 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

5
0 20 40 60 80 100 120 140 160 180
Running time (h)

Fig. 7 Long-time stability test of TFC membrane (X0.5Y0.1).
Testing condition: 0.6 MPa, 25 °C.

Long-time stability of TFC membrane

The
membranes are important factors for filtration applications.

stability and durability of nanofiltration composite

Therefore, a long-term continuous test of the TFC membranes

This journal is © The Royal Society of Chemistry 20xx
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was carried out with a feed of 1.0 g/L Na,SO, at 0.6 MPa, as
shown in Fig. 7. It can be seen that the TFC membrane exhibits
good durability, with permeate flux and rejection properties
remaining constant during the entire testing period at around
14.3 - 16.8 L/m*h and 83.6 - 87.6%, respectively.

Quantum chemistry Study

The optimized geometry and quantum dynamics of HEDA
molecule is shown in Fig. 8. In terms of frontier orbital theory,
the reaction between reactants takes place mainly at the highest
occupied molecular orbital (HOMO) and lowest occupied
molecular orbital (LUMO).* It can be seen that active reaction
sites are located at the two nitrogen atoms and an oxygen atom
in the HEDA molecule, as shown in Fig. 8 (b). To determine
the most preferred site for nucleophilic attack, Hirshfeld
charges were investigated to calculate the Fukui function
(f(#) ) in this study.

All the calculated data were found to be positive, indicating
nucleophilicity of the three functional groups, i.e., -NH, (7N), -
NH- (4N) and —“OH (10) group (Table 2). The higher the value
for local softness, the higher is the reactivity for the site.??
Herein, the possible three react sites exhibited a reactivity
sequence of 4N>>7N>10. However, it is widely considered
that a secondary amine always suffer from the steric hindrance
effect which resulted in a dramatically reduced nucleophilicity.
In order to further judge the competitive relationship among
those three atoms, dissociation constant were investigated,
where pK, is 10.84 - 10.98, 10.65 — 10.66 and 15.5 -15.9 for
diethylamine, ethylamine and ethanol.***® Combining with the
aforementioned results, it is desired to see that 4N and 7N
should be obtained higher reactivity than 10 atom under our IP
condition at pH around 11.0. Therefore, the “Ar-CON(R|)R,”
unit is instantaneously generated at the 4N site once the amine-
saturated film is covered by the organic TMC solution. Initially,
only a few dimers or trimers are formed due to the different
reactivities. However, the loose nascent layer is unable to block
further diffusion of the molecules. As a result, more and more
HEDA monomers pass through and react continuously with the
newly-formed oligomers without much resistance for a certain
period. Meanwhile, it is well accepted to us that the
polymerization proceeds with an irreversible coupling of
monomers/oligomers and a deepening penetration of the
organic solution. At some point, the polymer may gel out and
the chain growth is presumably much slower or stopped.*** In
our case, the intermediates generated at the beginning might be
very soluble in the organic phase due to their too small
molecule weights, and thus the polymerization on a substrate
would be processed in a homogenous state, which suggested the
continuously increased molecular weight and the thickness of
the polyamide layer. Additionally, although it is quite difficulty
to dissociate the hydrogen from the aliphatic hydroxyl group, it
might be still inevitable if there existed a little amount of “~-OH”
which participated in the polymerization since alkaline
condition and a heating up operation were applied during the IP
process. Therefore, a small “O-C=0" peak could be observed in
the FTIR spectrum (1727 cm™ in Fig.S3). It can be concluded

This journal is © The Royal Society of Chemistry 20xx
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that the crosslinking degree was further increased due to the
esterification. Even based on a small amount of the
crosslinkable reactive sites, a denser and thicker active layer
would form, which resulted in a sacrifice in water flux.

This proposed formation theory has a favorable effect on
the performance of our TFC membranes. As the results indicate,
all of the membranes show acceptable rejection rates for both
salt and aqueous dye solutions; however, the water permeation
ability is not as good as expected. The relatively low water flux
is mainly due to the small pore sizes and the thickness of the
barrier layer, as mentioned above. Fortunately, there still many
hydroxyl groups remained after the membrane fabrication, as
revealed by the contact angle results and a moderate
improvement on the water flux (compared to the EDA type),?
which suggested the enhancement in surface hydrophilicity.
The dynamic simulation results provide a clear picture of the
structure of the membranes. Monomers or polymers having
multi-functional groups with similar reactivities are more likely

to result in an instantaneous interfacial condensation.

b

Fig. 8 B3LYP/DNP optimized geometry and dynamics of
HEDA (white = hydrogen, blue=nitrogen, red = oxygen, gray =
carbon.). (a) image from the optimized geometry;(b) the
isosurface plot of electronic density around atom in a molecule
(isovalue = 0.015 a.u.)

Table 2 The softness and Fukui indices of the atoms in HEDA
molecule calculated at the BALYP/DNP by Hirschfeld
population analysis.

Atom S f(r) s°(r)

10 0.036 0.171
4N 4.742 0.211 1.000
N 0.135 0.640

Conclusions
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A series of novel thin-film HEDA/TMC composite membranes
were successfully prepared from HEDA and TMC via
interfacial polymerization. ATR-FTIR analysis confirmed the
presence of the barrier layer on the porous substrate. SEM and
AFM images also showed that the composite membranes
possessed a compact structure. By increasing the concentration
of HEDA from 0.3% to 0.5%, the resultant increase in degree
of cross linking was found to improve the rejection ability of
the membrane and decrease the permeate flux. Generally, the
membrane showed the enhanced surface hydrophlilicity due to
the introduction of “off” groups, compared to the EDA based
membranes. Among the TFC membrane series, the specific
version X0.5Y0.1 exhibited optimum filtration performance,
with permeate flux of 15.8 L/m® h and rejection of Na,SO,
(85.9%) and MgCl, (73.8%). Long term tests revealed that even
after prolonged usage, the TFC membranes exhibited excellent
durability and performance characteristics with a high permeate
flux of 14.3 - 16.8 L/m*h and a negligible reduction of the salt
rejection ability. Quantum mechanical simulation was
employed to calculate the Fukui function by Hirshfield charge,
and the values of global and local softness of the sites in the
HEDA molecule within calculated density functional theory
(DFT) were obtained. The results showed that the reactivity of
4N atom of HEDA monomer was much higher than that of the
10 and 7N atoms. This difference in reactivity is responsible
for the loose structure in the initial stage and compact structure
in the slow growth stage. The combined results indicate that
these novel TFC membranes are promising candidates for
future nanofiltration applications.
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