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a b s t r a c t

Composite membranes were prepared by interfacial polymerization of trimesoyl chloride (TMC) with (i)
triethanolamine (TEOA), and (ii) N-methyl-diethanolamine (MDEOA) on addition of various contents of
LiBr in aqueous phase. The influence of LiBr in aqueous phase on the composite membrane performance
and surface morphologies was investigated. For monomer TEOA, the pure water flux of composite mem-
brane enhanced as the LiBr content increased and it reached a maximum at 3% of LiBr, then decreased.
However, the extreme value of the salt rejection functioned with the content of LiBr changed to 1% (a
turning point), at which the membrane displayed a lowest salt rejection. The change in performance of
the composite membrane with the content of LiBr was due to the competition of two factors. One was the
interaction of Li+ ion with the hydroxyl oxygen atom of alcohol amine, which could induce an increase in
nterfacial polymerization the density and reactivity of OH groups in the aqueous phase, forming a dense skin layer of the composite
membrane as a result. The other factor was the complexation of Li+ ion with the carbonyl in TMC, causing
the acid chloride group of TMC preferring to hydrolyze which could induce to construct a hydrophilic and
loose surface layer. The role of LiBr in the formation of the composite membrane was further testified
by investigating another monomer MDEOA. The analysis of the composite membrane formation in the
presence of LiBr was validated by reaction coefficient, contact angle, streaming potential, SEM, and AFM.
. Introduction

Nanofiltration (NF) is a novel membrane separation technique
eveloped in the 1980s based on reverse osmosis (RO) [1]. It is a
ressure driven membrane process and is applicable for separating
issolved components having a molecular weight cutoff (MWCO)
f about 200–1000 Da and molecular size of about 1 nm [2]. It can
lso be used to separate inorganic salts with much smaller size than
ore size according to electrostatic repulsion [3]. Thus, NF tech-
ique is suitable for water purification, the separation of amino
cids, peptides and antibiotics, the treatment of industrial effluents
nd organic solutions [4–6].

Most of NF membranes are thin-film composites by interfacial

olymerization where a dense, ultra-thin selective layer is pro-
uced separately onto a porous support having good mechanical
roperties. As a result, the functions of the selective layer and
he support are independently optimized [7]. The performance of

∗ Corresponding author. Tel.: +86 21 65643255; fax: +86 21 65640293.
E-mail address: peiyiwu@fudan.edu.cn (P. Wu).
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© 2010 Elsevier B.V. All rights reserved.

the composite membrane is determined by the chemistry and the
preparation conditions of the ultra-thin selective layer [8]. Most
of studies have focused on improving membrane performance by
optimizing preparation parameters. These include parameters such
as monomer concentration, partition coefficients of the monomers,
reaction time and post-treatment [8–13]. Furthermore, additives
in aqueous phase which can influence monomer solubility, diffu-
sivity, hydrolysis, or protonation or to scavenge inhibitory reaction
byproducts also play an important role in determining the structure
of the interfacially polymerized film and subsequently the mem-
brane performance [9,14]. For example, addition of small amounts
of hydrophilic water-soluble polymer or a polyhydric alcohol to
the amine solution can produce high-flux reverse osmosis mem-
branes with good rejection [6,15,16]. Sodium hydroxide, dimethyl
piperazine, triethylamine (TEA), and other acylation catalysts accel-
erate the m-phenylenediamine (MPD)–trimesoyl chloride (TMC)

reaction by removing hydrogen halide formed during amide bond
formation [9,17]. Among the additives, alcohols, ethers and sulfur-
containing compounds are commonly used [18]. However, few
studies have been performed using an inorganic salt as an addi-
tive in aqueous phase during the interfacial polymerization. In

dx.doi.org/10.1016/j.memsci.2010.09.015
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:peiyiwu@fudan.edu.cn
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act, addition of inorganic salt to the casting solution may be very
ffective in preparing membranes with high performance by cast-
ng method because they are considered to be able to change the
olvent properties and/or the interaction between the molecule
hains [19,20]. Kraus et al. found that salts contained in aromatic
olyamide solutions had a considerable effect on the performance
nd structure of reverse osmosis membranes cast from these solu-
ions [21]. Kim et al. studied the effect of ZnCl2 on the formation
f polysulfone membrane and found the addition of ZnCl2 induced
he intermolecular association of PSf chains, and consequently pro-
uced the ultrafiltration membrane having small pores without any
ignificant change in porosity [19]. Recently, Idris et al. revealed
hat the presence of lithium halide as additives exhibited signifi-
ant influence on the performance of membrane [22,23]. Among the
hree lithium halide additives investigated, LiBr seemed to improve
he performance of the PES membranes tremendously. From this
oint of view, how will TFC membrane performance and morpholo-
ies be in the presence of the inorganic salt as an additive by the
nterfacial polymerization?

In our previous work, triethanolamine (TEOA), which is
nvironmental-friendly, economical and easy to be obtained, was
tilized as an active monomer of aqueous phase in preparation of
hin-film composite (TFC) membrane [24]. A novel TFC membrane
or nanofiltration was also developed by interfacial polymerization
f TEOA and trimesoyl chloride (TMC) on the polysulfone sup-
orting membrane. As a continuation, the influence of inorganic
alt in aqueous phase on the composite membrane performance
nd surface morphologies was studied. In the present study, we
rstly investigated the role of lithium bromine in the membrane

ormation during interfacial polymerization because the lithium
alide additives were commonly used in the membrane prepara-
ion.

. Experimental

.1. Materials

The microporous polysulfone supporting membrane was
upplied by the Development Center of Water Treatment
echnology, Hangzhou (China). Triethanolamine (TEOA) and N-
ethyl-diethanolamine (MDEOA) (Sinopharm Chemical Reagent

o., Ltd., Shanghai, China) were respectively used as an active
onomer of aqueous phase. Table 1 shows the molecular struc-

ures of the alcohol amines used in the study. Trimesoyl chloride
TMC) (Qindao Sanli Chemical Engineering Technology Co., Ltd.)
as used as an active monomer in the organic phase whereas n-
exane (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China)

as utilized as an organic phase solvent. Lithium bromide monohy-
rate (LiBr·H2O) was obtained from Sinopharm Chemical Reagent
o., Ltd. (Shanghai, China). Analytical grades of sodium dodecyl sul-
hate (SDS) (Wenmin Biochemistry Science and Technology Co.,
td.), glycerol, Na2SO4, MgSO4, NaOH, and Na2CO3 were used.

able 1
he molecular structure and abbreviation of the alcohol amine.

Abbreviation Chemical name Molecular structure

MDEOA N-Methyl-diethanolamine

CH2CH2OH

N
H3C CH2CH2OH

TEOA Triethanolamine

CH2CH2OH

N
CH2CH2OHHOCH2CH2
Science 365 (2010) 276–285 277

2.2. Membrane preparation

The composite membranes were prepared by conventional
interfacial polymerization technology. The fabrication process
involved initial preparation of an aqueous phase solution: the alco-
hol amine (6% w/v), SDS (0.3% w/v) and LiBr (ranged from 0% to
7% w/v) were placed in deionized water with the pH adjusted to
approximately 12 by a mixture of NaOH and Na2CO3, blended in
1:2 proportion; whereas the organic phase solution was composed
of TMC (0.2% w/v) in n-hexane. Therefore, the microporous PSf sup-
porting membrane was immersed into the aqueous phase for about
30 min at 35 ◦C. After removing excess liquids on the membrane
surface, the membrane was further soaked in the organic phase
for 35 min. Finally, the membrane was post-treated in an oven at
60 ◦C for about 30 min for further polymerization, leading to the for-
mation of a skin layer. The resulting membranes were thoroughly
washed with deionized water before carrying out evaluation stud-
ies.

2.3. Monomer characterization

2.3.1. Preparation of TMC–LiBr complex
LiBr was ground into powder and dried in a vacuum oven at

100 ◦C for about 24 h to remove the water. And then, TMC and
LiBr were mixed in molar proportion of 4:1 and warmed slowly at
40 ◦C to achieve a clear solution. After cooling to room temperature,
complex of TMC–LiBr was obtained.

2.3.2. Transmission FT-IR
The FT-IR spectra were recorded with a 4 cm−1 spectra resolu-

tion on a Nicolet Nexus 470 spectrometer equipped with a DTGS
detector by signal-averaging 64 scans. Two pieces of microscope
CaF2 windows, which have no absorption bands in the MIR region,
were used to prepare a transmission cell. Before the measurements
of transmission FT-IR, the TEOA, glycerol, and MEDOA aqueous
solution containing various contents of LiBr was dropped onto the
CaF2 salt plate, respectively. TMC and the complex of TMC–LiBr
were respectively blended with KBr powder, pressed into a tablet.
The baseline correct processing was performed by the software of
OMNIC 6.1.

2.3.3. Viscosity and reaction coefficient
Viscosity of the TEOA and MDEOA aqueous solution with var-

ious contents of LiBr was determined using a viscosity meter
(Cannon–Fenske Routine Viscometer) in a 35 ◦C water bath.

The reaction coefficient (R) is defined as the ratio of alcohol
amine in organic phase to its concentration in water of a two-phase
water/n-hexane after 35 min—the time over which interfacial poly-
merization reaction is evaluated. To obtain the reaction coefficient,
a solution of 6% (w/v) alcohol amine (TEOA or MDEOA) and amount
of LiBr in water was added to 20 mL of organic phase containing
TMC in a separating funnel. After 35 min, the aqueous solution of
alcohol amine was removed. The concentrations of alcohol amine
in the aqueous solution before and after contact with the organic
phase were determined by using ultraviolet-visible spectropho-
tometer (Lambda 35, PerkinElmer, USA).

2.4. Membrane characterization

2.4.1. Pure water flux and rejection

The measurements of pure water flux and salt rejection were

performed using a cross-flow membrane module as shown in our
recent article [24], and it had a membrane effective area of 60 cm2.
Before measurement, all the membranes were pretreated at a high
pressure drop of 0.7 MPa for approximately 20 min. Then, the pure
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ater flux and rejection tests were conducted at an operation pres-
ure of 0.6 MPa. The water flux was calculated in Eq. (1):

= V

At
(1)

here V is the total volume of permeated pure water, A is the
embrane area, and t is the operation time. Deionized water was

sed for this measurement. The rejections were measured using a
mmol/L Na2SO4 and MgSO4 solution, respectively. The operation
ressure was 0.6 MPa. The concentrations of the permeation and
eed solutions were determined by electrical conductivity using an
uto temperature compensation conductivity meter (HANA Model
C215, Italy). The rejection, R, was calculated in Eq. (2):

= 1 − Cp

Cf
(2)

here Cp and Cf are the concentrations of the permeation and feed
olutions, respectively.

.4.2. Streaming potential
The setup to determine streaming potential was almost similar

o that described by our previous paper [24]. Reversible Ag/AgCl
lectrodes, placed on both sides of the membrane, were used to
easure the resulting electrical potential difference (�E) as the

ressure difference across the membrane (�P) changed through a
igital electrometer (VC 890D, Shenzhen Victor Hi-tech Co. Ltd.).
hen the streaming potential was calculated in Eq. (3):

P = �E

�P
(3)

The pressure difference ranged from 0 to 4 × 105 Pa. The
mol/m3 KCl solution was put in the unit by N2 pressure controlled
y a gauge.

.4.3. Contact angle measurement
Water was used as the probe liquid for determination of the

ydrophilicity at the membrane surface. The static contact angle
f water on the surface of a polymer membrane was measured by
sing OCA15 (Dataphysics Co., Germany) and following the sessile
rop method at 25 ◦C and a relative humidity of 65%. Drops were
ormed using a 10-�l Hamilton positive displacement syringe. The
verage value of contact angles on each polymer membrane was
alculated using at least five different locations on each membrane.

.4.4. Membrane morphology
The surfaces of composite membranes were observed using a

canning electron microscope (TESCAN 5136MM). Air-dried mem-
rane samples were prepared for SEM imaging by coating the
urfaces with a conductive layer of sputtered gold. The surface
oughness of the composite membrane was measured by AFM anal-
sis (Nanoscope IV). Membrane samples were fixed on a specimen
older and 1.5 �m × 1.5 �m areas were scanned in the tapping
ode in air. The surface roughness was reflected in terms of the

verage plane roughness (Ra) and root mean square roughness
rms).

. Results and discussion

.1. Effect of LiBr content on the composite membrane
erformance and morphologies
Fig. 1 (a) shows the pure water permeation rates for the mem-
ranes prepared by the interfacial polymerization of TEOA and TMC
n addition of various contents of LiBr in aqueous phase. The pure
ater flux of composite membrane enhances as the LiBr content

ncreases and it reaches a maximum at 3% (w/v) of LiBr. The order
Fig. 1. Pure water permeation rates (a) and salts rejections (-�- represents Na2SO4

and -�- represents MgSO4) for the membranes prepared by the interfacial polymer-
ization of TEOA and TMC on addition of various contents of LiBr.

of the flux according to the content of LiBr is: 3% > 1% > 0% > 5% > 7%.
However, the extreme value of the salts rejection functioned with
the content of LiBr changes to 1% (w/v) (as shown in Fig. 1 (b))
(a turning point) at which the membrane displays a lowest salts
rejection, not only to Na2SO4 but also to MgSO4. Generally, the
pure water flux is related with the membrane structure, whereas,
the rejection is concerned not only with the membrane structure
but also with affinity and adsorption effects of membrane surface.
Therefore, Na2SO4 and MgSO4 salt solution flux of the membranes
was examined and the result demonstrated in Fig. 2. Clearly, the
contents of LiBr corresponding to the maximum flux of Na2SO4
and MgSO4 solution are both at 1% (w/v). Thus, the asynchronous
change of pure water flux and salts rejection with increasing of
LiBr content is mainly attributed to the adsorption effect of mem-
brane surface. Furthermore, from Fig. 1 (b), it could also be seen that
the rejection of membrane to Na2SO4 is always higher than that
to MgSO4. We speculate that the electrical character of the mem-
brane surface skin layer promotes the difference in rejection to the
electrolyte solution with different valence cation as described in
Ref. [24]. We then determined the surface charge characteristics of
the composite membranes by measuring the streaming potential of
the membranes and found the composite membrane surfaces were
negatively charged in the neutral experiment solution. According
to the electrostatic effect [25,26], the rejection of the membranes

to Na2SO4 should therefore be higher than that to MgSO4.

Fig. 3 presents the SEM images of the surfaces of the TEOA/TMC
composite membranes prepared with various contents of LiBr. The
surface morphology of composite membrane is distinctly depen-
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Table 2
Surface roughness values of the TEOA/TMC composite membranes with different
contents of LiBr by AFM.

The content of LiBr (w/v) Rms (nm) Ra (nm)

0% 22.670 16.584
1% 20.341 16.591

of LiBr to TEOA is presented in Fig. 5 (b). As is well known, the OH

F
1

ig. 2. Flux of the salt solution (-�- represents Na2SO4 and -�- represents MgSO4)
ersus the content of LiBr for composite membranes prepared by the interfacial
olymerization of TEOA and TMC.

ent on the content of the LiBr used. The comparison of Fig. 3
a)–(e) and (f) shows that the convex area on the surface increases
fter the interfacial polymerization. The variation of the surface
orphologies confirms that the dense layer is formed after inter-

acial polymerization. Moreover, as the content of LiBr increases,
he surface of composite membrane becomes smoother and the
urface coverage becomes lower. The composite membrane with
% LiBr seems to have the lowest surface coverage. However, the
urface becomes rougher at greater amounts of LiBr. The rough-
ess of membrane surface can be quantified from the AFM results
s presented in Fig. 4 and Table 2. According to Table 2, the order

f increasing roughness using rms (root mean square height) is:
wt% < 1 wt% ≈ 0 wt% < 5 wt% < 7 wt%. The results from AFM analy-

is are consistent with the morphologies observed by SEM images.
he formation of this dense active layer is the key factor for the

ig. 3. SEM images of the membrane surface morphologies prepared by the interfacial p
%, (c) 3%, (d) 5%, (e) 7%, and (f) PSf supporting membrane.
3% 18.927 14.978
5% 26.289 21.018
7% 36.111 27.059

separation properties of the composite membrane, which could be
testified by the results of pure water flux and salts rejection. The
role of LiBr in the membrane performance and morphologies dur-
ing interfacial polymerization is assumed that LiBr might govern
the properties of alcohol amine solution as well as the hydrolyza-
tion of organic phase monomer in the reaction zone. Membrane
formation process is analyzed in detail in Section 3.2.

3.2. The role of LiBr in the composite membrane formation

To investigate the role of LiBr in the composite membrane
formation, the property of the TEOA aqueous phase in the pres-
ence of LiBr was primarily studied by examining the FT-IR spectra
for the TEOA solutions with various contents of LiBr and the
result demonstrated in Fig. 5 (a). The obvious absorptions within
3700–3000 cm−1 region and that around 1640 cm−1 are the stretch-
ing vibration and the in-plane bending of OH group in TEOA (or
water) molecule respectively. It is interestingly found from Fig. 5
(a) that the addition of LiBr to TEOA solution affects the peak posi-
tion of OH band, in which the stretching vibration shifts to a higher
wavenumber. The peak position of � (OH) functioned with the ratio
stretching vibrations are predicted to exhibit sequential red shift
with the increasing strength of the hydrogen bond [27]. Thus, the
sequential positive shift of TEOA–TEOA (or H2O) hydrogen bonded
OH stretching band indicates that the hydrogen bonds of OH are

olymerization of TEOA and TMC on addition of various contents of LiBr (a) 0%, (b)
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ig. 4. AFM images of the surfaces of composite membranes prepared by the interf
b) 3%.

roken up in the existence of LiBr. Therefore, it could be clearly
educed that LiBr could interact with TEOA. It had been reported
hat lithium salts could interact strongly with amide group [28,29].
he interaction of lithium ions with amide group occurs through
he oxygen, since resonance in the molecule causes the oxygen to
e the site of negative charge [30,31]. Therefore, it is speculated that
he LiBr–TEOA interaction takes place mainly through the hydroxyl

xygen atom due to the oxophilic nature of lithium ion and much
ess steric interaction. Interaction with nitrogen, on the other hand,

ould cause a decrease in the C–N frequency [31], which is contrary
o experimental evidence (the peak shift of C–N absorption is not

Scheme 1. Interaction between Li+ ion and
olymerization of TEOA and TMC on addition of various contents of LiBr: (a) 0%, and

observed in Fig. 5 (a)). To further testify the interaction of lithium
ion with hydroxyl oxygen atom, the FT-IR spectra for aqueous solu-
tions of glycerol (its structure is presented in Fig. 6 (a)) containing
various contents of LiBr were investigated and the result is shown
in Fig. 6 (b). There is a blue shift as well when LiBr is added to the
glycerol aqueous solution. The peak position of � (OH) functioned
with the ratio of LiBr to glycerol is presented in Fig. 6 (c). The blue

shift of � (OH) indicates the hydrogen bonds of OH are weakened
due to the interaction of Li+ ion and the hydroxyl oxygen atom of
glycerol or water. Spectroscopic investigation further confirms that
lithium ion interacts with TEOA mainly through the hydroxyl oxy-

the hydroxyl oxygen atom of TEOA.
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functions on the membrane formation. One is the interaction of Li+

ion with the hydroxyl oxygen atom of TEOA, which could induce
to an increase in the density and the reactivity of OH groups in the
aqueous phase, forming a dense skin layer of the composite mem-
ig. 5. FT-IR spectra of the TEOA aqueous solutions containing various ratios of LiBr
o TEOA (a), and the peak position of � (OH) versus the ratio of LiBr to TEOA (b).

en atom, which would induce two effects as shown in Scheme 1.
ne is the increase of the number of free TEOA, which could result

n an increase in the density of reactable OH groups. The other effect
s the enhancement of the reactivity of OH groups of TEOA due to
he interaction of Li+ ion with hydroxyl oxygen atom that weakens
he strength of the OH bond.

Besides, when aqueous phase solution containing LiBr contacts
ith organic phase, the interfacial polymerization of TEOA and

MC would occur and simultaneously LiBr diffuses from aqueous
hase into organic phase. Pertinent studies of amide salt solutions
eported that inorganic salts formed complexes with the car-
onyl groups in polar, aprotic solvents, such as dimethylformamide
DMF), dimethylacetamide (DMAC) and N-methyl-2-pyrrolidone
NMP), via an ion–dipole interaction [28–33]. Thus, in the case of
he system of LiBr and TMC, Li+ ion would complex with the car-
onyl (C O) in the TMC molecule. This complex formation behavior
an be confirmed by infrared spectroscopy. Fig. 7 presents the spec-
ra of TMC and its complex with LiBr. The absorption of carbonyl
roup in the complex of TMC–LiBr is located at 1754 cm−1, which
s lower than that in TMC around 1760 cm−1. The red shift of the
arbonyl could be explained in terms of the reduction of the elec-
ron density in double bond of carbonyl, through the donation of
lectron to LiBr for interaction. Spectroscopic examination suggests
hat Li+ ion complexes with the carbonyl group, thus activating the
arbonyl of TMC. As a consequence, the hydrolysis rate of acyl chlo-
ide of TMC is increased. Although the esterification rate of TMC
ith TEOA is also probably enhanced as a result of the activation
f carbonyl of TMC, its role in membrane formation is minor com-
ared with that of the hydrolyzation of acyl chloride that could be
oncluded from the result of the membrane streaming potential as
escribed in detail in Fig. 11 of Section 3.3.
Fig. 6. The molecular structure of glycerol (a), FT-IR spectra of the glycerol aqueous
solutions containing various ratios of LiBr to glycerol (b), and the peak position of �
(OH) versus the ratio of LiBr to glycerol (c).

To sum up, the addition of LiBr in aqueous phase during the
interfacial polymerization of TEOA and TMC would result in two
Fig. 7. FT-IR spectra of TMC and complex of TMC–LiBr.
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ig. 8. Pure water permeation rates (a), and salts rejections (-�- represents Na2SO4

nd -�- represents MgSO4) and flux of salts solution (-©- represents Na2SO4 and -�-
epresents MgSO4) for the membranes prepared by the interfacial polymerization
f MDEOA and TMC on addition of various contents of LiBr.

rane as a result. The other factor is the complexation of Li+ ion with
he carbonyl in TMC, causing the acid chloride group of TMC pre-
erring to hydrolyze which could induce to construct a hydrophilic
nd loose surface layer. The change in performance of the com-
osite membrane with the content of LiBr (as shown in Fig. 1) is
ainly due to the competition of two factors. For lower content of

iBr, the complexation of Li+ ion with the carbonyl of TMC might
lay a more important role in membrane formation, which leads to
he formation of a more hydrophilic and permeable surface layer.
hus, the flux of the composite membrane increases when the con-
ent of LiBr increases from 0 to 3%. However, when the content
f LiBr increases further, especially past 3%, the interaction of Li+

on with the hydroxyl oxygen atom of TEOA is likely to have a great
mpact on the membrane formation, which results in formation of a
ense skin layer. So, the flux of the composite membrane decreases.

.3. Influence of LiBr on the performance of the composite
embrane prepared from different aqueous phase monomers

Another monomer in aqueous phase—N-methyl-
iethanolamine (MDEOA) was also studied in the presence of
iBr as additive in aqueous phase to testify the role of LiBr in the
ormation of the composite membrane. The performance of the

omposite membrane by the interfacial polymerization of MDEOA
nd TMC in the presence of various contents of LiBr is illustrated
n Fig. 8. Interestingly, different from the influence of LiBr on the
erformance of the TEOA/TMC composite membrane, the flux of
he MDEOA/TMC composite membrane firstly decreases with LiBr
Fig. 9. The peak position of � (OH) in FT-IR spectra versus the ratio of LiBr to MDEOA.

content until it reaches 3% and then increases. The order of the salts
rejection (Na2SO4 and MgSO4) changed with the LiBr content is
completely contrary compared with that of the flux. The property
of the aqueous phase promotes the difference in the performance
of the composite membrane prepared by two monomers of TEOA
and MDEOA.

To clarify the influence of LiBr on the property of MDEOA aque-
ous phase, the FT-IR for MDEOA aqueous solutions with various
contents of LiBr were also examined. Similarly, addition of LiBr to
MDEOA solution also affects the peak position of OH band, in which
the stretching vibration shifts to a higher wavenumber (Fig. 9).
This means Li+ ion also interacts with the hydroxyl oxygen atom
in MDEOA, which leads to an increase in the density and the reac-
tivity of OH groups in the MDEOA aqueous phase. Then, why the
addition of LiBr to the MDEOA aqueous phase has a different effect
on the performance of the composite membrane compared with
monomer TEOA?

Because the performance transition points of the membranes
are situated at 3% LiBr content for two monomers of aqueous phase,
the following investigation about the content of LiBr is focused on
0% and 3%. The membrane interfacially polymerized by MDEOA (or
TEOA) and TMC on addition of LiBr is designated as LMDEOA/TMC
(or LTEOA/TMC) composite membrane in the following discussion.

As mentioned above, the addition of LiBr in aqueous phase dur-
ing interfacial polymerization would result in two functions on
the membrane formation. One is the interaction of Li+ ion with
hydroxyl oxygen atom in alcohol amine, and the other factor is
the complexation of Li+ ion with the carbonyl in TMC. If LiBr inter-
acts with TMC, it must diffuse from aqueous phase into organic
phase. Thus, the viscosity of the aqueous phase plays an important
role in the diffusion of LiBr, finally influencing the complexation of
Li+ ion with the carbonyl in TMC. Table 3 shows the viscosities of
the TEOA and MDEOA aqueous solutions and of them on addition
of 3% LiBr. The addition of LiBr works to increase the viscosity of
alcohol amine solution. The increase in viscosity arises from strong
interaction between LiBr and alcohol amine (TEOA or MDEOA). Fur-
thermore, the viscosity of the MDEOA aqueous solution is always
higher than that of TEOA solution no matter whether containing
LiBr. Therefore, the diffusion rate of LiBr from MDEOA aqueous
phase to organic phase must be lower. As a result, the effect of com-
plexation of Li+ ion with the carbonyl of TMC is minor for monomer
MDEOA. Correspondingly, the role of interaction of Li+ ion with the
hydroxyl oxygen atom of MDEOA is predominant during the for-

mation of composite membrane, which leads to form a dense skin
layer. So, the flux of the MDEOA composite membrane with 3% LiBr
is lower than that without LiBr. The result above could be validated
by the reaction coefficient (R) of two phases as shown in Table 3.
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Table 3
The viscosity and reaction coefficient of the aqueous phase for MDEOA and TEOA monomer with various contents of LiBr.

+ 3%L

87 ± 0
79 ± 0

T
f
t
f
L
d
a
i
p
i
w

m
×
a
p
t
m
s
t
t
i
n

F
a

Aqueous phase TEOA TEOA

Viscosity (cP) 0.7980 ± 0.0012 0.88
Reaction coefficient 4.31 ± 0.07% 7.

he addition of LiBr makes an increase in the reaction coefficient
or two monomers (MDEOA and TEOA) of aqueous phase, in which
he R value for TEOA increases from 4.31% to 7.79% and increases
rom 1.09% to 7.73% for MDEOA. This implies that the existence of
iBr in alcohol amine aqueous phase indeed increase the reaction
egree of interfacial polymerization due to the fact that the inter-
ction of Li+ ion with the hydroxyl oxygen atom of alcohol amine
ncreases the density and the reactivity of OH groups in aqueous
hase. Furthermore, this effect of LiBr on MDEOA aqueous phase

s more predominant (the R value increases from 1.09% to 7.73%),
hich induces to form a denser skin layer.

SEM images are obtained for MDEOA/TMC and LMDEOA/TMC
embranes (Fig. 10). Fig. 10 (a) and (b) are images of them at
500 magnification respectively. Fig. 10 (a′) and (b′) are images
t ×5000 magnification respectively. From Fig. 10 (a) the mor-
hology of the MDEOA/TMC membrane is entirely different from
he TEOA/TMC membrane (as shown in Fig. 3 (a)). The TEOA/TMC

embrane surface contains many tightly packed and small nodular
tructures, whereas, the MDEOA/TMC membrane surface is rela-

ively flat with some protuberances (Fig. 10 (a) and (a′)). This is due
o the formation of polymer with a lower molecular weight dur-
ng the interfacial polymerization of MDEOA and TMC because the
umber of functional groups in the MDEOA molecule is relatively

ig. 10. SEM images of the membrane surface morphologies of MDEOA with (a) 500× mag
nd (b′) 5000× magnification.
iBr MDEOA MDEOA + 3%LiBr

.0010 1.0091 ± 0.0016 1.0329 ± 0.0007

.14% 1.09 ± 0.04% 7.73 ± 0.12%

fewer than that in the TEOA. Moreover, the surface of LMDEOA/TMC
membrane is relatively rougher and more pronounced edges than
that of the MDEOA/TMC membrane. The result proves that the addi-
tion of LiBr promotes the reaction between MDEOA and TMC.

Fig. 11 shows the streaming potentials of the composite mem-
branes respectively prepared by the aqueous phase monomers of
MDEOA and TEOA with and without LiBr. The addition of LiBr causes
the surfaces of the composite membranes to possess higher nega-
tive charges no matter the type of monomer. The result reveals that
the activation of carbonyl due to the complexation of Li+ ion with
it mainly causes an increase in the hydrolysis rate of acyl chloride,
forming a hydrophilic surface layer with carboxylic acid (–COOH)
groups. Moreover, the increment of negative charges resulted from
the addition of LiBr for TEOA membrane is markedly larger than
that for MDEOA membrane. The result reinforces the analyses that
the complexation of Li+ ion with the carbonyl of TMC plays a more
important role in membrane formation of monomer TEOA, lead-
ing to the formation of a more hydrophilic structure, whereas for
monomer MDEOA, interaction of Li+ ion with the hydroxyl oxygen

atom of aqueous phase has a greater impact on the membrane for-
mation, which results in an increase in the density of the surface
layer. Furthermore, it is noted that the density of negative charge
is relatively low for MEDOA membrane. Therefore, both size exclu-

nification and (a′) 5000× magnification, and LMDEOA with (b) 500× magnification
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Fig. 11. Streaming potential of the composite membranes interfacially polymerized
by two aqueous phase monomers (MDEOA and TEOA) with TMC on addition of Li
ion or not.
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ig. 12. Contact angle of the composite membranes interfacially polymerized by
wo aqueous phase monomers (MDEOA and TEOA) with TMC on addition of Li ion
r not.

ion and charge exclusion contribute together to the separation
esult, which exhibits the alternation rejection levels of Na2SO4
nd MgSO4 with the LiBr content as shown in Fig. 8 (b).

The surface hydrophilicity of membranes is evaluated from the
verage equilibrium sessile drop contact angles of the de-ionized
ater on dried membrane surfaces (Fig. 12). Seen from Fig. 12, the

ontact angles of membranes on addition of LiBr are all smaller
han that of membranes without LiBr. This implies that the addition
f LiBr in the aqueous phase may have increased the membrane
ydrophilicity during interfacial polymerization due to the effect
f complexation of Li+ with TMC.

. Conclusions

The present paper investigated the role of LiBr in the perfor-
ance and formation of the composite membrane by interfacial

olymerization. For monomer TEOA, the pure water flux of com-
osite membrane enhanced as the LiBr content increased and it
eached a maximum at 3% (w/v) of LiBr. However, the extreme
alue of the salts rejection functioned with the content of LiBr

hanged to 1% (a turning point), at which the membrane displayed
lowest salts rejection, not only to Na2SO4 but also to MgSO4. The
synchronous change of pure water flux and salts rejection with
ncreasing of LiBr content was mainly attributed to the adsorp-
ion effect of membrane surface. The change in performance of the

[

Science 365 (2010) 276–285

composite membrane with the content of LiBr was due to the com-
petition of two factors. One was the interaction of Li+ ion with the
hydroxyl oxygen atom of alcohol amine, which could induce to an
increase in the density and the reactivity of OH groups in the aque-
ous phase, forming a dense skin layer of the composite membrane
as a result. The other factor was the complexation of Li+ ion with the
carbonyl of TMC, causing the acid chloride group of TMC preferring
to hydrolyze which induced to construct a hydrophilic and loose
surface layer. The interactions of Li+ ion with monomers were con-
firmed by the FT-IR spectroscopy. The role of LiBr in the formation
of the composite membrane was further testified by investigating
the MDEOA monomer. The addition of LiBr to the MDEOA aqueous
phase had a different effect on the performance of the compos-
ite membrane compared with monomer TEOA. The flux of the
MDEOA/TMC composite membrane firstly decreased with LiBr con-
tent until it reached 3% and then increased. The order of the salt
rejection changed with the LiBr content was completely contrary
compared with that of the flux. The different result of membrane
performance influenced by LiBr for two monomers was due to the
alteration of the predominant effect functioned. The analysis of the
membrane formation on addition of LiBr was validated by reaction
coefficient, contact angle measurement, streaming potential, SEM,
and AFM.
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